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Editorial on the Research Topic

Immunomodulatory Roles of Extracellular Vesicles in Autoimmune Diseases

Autoimmune diseases reflect a breakdown in self-tolerance that results from defects in our complex
immune system. The mechanisms are multifactorial and include a combination of cellular, genetic,
epigenetic, and molecular components that result in phenotypic inflammatory responses in a variety
of tissues and organs. Extracellular vesicles (EVs) have been shown to play a role in
immunomodulation and pathogenesis of autoimmune diseases. This Research Topic provides a
few reviews and manuscripts highlighting the immunomodulation and therapeutic potential of EVs
in a variety of autoimmune diseases including rheumatoid arthritis (RA), Sjögren’s syndrome (SS),
bullous pemphigoid (BP), type 1 diabetes mellitus (T1DM), systemic lupus erythematosus (SLE),
inflammatory bowel disease (IBD), and antiphospholipid-associated diseases (APS).
IMMUNOMODULATORY EFFECTS OF MESENCHYMAL STEM
CELLS AND MESENCHYMAL STEM CELL-DERIVED
EXTRACELLULAR VESICLES IN RHEUMATOID ARTHRITIS

RA is a chronic autoimmune disease affecting joints via pain, inflammation, loss of mobility, and
eventually the erosion of joints, with no effective treatment to date. As reviewed in this Research
Topic, extracellular vesicles derived frommesenchymal stem cells (MSCs) are more stable, less toxic,
and more effective at transferring nucleic acids, proteins, and lipids from parent to recipient cells.
MSC-EVs are multipotent progenitor cells with immunomodulatory properties that can be easily
obtained and expanded rapidly, as well as a potential therapeutic strategy for RA (Liu et al.).
RECENT ADVANCES IN THE USE OF EXOSOMES IN
SJÖGREN’S SYNDROME

SS is a chronic multi-organ autoimmune disorder primarily effecting the exocrine glands. As
reviewed in this Research Topic, ongoing extracellular vesicle studies in SS have been limited to tears
and saliva, neglecting the investigation of novel biomarkers and potential therapeutic effects of EVs
in SS from effected tissues and organs (Huang et al.).
org March 2022 | Volume 13 | Article 72509015
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ASSESSMENT OF THE
CHARACTERISTICS AND
ASSOCIATED FACTORS OF
INFECTIOUS COMPLICATIONS IN
BULLOUS PEMPHIGOID

BP is an autoimmune disorder of the skin characterized by
blistering, urticarial lesions, and itching. In this retrospective
study, Chen et al. demonstrated that inpatient BP patients are at
risk of infectious complications, leading to comorbidities, due to
higher doses of corticosteroids. They compared the risk factors of
infection of inpatients and outpatients to develop preventative
and treatment strategies.
COMMENTARY: PROINFLAMMATORY
ROLE OF BLISTER FLUID-DERIVED
EXOSOMES IN BULLOUS PEMPHIGOID

Liu and Li proposed the potential use of EVs for the
understanding the proinflammatory roles of BP for diagnostics.
As shown in studies, concentrations of cytokines are elevated in
BP, and it is speculated that EVs can transport the pathogenic
autoantibodies associated with BP which can then be released
and stimulate a favorable immune response.
MOLECULAR AND FUNCTIONAL
DIVERSITY OF DISTINCT
SUBPOPULATIONS OF THE
STRESSED INSULIN-SECRETING
CELL’S VESICULOME

In this study, Giri et al. investigated the changes in the relative
composition of the vesiculome as well as the partition of the
candidate autoantigen insulin and immunostimulatory miRNA
sequences inside apoptotic bodies, microvesicles, and exosome
subpopulations derived from equal amounts of healthy and
stressed beta cells and their impact on innate immune
responses. They identified that beta small extracellular vesicles
(sEVs) have been shown to drive innate and adaptive pro-
diabetogenic immune responses, with a limitation in the
molecular and functional diversity of EVs in the beta cell’s
secretome, which necessitates further exploration.
EXTRACELLULAR VESICLES IN
RHEUMATOID ARTHRITIS AND
SYSTEMIC LUPUS ERYTHEMATOSUS:
FUNCTIONS AND APPLICATIONS

In this review, Zhang et al. reviewed recent studies examining the
roles of EVs in RA and SLE, both chronic autoimmune diseases
Frontiers in Immunology | www.frontiersin.org 26
but SLE affects multiple organs, in understanding their
pathogenesis, diagnosis, and therapeutic potentials.
NEUTROPHIL EXTRACELLULAR TRAPS
TIED TO RHEUMATOID ARTHRITIS:
POINTS TO PONDER

Neutrophils play a central role in our immune defense system with
pathogen clearance, immune regulation, and disease pathology.
Song et al. describe the role of neutrophil extracellular traps
(NETs) in detail, as novel therapeutic targets for RA.
EXTRACELLULAR MIR-574-5P INDUCES
OSTEOCLAST DIFFERENTIATION VIA TLR
7/8 IN RHEUMATOID ARTHRITIS

Hegewald et al. detail the roles of sEVs carrying microRNAs
(miRs) in RA. The sEVs from synovial fluid promote osteoclast
differentiation, attributed to high levels of extracellular miR-574-
5p. They continue to demonstrate that enhanced osteoclast
maturation is mediated by toll-like receptor (TLR) 7/8
signaling due to the mechanism of miR-574-5p binding. This
is a novel finding of the role of miR-574-5p which may provide a
therapeutic approach to protect osteoclast-mediated bone
destruction in RA.
GRANULOCYTIC MYELOID-DERIVED
SUPPRESSOR CELL EXOSOMAL
PROSTAGLANDIN E2 AMELIORATES
COLLAGEN-INDUCED ARTHRITIS BY
ENHANCING IL-10+ B CELLS

In this comprehensive study, Wu et al. identified granulocytic-
myeloid suppressor cell (G-MDSC)-derived EVs as a potential
mediator in the treatment of mice with collagen-induced arthritis
(CIA). The initial finding demonstrated lower arthritis index
values and decreased inflammatory cell infiltration, indicating an
alteration of the humoral environment by mediating high levels
of prostaglandin E2 (PGE2), by production of IL-10+ B cells.
EMERGING ROLES OF EXOSOMES
IN T1DM

T1DM is caused by an immune-mediated destruction of
pancreatic beta cells. Pang et al. detail a comprehensive review
on the understanding of how exosomes can 1) enable the
underlying pathogenic mechanisms of T1DM, 2) provide novel
biomarkers for T1DM diagnosis, and 3) lead to the development
of new TIDM therapeutic strategies.
March 2022 | Volume 13 | Article 725090
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OLFACTORY ECTO-MESENCHYMAL
STEM CELL-DERIVED EXOSOMES
AMELIORATE EXPERIMENTAL
COLITIS VIA MODULATING TH1/TH17
AND TREG CELL RESPONSES

In this extensive study, Tian et al. have identified the
immunoregulatory property of exosomes derived from
olfactory ecto-mesenchymal stem cells (OE-MSCs) and their
immunomodulation capacity to ameliorate disease severity in
IBD mice, primarily by regulating Th-cell immune responses.
Their study suggests OE-MSC exosomes are a potential novel
cell-free therapy for targeting inflammatory diseases.
EXOSOME-CONTAINED APOH
ASSOCIATED WITH
ANTIPHOSPHOLIPID SYNDROME

APS is a systemic autoimmune disorder in which the body’s
immune system makes antibodies that attack phospholipids
which can lead to thrombosis and/or pregnancy complications.
Tan et al. conducted human and mouse studies to demonstrate that
APS exosomes are a key factor in the pathogenesis of APS and that
apolipoprotein H (APOH) is a protein that impairs vascular
biological function. They concluded APS and APOH exosomes
impair vascular development (pathogenesis) and lead to pregnancy
complications, providing new targets for therapeutic intervention.
EXTRACELLULAR VESICLES SECRETED
BY MESENCHYMAL STROMAL CELLS
EXERT OPPOSITE EFFECTS TO THEIR
CELLS OF ORIGIN IN MURINE SODIUM
DEXTRAN SULFATE-INDUCED COLITIS

Tolomeo et al. compared the effects of MSCs and of MSC-EV
administration in mice with colitis induced by dextran sulfate
sodium (DSS). They reported naïve MSCs and induced MSC
administration resulted in poor clinical and histological
outcomes, with pro-inflammatory polarization of intestinal
macrophages. However, when the mice were treated with
induced EVs, there was decreased intestinal fibrosis and
Frontiers in Immunology | www.frontiersin.org 37
angiogenesis and a striking increase in intestinal expression of
Mucin 5ac, suggesting improved epithelial function. EVs
demonstrated a beneficial effect, more predictable behavior, a
safer therapeutic profile, and efficacy with respect to their cells
of origin.
CONCLUSIONS

This Research Topic has provided examples in which EVs have
displayed immunomodulatory roles in autoimmune diseases. In
addition, it highlighted and suggested the necessity for future
discovery of new targets for therapeutic interventions which will
aid in the diagnosis, understanding the mechanisms, and
outcomes for a variety of autoimmune diseases.
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Assessment of the Characteristics
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Objectives:The clinical outcome of bullous pemphigoid appears worse in patients with

infectious complications, and assessment of the prevalence and risk factors of infectious

complications could be necessary to plan preventative strategies and to instruct the

treatment plans. We sought to determine the risk factors of infection and compare

associated factors in inpatients and outpatients with different system infections.

Design: This is a single-centered retrospective study on the medical records of 252

patients from 2010 to 2018 at the dermatology department, Peking Union Medical

College. Medical profiles of medical history, diagnosis, infectious complications, and

treatment plans were analyzed. The associated factors were compared between the

subgroups, including inpatients and outpatients, different body sites of infection.

Results: Of the total 252 patients with bullous pemphigoid (BP), 81 patients (81/252,

32.1%) had infectious complications. Forty-eight patients died from pulmonary infections

(11/48, 22.9%), cardiovascular diseases (6/48, 12.5%), and other diseases. Infections

were most frequently found in skin/mucosa (44/252, 17.5%), respiratory system

(32/252, 12.7%), and blood (10/252, 4.0%). On multivariate analysis, risk factors

of infections in BP were maximal control dose of corticosteroids (OR 2.539, 95%

CI 1.456–4.430, p = 0.001), low serum albumin level (OR 2.557, 95% CI 1.283,

5.092, p = 0.007), hospitalization (OR 4.025, 95% CI 2.289, 7.079, p < 0.001),

comorbidities including respiratory disease (OR 4.060, 95% CI, 1.861, 8.858, p <

0.001), eye disease (OR 4.431, 95% CI 1.864, 10.532, p < 0.001), and diabetes

(OR 2.667, 95% CI 1.437, 4.949, p = 0.002). The rate of infection was significantly

higher in inpatients compared to that in outpatients (54.0 vs. 20.6%, p < 0.001),

with diverse risk factors. Mucocutaneous infections were associated with a maximal

control dose of corticosteroid and other dermatoses. Respiratory infections were

related to respiratory disease and old age, and hematologic infection was associated

with low serum hemoglobin levels and mucosal involvement of BP. Both of them

were associated with mucosal involvement of BP and high titer anti-BP180 antibody.
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Conclusions: Infectious complications of bullous pemphigoid are common and are

associated with mucosal involvement of BP, more comorbidities, the higher dose of

corticosteroids, and the lower level of serum albumin.

Keywords: pemphigoid, infections, outpatients, corticosteroids, serum albumin

INTRODUCTION

Bullous pemphigoid (BP) is an autoimmune bullous skin
disorder commonly identified in the elderly population. It is an
autoantibody-induced cutaneous inflammatory disease against
BP180 or BP230 at the dermal-epidermal junctions (1, 2). The
annual incidence rate of BP has been increasing steadily in the
elderly and general populations (3), and the BP patients were
reported to have a significantly increased risk of death compared
to the control subjects (4–7). Conditions such as older age,
poor general condition, dementia, comorbidities, and high-dose
corticosteroids have been reported to be the predisposing factors
for death (8–11). Prior studies have indicated that infection
is the leading cause of death in BP patients. In a published
series, almost all BP patients treated with corticosteroids had at
least one localized or systemic infection during the follow-up
period, and 43% of those patients experienced systemic infections
that require hospitalization or lead to death (12). Moreover,
approximately one-third of BP patients developed localized skin
infections, with 10% of fatal necrotizing fasciitis at 1 year
after treatment with topical corticosteroids (13), supporting that
infections occurring after the onset of BP tended to worsen the
clinical outcomes (14–16). Consequently, the evaluation of the
prevalence and risk factors of infectious complications could be
indispensable for better preventative strategies and treatment
plans with corticosteroids or other immunosuppressive drugs for
these patients (14).

Given the importance of infections in BP prognosis and
management, only a few studies have been published on the risk
factors of infection (12, 17, 18). Those studies were limited with
a small number of patients and emphasized the severe infections
contributing to hospitalization or mortality. Moreover, previous
researches focused mainly on inpatients but less on outpatients.
In the current work, we enrolled a relatively large cohort of
252 BP patients, including 87 inpatients and 165 outpatients.
The goal of our study is to: (1) retrospectively analyze and
compare the clinical characteristics of infected BP patients in
inpatients and outpatients, (2) determine the risk factors of
infection by analyzing the comorbidities, blood test results and
treatment choices, and (3) compare the associated factors in
patients with infections at different body sites. The results from
our BP patients’ medical records were analyzed, discussed, and
compared to those from previous studies.

MATERIALS AND METHODS

Patients
Following the principles of the Declaration of Helsinki, this
study was approved by the Ethical Committee of Peking Union

Medical College Hospital (S-K965). We identified patients with
bullous pemphigoid between 2010 and 2018 at the Department
of Dermatology, PUMCH. The diagnosis of bullous pemphigoid
(BP) was based on the S2k guideline for the diagnosis of bullous
pemphigoid (19). Patients with one of the three constellations
below were included in our study: (1) compatible clinical picture,
and either corresponding histopathology or positive direct IF
microscopy, and either epidermal binding of IgG in indirect IF
microscopy (on split skin or monkey esophagus) or reactivity
with BP180 antibody; (2) clinical picture with tense blisters,
and epidermal binding of IgG in indirect IF microscopy, and
either corresponding histopathology or reactivity with BP180
antibody; (3) clinical picture with tense blisters, and reactivity
with BP180 antibody higher than 27 U/ml. Patients without a
record of medical history, basic serologic tests, and treatment
plans for further analysis were ruled out. Results of the
BP230 antibody were obtained only in one patient, so it was
not considered as a part of diagnostic criteria. We included
and followed up both outpatients and inpatients with BP
until Dec 2019.

Data Collection
Patients’ files were reviewed to collect baseline information (i.e.,
gender, age, and birthplace), demographic characteristics and
skin lesion distribution, results of clinical tests on the diagnosis
of diseases before infectious complications, the history of past
illness, comorbidities, and the treatment plans. Infections that did
not result in clinical symptoms were not included because of the
low number and thus were less likely to affect clinical prognosis
in patients with BP. The information for disease severity was not
available for analysis, but the skin lesions were documented in
detail in the medical records.

Statistical Analysis
Data were investigated first for all inpatients and outpatients
diagnosed with BP and were further analyzed for all patients
with infectious complications. Comparisons of the associated
factors between subgroups (different sites of infection) were
conducted. Descriptive statistics were applied to report
the baseline characteristics, demographics, test results, past
medical history, comorbidities, and treatment variables
(genres of immunosuppressant, maximum control dose of
corticosteroid). Student’s t-test or Mann-Whitney U test was
used in continuous outcomes with a normal distribution
or not. Categorical data were first analyzed with the Chi-
square test or Fisher’s exact test and then reported as the
relative risk with 95% confidence intervals and P values.
We made a multivariate analysis, using binary outcome and
incorporating the factors found significant by univariate
analysis and those deemed clinically significant. Statistical
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analyses were performed using software (SPSS, Version
25, IBM Corp., Armonk, NY; RStudio, Version 1.2.1335).
All tests were two-tailed, and p < 0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics
We searched for the hospital information system and found
that 383 patients were initially diagnosed with BP from 2010
to 2018. One hundred two of them were ruled out because of
doubtful diagnosis, and 29 of them were excluded due to a lack
of data for further analysis. Eventually, a total number of 252
patients were included, and 81 of them were diagnosed with
infectious complications after BP onset. Among them, 48 patients
died due to pulmonary infections (11/48, 22.9%), cardiovascular
diseases (6/48, 12.5%), cerebral infarction (5/48, 10.4%), BP
relapse (4/48, 8.3%), cancer (3/48, 6.3%), digestive diseases (2/48,
4.2%), and other unknown reasons (17/48, 35.4%). The patients
were followed up for an average of 2.9 ± 0.2 years from the
beginning of diagnosis.

The female to male ratio was 1.2:1, with an average age of 67.2
years old at BP onset. The median interval from the onset of BP
to diagnosis was 9.1 months (Table 1). 67.1% of the patients only
had skin involvement, and 24.2% of the patients had both skin
and mucosal involvement of BP. The oral mucosa was the most
frequently affected mucosa in BP. All patients were followed up
in our outpatient clinic. 34.5% were admitted as inpatients for
an average of 23.2 days in the hospital. 74.6% of the patients
were treated with oral or intravenous corticosteroids, 52.0%
with immunosuppressants, and 3.6% with IVIG. One hundred
fifteen patients were treated with only one, and 16 patients with
two or three immunosuppressants (Supplementary Table 1).
Additional therapy adjuvants include minocycline, nicotinamide,
and topical corticosteroids.

Infectious Complications
Infectious complications occurred in 81 patients (81/252, 32.1%),
of which 50 patients (50/81, 61.7%) had infections within the
first year after BP diagnosis. The median duration between BP
diagnosis and infection onset was 5 months.

Localized infections are infections in the skin, oral mucosa,
and vulva, and systemic infections are infections in the lung
(including TB infection, TB reactivation, and pneumonia),
upper respiratory tract, urinary tract (UTI), digestive system,
blood infection, and central nervous system infection (CNSI)
(Table 2). Diagnosis of infectious complications was based
on clinical manifestations and lab tests such as microbial
cultivation, antimicrobial susceptibility tests, DNA, and specific
IgG detection. Cutaneous and respiratory infections were
the most commonly observed infections. The most common
pathogens identified in these patients were the staphylococcus,
candida, and cytomegalovirus (CMV), respectively. CNSI was
diagnosed in one patient based on clinical manifestations, the
biochemical tests of her spinal fluid, and the blood cultures with
Listeria monocytogenes.

TABLE 1 | Demographic and clinical features of all BP patients.

Features N = 252

Age/year (average, median) 67.2 ± 1.0, 69.1

Gender

Male (n, %) 137 (54.4)

Female (n, %) 115 (45.6)

Duration before diagnosis of BP/month 9.1 ± 1.2, 3.0

Follow-up period/year 2.9 ± 0.2, 2.5

Distribution

Skin only (n, %) 169 (67.1)

Skin and mucosa (n, %) 61 (24.2)

Mucosa only (n, %) 5 (2.0)

Hospitalization

Number of inpatients (n, %) 87 (34.5)

Duration/day 23.2 ± 1.9, 19.5

Treatments

Corticosteroids (n, %) 188 (74.6)

Immunosuppressants (n, %) 131 (52.0)

IVIG 9 (3.6)

Infections (n, %) 81 (32.1)

In total, 252 patients were included. The average± SD andmedian values were calculated

for age, duration before BP diagnosis, follow-up period, and hospitalization duration,

respectively. For each of the other categories, the number (n) and percentage (%) of

patients were listed. IVIG, intravenous immunoglobulin.

Risk Factors for Infectious Complications
On univariate analysis, significant risk factors for developing
infectious complications include respiratory disease (p < 0.001),
digestive disease (p = 0.027), osteoarthropathy (p < 0.001),
endocrine and metabolic disease (p < 0.001) oculopathy (p <

0.001) (Figure 1). Laboratory biochemical tests showed that the
serum albumin level was lower in the infected group (p =

0.004) (Supplementary Figure 1). No significant difference was
found in other serum lab tests, tumors, neurologic disorders,
urinary diseases, hematological diseases, other dermatoses, and
cardiovascular diseases.

Additionally, patients with mucosal involvement of BP (OR
2.443, 95% CI 1.356, 4.440; p = 0.003) and hospitalization (OR
4.025, 95% CI 2.289, 7.079; p < 0.001) were more likely to
have infectious complications. The maximal control doses of oral
corticosteroids were higher in the infected group (OR 2.539,
95% CI 1.456, 4.430; p = 0.001). Infectious diseases were not
related to applying the immunosuppressants or not (p = 0.062).
The duration of hospitalization in inpatients was also longer in
the infected group (27.8 d vs. 18.1 d, p = 0.010). The gender
distribution (p = 0.422), average age (p = 0.385) of patients in
two groups were similar.

On multivariate analysis, the maximal control dose of
corticosteroids (OR 2.539, 95% CI 1.456–4.430, p = 0.001),
low serum albumin level (OR 2.557, 95% CI 1.283, 5.092, p
= 0.007), hospitalization (OR 4.025, 95% CI 2.289, 7.079, p <

0.001), comorbidities including respiratory disease (OR 4.060,
95% CI, 1.861, 8.858, p < 0.001), eye disease (OR 4.431, 95%
CI 1.864, 10.532, p < 0.001), and diabetes (OR 2.667, 95% CI
1.437, 4.949, p = 0.002) remained significant. Osteoarthropathy
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TABLE 2 | Sites of infectious complications and pathogens.

Body sites Total (N = 81) Specimen Species (numbers of cases)

Skin and perineum 40 Pus Staphylococcus aureus (4), Pseudomonas aeruginosa (3), Corynebacterium (2),

Staphylococcus haemolyticus (2), Staphylococcus epidermidis (2), Enterobacter cloacae (2),

Enterococcus faecium (1), Enterococcus raffinosus (1), Staphylococcus intermedius (1),

Streptococcus pyogenes (1), β-hemolytic streptococcus (1), Acinetobacter (1), Serratia

marcescens (1), Proteus mirabilis (1), Prevotella melaninogenica (1), Actinomyces odontolyticus

(1), Candida albicans (1), Candida parapsilosis (1), Candida glabrata (1), CMV (1)

Mouth 4 Mouth swab Candida albicans (2)

Throat swab Staphylococcus aureus (1), Candida albicans (1), Mycoplasma chlamydia (1)

Respiratory system 32 Sputum Candida albicans (2), Acinetobacter baumannii (1), Corynebacterium (1), Staphylococcus

aureus (1), Streptococcus pneumonia (1), Moraxella catarrhalis (1)Pneumonia 23

Upper respiratory infection 5

Pulmonary tuberculosis 4

Urinary system 8 Urine Escherichia coli (2), Candida albicans (2), Candida tropicalis (2), Klebsiella pneumonia (1),

Enterobacter gergoviae (1), Enterococcus faecalis (1), Proteus mirabilis (1)

Digestive system 4 Feces Candida tropicalis (1)

Hepatitis B 2

Dysentery 1

Diarrhea 1

Blood 10 Blood CMV (3), Staphylococcus aureus (2), Enterococcus faecalis (2), Enterobacter cloacae (1),

Staphylococcus haemolyticus (1), Listeria monocytogenes (1), Serratia marcescens (1),

Pseudomonas aeruginosa (1), EBV (1)
Bacteremia 9

Septic shock 1

Central nervous system 1

81 of 252 patients with BP had infectious complications. The left column of the table shows the types of infection that occurred in different organ systems, including skin or perineum,

mouse, respiratory system, urinary system, digestive system, blood, and central nervous system. The right column revealed the tested specimens and identified pathogens from the

body sites of these patients. A patient may have infections at different body sites.

often occurred after the corticosteroid treatment, so it was
not regarded as an independent risk factor for developing
infectious complications.

The Difference of Infections in Inpatients
and Outpatients
Eighty-seven inpatients and 165 outpatients were followed up.
Among 81 patients with infectious diseases, 47 (54.0% of the
inpatients) of them were inpatients, and 34 (20.6% of the
outpatients) outpatients. There was a significantly higher rate
of infections in inpatients compared to that of outpatients
(p < 0.001).

We further analyzed the basic characteristics, all
comorbidities, and results of blood tests of the two groups listed
previously in Table 1, Figure 1, and Supplementary Figure 1.
The comparison was made between the infected group and the
control group in inpatients and outpatients, respectively. The
characteristics of infected group of inpatients and outpatients
were also compared (Table 3).

In the inpatient group, old age, high anti-BP180 titer,
hyperlipidemia, and respiratory disease were associated with a
higher incidence of infectious complications. In the outpatient
group, low serum hemoglobin levels, mucosal involvement of
BP, comorbidities of diabetes, gastritis, osteoarthropathy, and
neurologic disorder were associated with a higher incidence
of infectious complications. Compared to the outpatients with
infections, the inpatients with infections were treated with a

significantly higher control dose of corticosteroids (p < 0.001)
and had a higher incidence of hyperlipidemia (p = 0.002)
and respiratory disorders (p = 0.035). There is no significant
difference in gender and onset-time variation of BP or infection.

The Difference Between Infections in
Different Organ Systems
Infections in the respiratory system, hematological system, skin,
and mucosa were analyzed, but not in the digestive system and
urinary system because of the small sample size (<10). Patients
with infection at each site were compared with patients in the
control group (uninfected BP patients at the same site).

Respiratory infections were related to advanced age (p =

0.008) (Table 4). The dose of corticosteroids was associated
with an increased tendency of infection, and subgroups analysis
showed that the control dose of corticosteroids was significantly
correlated with mucocutaneous infections (p = 0.004) but not
with respiratory (p = 0.268) or bacteremia (0.062) (Table 4).
Mucosal involvement of BPwas associated with only hematologic
infections (p < 0.001) but not the other two infections (p
= 0.068). The incidence of hospitalization was significantly
higher in patients with mucocutaneous infections (p < 0.001)
or hematologic infections (p < 0.001), but not in patients with
respiratory infections (p= 0.067).

Analysis of all comorbidities and results of blood tests in
subgroups confirmed that most of the associated factors were
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FIGURE 1 | The risk of infection in BP patients with different comorbidities. In all 252 BP patients, 171 had no infectious complication, and 81 had infections. The

odds ratios (OR) and p values were calculated. *Denotes statistical significance (p < 0.05). Forest plots show odds ratios of different comorbidities with a 95%

confidence interval.

the same as previously analyzed. We listed three comorbidities,
serum hemoglobin level, and BP180 antibody titer in Table 4, to
reveal the relationship between the infection and the abnormality
at the same site. We found mucocutaneous infections were
associated with other dermatoses (p = 0.043); respiratory
infections were related to respiratory disease (p = 0.008),
and hematologic infections were associated with low serum
hemoglobin level (p= 0.034).

DISCUSSION

In our study, we have shown that 32.1% of patients with bullous
pemphigoid were affected by infectious complications. The
median duration before infection was 5 months, with 61.7%
occurring in the first year after BP diagnosis. Mucocutaneous
(17.5%) and respiratory infections (12.7%) were the most
frequent, followed by bacteremia (4.0%). The most common
pathogens were S. aureus and C. albicans. Factors associated
with developing infections on univariate analysis were the
comorbidities of multiple systems, mucosal involvement
of BP, more extended periods of hospitalization, higher
maximal control doses of corticosteroid, and a lower level
of serum albumin. On multivariate analysis, a higher
dose of corticosteroid, a lower level of serum albumin,
the experience of hospitalization, and comorbidities,
including respiratory disease, eye disease, and diabetes,
remained significant.

The inpatients were more vulnerable to infectious
complications than outpatients (54 vs. 20.6%, p < 0.001).
A plausible explanation could be that the inpatients had a higher
maximal control dose of corticosteroid and a higher frequency
of respiratory diseases—both are significant risk factors of
infections in BP. On subgroup analysis, mucocutaneous
infections were associated with corticosteroids and other
dermatoses. As predicted, respiratory infections were related
to respiratory disease. Hematologic infections were associated
with low serum hemoglobin levels, although the significance and
mechanism remain to be investigated in the future.

Interestingly, mucosal involvement of BP was significantly
correlated with hematologic infections or sepsis, which could
contribute to higher mortality of BP patients. Moreover, we
found that the ratio of patients with mucosal involvement of BP
was significantly higher in the infected outpatients than in the
uninfected outpatients with BP. Kridin and Bergman have shown
that amajority ofmucosal involvements of BP occur in themouth
and are related to extensive cutaneous disease, lower peripheral
eosinophilia, and more aggressive treatment (20). In our study,
the association between infectious complications and increased
doses of corticosteroids was also significant, suggesting that the
correlation between mucosal involvement of BP and infection is
dependent on treatment.

As the BP patients with cardiovascular diseases, dementia,
and stroke proved to be at a higher risk of mortality (21, 22),
we further analyzed the correlation between comorbidities and
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TABLE 3 | Infectious complications in BP inpatients and outpatients.

Group of patients Inpatients (N = 87) Outpatients (N = 165) P

Infected Control p Infected Control p

Number (%) 47 (54.0) 40 (46.0) – 34 (20.6) 131 (79.4) – <0.001*

Gender (M/F) 31/16 21/19 0.273 16/18 69/60 0.565 0.112

Age of BP onset/y 66.9 ± 1.9 67.1 59.3 ± 2.6, 60.2 0.020* 70.6 ± 3.2, 76.9 68.9 ± 1.3, 70.9 0.249 0.098

Duration before diagnosis/m 10.7 ± 3.0, 4.0 6.1 ± 1.3, 3.0 0.928 7.8 ± 4.0, 3.0 9.9 ± 1.8, 3.0 0.430 0.469

Duration before infection/m 14.4 ± 3.2, 5.2 – – 15.5 ± 3.3, 5.2 – – 0.105

Duration of Hospitalization/d 27.8 ± 3.1, 26.0 18.1 ± 1.7, 17.0 0.010* – – – –

Mucosal involvement of BP 21 (44.7%) 14 (35.0%) 0.381 11 (32.4%) 20 (15.3%) 0.044* 0.271

Control dose of corticosteroid (mg/d) 53.3 ± 6.4, 40.0 42.4 ± 4.3, 40.0 0.534 26.8 ± 3.1, 30.0 24.3 ± 2.4, 20.0 0.213 <0.001*

Auxiliary exam

Anti-BP180 75.1 ± 8.6, 74.0 47.7 ± 8.7, 33.0 0.015* 64.9 ± 12.0, 23.0 57.7 ± 5.2, 43.0 0.699 0.300

Serum Hb 131.8 ± 2.9, 138.0 130.5 ± 3.2, 132.0 0.563 128.9 ± 3.3, 134.0 136.8 ± 1.8, 135.0 0.033* 0.372

Serum Alb 34.9 ± 1.1, 36.0 37.4 ± 0.8, 37.0 0.071 41.0 ± 1.8, 39.0 40.9 ± 0.7, 41.0 0.215 0.014*

Comorbidities

Diabetes 17 (36.2%) 10 (25.0%) 0.262 10 (29.4%) 17 (13.0%) 0.021* 0.524

Hyperlipidemia 11 (23.4%) 2 (5.0%) 0.018* 0 (0.0%) 8 (6.1%) 0.208 0.002*

Gastritis 1 (2.1%) 2 (5.0%) 0.592 4 (11.8%) 2 (1.5%) 0.017* 0.156

Osteoarthropathy 22 (46.8%) 14 (35.0%) 0.265 17 (50.0%) 29 (22.1%) 0.001* 0.777

Respiratory disease 15 (31.9%) 2 (5.0%) 0.002* 4 (11.8%) 10 (7.6%) 0.490 0.035*

Neurologic disorder 12 (25.5%) 14 (35.0%) 0.336 14 (11.8%) 29 (22.1%) 0.024* 0.137

For inpatients and outpatients, the difference between patients with infections (infected) and without infection (control) was compared, respectively. The p values were calculated in

columns 4 and 8, respectively. The difference between the infected group of inpatients and outpatients was also estimated with p values (last column) (*denotes statistical significance

or p < 0.05). BP, bullous pemphigoid.

infectious complications. Our results indicate that infections are
significantly higher in BP patients with comorbidities such as
diabetes and respiratory diseases. A nationwide study from the
USA found that a higher number of chronic conditions (RA,
SLE, or type I diabetes) was a risk factor of severe infections in
BP patients (18). A retrospective study from Singapore found
that functional impairment (Karnofsky score <60, CCIS ≥6)
and dementia are risk factors of infection in a cohort of 97
BP patients (17). The severity of disease and diabetes have also
been reported to be directly related to more infections in bullous
diseases (23, 24). Nevertheless, we cannot exclude the possibility
that patients with infectious complications tend to receive more
medical examinations with more detailed documentation of
medical history, which may contribute to the higher number of
comorbidities in BP patients.

Notably, we found that lower serum Alb level and higher
BP180 antibody titer were significantly associated with the
development of infectious complications in BP patients. A higher
BP antibody level could cause a more severe disruption of the
skin barrier function, which could lead to more infections. Our
results indicated that a higher titer BP180 antibodywas associated
with respiratory and hematologic infections. The serum alb
level is a marker of the nutrition level. Research published
recently pointed out that patients at risk of malnutrition were
more likely to have a healthcare-associated infection, with
malnutrition assessed by BMI, recent weight loss, and dietary
intake (25). A case report and retrospective analysis from
Japan discovered that higher BP180 antibody titer resistant

to corticosteroids treatment was a risk factor for developing
CMV infection in BP patients (26). The infection by Varicella
Zoster virus (VSV) that also belongs to the family of herpes
virus as CMV was reported to enhance BP180 antibody
production (27). Additionally, reduction in serum WBC, PLT,
and increase in ALT have also been reported to be risk
factors (26).

Some therapies, particularly corticosteroids, could lead to
more infectious complications in BP patients. A retrospective
study in Mayo Clinic revealed that all patients with autoimmune
bullous diseases and taking systemic corticosteroids had an
infection during the follow-up (12). The risk of using topical
corticosteroids should not be neglected, especially in patients
with diabetes and mucocutaneous infection (13). Case reports
and literature reviews have demonstrated that corticosteroids
and ibrutinib may be associated with opportunistic fungal
and virus infections (28–31). The aforementioned nationwide
study in the USA also pointed out that severe infections in
inpatients with pemphigus and pemphigoid were associated with
prolonged hospitalization and increased mortality (18). In our
preliminary clinical observations, the choice of hospitalization
and the duration in the hospital were not risk factors for
infection in bullous pemphigoid, potentially because infectious
complications can prolong hospital stay in the first place.

Other risk factors for infections in BP patients include female,
non-white race, and poor economic condition, as described
in the previous studies (18). The circulating anti-centrosome
antibody has also been reported associated with infection (32).
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TABLE 4 | Infectious complications in different organ systems, including mucocutaneous, respiratory, and blood.

Mucocutaneous Respiratory Blood

Infected Control p Infected Control p Infected Control p

(N = 44) (N = 208) (N = 32) (N = 220) (N = 10) (N = 242)

Gender (M/F) 1.59 1.05 0.351 1.46 1.19 0.596 0.30 1.28 0.118

Age of BP onset/year 64.6 ± 2.2, 65.1 67.9 ± 1.1, 70.5 0.140 72.1 ± 3.5, 76.9 66.2 ± 1.1, 67.2 0.008* 63.6 ± 2.5, 64.4 67.5 ± 1.0, 70.4 0.202

Duration before

diagnosis/months

9.4 ± 3.7, 3.0 9.1 ± 1.3, 3.0 0.224 10.4 ± 3.6, 5.0 8.9 ± 1.3, 3.0 0.707 3.3 ± 0.9, 3.0 9.4 ± 1.3, 3.0 0.398

Duration before

infection/months

16.3 ± 3.4, 3.7 - - 15.0 ± 3.2, 5.1 - - 2.1 ± 0.3, 2.1 - -

Control dose of

corticosteroids (mg/day)

49.2 ± 7.1, 40.0 29.8 ± 1.9, 30.0 0.004* 34.8 ± 3.9, 33.8 33.1 ± 2.3, 30.0 0.268 69.8 ± 25.0, 40.0 31.8 ± 1.9, 30.0 0.062

Mucosal involvement of BP

(%)

17 (38.6) 49 (23.6) 0.068 13 (40.6) 53 (24.1) 0.068 9 (90.0) 57 (23.6) <0.001*

Auxiliary exam

Hb < 130 g/L (%) 27 (61.4) 106 (51.0) 0.960 17 (53.1) 116 (52.7) 0.269 3 (30.0) 130 (53.7) 0.034*

Anti-BP180 > 50 U/L (%) 18 (40.9) 62 (29.8) 0.747 16 (50.0) 64 (29.1) 0.023* 8 (80.0) 72 (29.8) 0.002*

Comorbidities

Other dermatosis (%) 13 (29.5) 34 (16.3) 0.043* 7 (21.9) 40 (18.2) 0.625 2 (20.0) 45 (18.6) 1.000

Respiratory diseases (%) 10 (22.7) 21 (10.1) 0.021* 9 (28.1) 22 (10.0) 0.008* 5 (50.0) 26 (10.7) 0.003*

Anemia (%) 5 (11.4) 5 (2.4) 0.017* 4 (12.5) 6 (3.0) 0.026* 2 (20.0) 8 (3.3) 0.054

Hospitalization

Number (%) 28 (63.6) 54 (26.1) <0.001* 15 (46.9) 67 (30.5) 0.067 9 (81.2) 73 (30.2) <0.001*

Duration/day 27.9 ± 3.7, 25.5 20.7 ± 2.0, 17.0 0.045* 26.9 ± 5.7, 21.0 22.4 ± 1.9, 19.0 0.556 26.8 ± 5.6, 28.0 22.7 ± 2.0, 18.0 0.350

In each type of infection, the difference between patients with infection (infected) and without infection (control) was calculated as p-values, respectively. *Denotes statistical significance

or p < 0.05.

Interestingly, two previous retrospective analyses have shown
that the incidence of pneumocystis pneumonia (PCP) infection
was lower than expected in patients with the autoimmune bullous
disease (33, 34).

CONCLUSION AND LIMITATIONS

BP patients have a high risk of infectious complications,
which are associated with mucosal involvement of BP, more
comorbidities, a higher dose of corticosteroid, and a lower
level of serum albumin. The inpatients have a higher risk of
infection than the outpatients. The main limitation of this study
originated from the retrospective nature of data collection. The
factors that may affect the interpretation of results are the
detailedness of documentation of hematological findings, the
accuracy of recording of infected sites, and comprehensiveness
of screenings for pathogens. Another limitation could be that
most of our patients were residents from the north of China,
although they were from different provinces. However, our
study comprised a relatively large cohort of both inpatients
and outpatients and described the pathogens of infectious
complications. Infectious complications were analyzed further
in subgroups as mucocutaneous, respiratory, and hematological
infections. To our knowledge, this is the first study for
characterizing infectious complications in BP outpatients. Our
results should provide insight into better management of BP
patients during the long-term, chronic disease course. In the
future, a multicentric study with a larger sample size will be
needed to verify our study.
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Supplementary Figure 1 | Results of serum laboratory tests. The values of the

variables, as indicated on the bottom of each figure, were plotted. The difference

of uninfected patients (control) and infected patients were compared, as indicated

with the P-value on the top of each figure. WBC, white blood cell; Ly#, cell count

of lymphocyte; Ly%, percentage of lymphocyte; Eos#, cell count of eosinophilia;

Eos%, percentage of eosinophilia; Alb, serum albumin; PAB, serum pre-albumin;

Hb, hemoglobin.

Supplementary Table 1 | Application of immunosuppressant in all BP patients.

The numbers (n) and percentages(%) of patients treated with each of the

immunosuppressants were calculated(left column). The Right column shows the

numbers(n) and percentages(%) of patients treated with one, two, or three types

of immunosuppressants, respectively. MTX, methotrexate; MMF, Mycophenolate

mofetil; CTX, cyclophosphamide; CsA, cyclosporine.
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Sjögren’s syndrome (SS) is a chronic autoimmune disorder of the exocrine glands
mediated by lymphocytic infiltrates damaging the body tissues and affecting the life
quality of patients. Although traditional methods of diagnosis and treatment for SS are
effective, in the time of personalized medicine, new biomarkers, and novel approaches
are required for the detection and treatment of SS. Exosomes represent an emerging
field in the discovery of biomarkers and the management of SS. Exosomes, a subtype
of extracellular vesicles, are secreted by various cell types and can be found in most
bodily fluids. Exosomes are packed with cytokines and other proteins, bioactive lipids,
and nucleic acids (mRNA, circular RNA, non-coding RNA, tRNA, microRNA, genomic
DNA, and ssDNA), and transport such cargo between cells. Evidence has indicated
that exosomes may play roles in processes such as the modulation of the immune
response and activation of inflammation. Moreover, due to features such as stability,
low immunogenicity and toxicity, long half-life, and the capacity to penetrate the blood-
brain barrier, exosomes have also emerged as therapeutic tools for SS. In this review,
we summarize existing literature regarding the biogenesis, isolation, and function of
exosomes, specifically focusing on exosomes as novel biomarkers and their potential
therapeutic uses in SS.

Keywords: Sjögren’s syndrome, exosomes, immune response, biomarkers, treatment

INTRODUCTION

Sjögren’s syndrome (SS) is a chronic autoimmune disorder of the exocrine glands. It is characterized
by lymphocytic infiltration in the salivary and lacrimal glands (LGs) resulting in oral and eye
dryness. Extraglandular manifestations such as musculoskeletal pain, fatigue, and systemic features
also develop in a significant percentage of patients. This exocrinopathy can occur alone (primary
Sjögren’s syndrome, pSS) or secondary to another autoimmune disease such as rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), and systemic sclerosis (SSc). The antinuclear antibody
(ANA) is the most frequently detected autoantibody in SS, while anti-Ro/SSA and anti-La/SSB
are the most specific prognostic markers (1–3). The prevalence of SS is 0.29–0.77% overall and
3–4% among the elderly. The ratio of male to female cases is 1:9, and the average age of onset
is over 50 years. 5% to 10% of the patients can develop non-Hodgkin’s lymphoma, the most
serious complication of SS, within 10 to 15 years of follow-up (4, 5). Despite extensive research
on the underlying cause of SS, the pathogenesis remains obscure. Multiple factors, including
the environment and the immune system, may contribute to the development of this disease.
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In the last decade, researchers have focused their attention
on the release of extracellular vesicles (EVs). These double
lipid bilayer-enclosed membranous vesicles are produced and
discharged from almost all cells and represent more than the
casual dispersal of cellular “dust” (6). Further, EVs deliver
complex chemical messages over long distances (7). Exosomes,
the most well-known and studied subtype of EVs, were first
described as nanoscale vesicles derived from various normal and
neoplastic cell lines in the 1980s (8, 9). These endosome-derived
nanovesicles have a characteristic cup-shaped morphology as
observed under electron microscopy, with a diameter of 30–
100 nm and a density between 1.13 g/ml and 1.19 g/ml.
They exist in numerous bodily fluids, including serum, saliva,
urine, cerebrospinal fluid, milk, and tears, under both normal
and pathological conditions (10, 11). Exosomes are packed
with various components and have the capacity of inducing
functional responses in recipient cells (12–15). Through the
transfer of bioactive molecules between cells, exosomes mediate
intercellular signaling and participate in various physiological
and pathological processes (16). The involvement of exosomes
in the development and treatment of autoimmune diseases has
also been extensively researched (17, 18). Lee et al. demonstrated
that circulating exosomes in patients with SLE could be associated
with disease activity and might therefore serve as biomarkers
of disease activity (19). Kimura et al. found that circulating
exosomes suppressed the induction of regulatory T cells via let-
7i-mediated blockade of the IGF1R/TGFBR1 pathway in multiple
sclerosis (20). Few reviews have investigated and summarized the
functions of exosomes in SS. In this review, we will focus on the
recent advances regarding exosomes in SS and their potential as
biomarkers and therapeutic tools.

EXOSOMES

Exosome Biogenesis and Isolation
Methods
The generation of exosomes is initiated by invagination of
the plasma membrane to form endocytic vesicles. When these
newly formed endosomes mature, depressions in the endosomal
membrane take place, and intraluminal vesicles are produced.
Intraluminal vesicles are further transformed into multivesicular
bodies (MVBs) with a dynamic subcellular structure, also known
as late endosomes. MVBs then merge with the plasma membrane
and release the vesicles contained within, called exosomes.
Exosome biogenesis is complex and tightly regulated by multiple
factors. The endosomal sorting complex required for transport
(ESCRT) is the principal protein family governing the synthesis
of exosomes. Downregulation of ESCRT-0 and ESCRT-0 proteins
decrease exosome secretion. Conversely, depletion of ESCRT-I
proteins increase exosome production. Moreover, exosomes can
be generated without ESCRT proteins, and ESCRT-independent
machinery may contribute to the sorting of cargo into exosomes.
Lipids also play a crucial role in the biogenesis and transport of
exosomes. Several other proteins, including GTPase proteins and
lactadherin, are also involved in the biogenesis of exosomes (16,

21, 22). Nevertheless, mechanisms of exosome biogenesis and
secretion require further elucidation.

Exosomes are secreted into biological fluids which contain
other vesicle types such as microvesicles and apoptotic bodies.
It is therefore necessary to isolate exosomes from contaminating
material. The isolation of pure exosomes is essential for
understanding their mechanisms of action and potential
applications. Several methods have been adopted for the
isolation for exosomes: differential centrifugation, ExoQuickTM

extraction kits, sucrose density gradient ultracentrifugation, and
immunoaffinity sedimentation (21). These methods may have
certain limitations, such as low yield and purity. Microfluidics-
based technologies have recently become available for the
isolation, detection, and analysis of exosomes and do not have
the above-mentioned limitations (16).

Accurate evaluation of the physicochemical characteristics
of exosomes, such as size, shape, and density, is crucial
for exploring the biological interactions of these vesicles.
Western blotting, enzyme-linked immunosorbent assay (ELISA),
real-time quantitative polymerase chain reaction (RT-qPCR),
dynamic light scattering (DLS), fluorescence-based detection,
nanoparticle tracking analysis (NTA), atomic force microscopy
(AFM), and transmission electron microscopy (TEM) are
commonly used techniques for exosome characterization (23,
24). Western blotting and ELISA are used for the identification
of intra-vesicular or membrane protein markers (25), while
RT-qPCR is used for the detection of exosome-related RNA
(26). NTA, AFM, and TEM have been developed to determine
the size, density, morphology, and composition of exosomes
(27, 28). Recently, a new technique, tunable resistive pulse
sensing (TRPS), has been used to measure the size distribution
and concentration of exosomes (29). To discriminate between
exosomes from normal and pathological cells, considering their
inherent heterogeneity, we need to combine quantification
techniques. This will open up new avenues for exosome detection
and characterization.

Composition and Function of Exosomes
Exosomes have a lipid bilayer structure and are released
upon fusion of the MVB with the plasma membrane (30–32).
Exosomes contain various proteins (e.g., cytokines, GTPases,
Alix, TSG101, tetraspanins, heat shock proteins, and integrins),
lipids (e.g., phosphoglycerides, cholesterol), and nucleic acids
(e.g., mRNA, circular RNA, non-coding RNA, tRNA, microRNA,
genomic DNA, and ssDNA) (33–38). Due to their lipid bilayer,
genetic information and other transported components are
protected from degradation (31). Exosomes are secreted by
various immune cells [e.g., T cells, B cells, dendritic cells (DCs),
and macrophages] and non-immune cells (39). Once released,
exosomes can interact with specific recipient cells based on the
expression of adhesion molecules, such as phosphatidylserine
receptors, integrins, and glycans on the exosome surface (40, 41).
Thus, information can be transmitted to target cells via exosomes.

The existence of EVs had been reported as early as 1946
(42), and De Broe described the release of these “membrane
fragments” as a general characteristic of viable cells in 1977 (43).
In 1983, a major discovery by Harding and Johnstone revealed
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that transferrin receptors were associated small 50 nm-sized
vesicles. Through endocytosis and recycling, these vesicles were
released from maturing blood reticulocytes into the extracellular
space. The term “exosome” was coined by Rose Johnstone to
describe these EVs (16). In 1996, researchers found that Epstein-
Barr (EB) virus-transformed B lymphocytes had the capacity of
releasing exosomes, inducing major histocompatibility complex
(MHC) class II-restricted T-cell responses (44). In the early
days of EV research, exosomes were simply considered as
cellular waste disposal units. In more recent years, however,
exosomes have been intensively researched and have been shown
to act as mediators of immune stimulation and modulation
(45). Exosomes regulate multiple immune processes, including
antigen presentation, T-cell activation and polarization, and
immune suppression (46, 47). Immune cell-derived exosomes
have been studied extensively. For example, MHC-I and MHC-
II molecule-carrying exosomes derived from antigen-presenting
cells stimulate CD8 + and CD4 + T cells, respectively (48).
Further, exosomes secreted from macrophages infected with
bacteria had pro-inflammatory effects on naïve macrophages,
promoting the maturation of DCs (49). It should be noted
that the release of exosomes by DCs and B lymphocytes is
increased after cognate T cell interactions, indicating that the
secretion of exosomes by immune cells could be regulated by
the cellular environment (50, 51). Exosomes secreted by non-
immune cells, such as mesenchymal stem cells (MSC) and tumor
cells, have also gained attention. MSC-derived exosomes are
capable of enhancing the differentiation of immunosuppressive
cells and inhibiting the proliferation of natural killer (NK) cells
and T cells (52). Recent research has reported that exosomes
from bone marrow-derived mesenchymal stem cells (BMSC)
regulate the polarization of macrophages in rat models (53).
In addition, exosomes derived from tumor cells can inhibit
the activation of T cells via programmed death-ligand 1 (PD-
L1) (54). Among exosome-associated bioactive components,
microRNAs (miRNAs) not only modulate gene expression in
immune cells, but also have immunological functions (55, 56).
Okoye et al. suggest that miRNA-containing exosomes secreted
from primary regulatory T cells suppress Th1 cell responses
(57). Ismail et al. found that macrophage-derived exosomal miR-
223 induced the differentiation of recipient monocytes (58).
Another study showed that miR-223 promoted the invasion of
breast cancer cells via the Mef2c-β-catenin pathway (59). Other
functions of exosomes have also been investigated, including
regulation of the incorporation of neurons and glial cells in
the central nervous system (60, 61) and thrombosis in the
cardiovascular system (62–64). A previous review summarized
the involvement of exosomes in: (1) protection against viruses
and bacteria; (2) regulation of tumor immunity; (3) mediation of
immune suppression by tumor cells (65). In general, the function
of exosomes depends on the status of host cells and tissue. Studies
have shown that exosomes play significant roles in angiogenesis,
antigen presentation, apoptosis, coagulation, inflammation, and
intercellular communication through the transfer of bioactive
molecules such as RNA and proteins. Further, exosomes are
involved in both normal and pathological processes, including
cancer, infections, and autoimmune diseases.

Exosome carrying specific molecules of interest could act
as potential biomarkers. Exosomal biomarkers can be divided
into three groups: tumor-derived exosomes, exosomal surface
proteins, and exosomal nucleic acids (66), and these indicators
can provide insightful information for the early diagnosis of
cancer and other diseases. For example, exosomes containing
proteoglycan glypican-1 (GP1) may be potential biomarkers for
pancreatic cancer (67). Exosomes loaded with CD81 have a
potential role in the diagnosis of hepatitis C and the evaluation
of treatment responses (68). Exosomes carrying a specific kind
of phosphorylated amyloid peptides are promising biomarkers
for Alzheimer’s disease (69). Some unique characteristics of
exosomes have attracted the interest of researchers, including
their stability under long-term storage, low immunogenicity
and toxicity, their ability to protect encapsulated components,
and their capacity for penetration of the blood-brain barrier
(BBB) (70–73). Thus, exosomes could potentially be used as
nanocarriers for various nucleic acids, proteins, and small
molecular drugs (74). Some antineoplastic agents, such as
doxorubicin and paclitaxel, could be encapsulated and delivered
via exosomes to treat brain tumors (75, 76). Tian et al.
revealed that curcumin-carrying engineered exosomes induced
the suppression of the inflammatory response and cellular
apoptosis in lesion regions of ischemic brains (77).

There are various studues investigating exosomes in
autoimmune diseases, among which studies of rheumatoid
arthritis (RA) have been the most thorough. With regard to
pathogenesis, in the synovium of RA patients, synoviocyte-
derived exosomes, which contain citrullinated autoantigens, may
promote synovitis and cartilage damage (78, 79). In contrast,
exosomes from neutrophils that have infiltrated into inflamed
joints are protective factors for chondrocytes (80). From the
perspective of treatment, BMSC-secreted exosomal miR-192-5p
can delay inflammation in RA (81). Mesenchymal cell–derived
miRNA-150-5p–containing exosomes and MSCs-derived
miRNA-124a-overexpressing exosomes are also expected to be
involved in potential therapeutic strategies for RA patients (82,
83). Information about the role of exosomes in the pathogenesis
or their possible use for treatment of other autoimmune diseases
has been scarce in comparison to RA. It has been suggested
that exosomes from inflamed intestinal cells and renal tissue
have pathogenic roles in ulcerative colitis and lupus nephritis,
respectively (84, 85). Lu et al. showed that BMSC-derived
exosomes carrying miR-223-3p attenuated autoimmune hepatitis
in a mouse model (86). Neutrophil-produced exosomes from
systemic sclerosis patients have the ability to inhibit the
proliferation and migration of endothelial cells (87).

EXOSOMES IN SJÖGREN’S SYNDROME

Role of Exosomes in the Pathogenesis of
SS and as Potential Biomarkers
In 2005, Kapsogeorgou et al. reported that salivary gland
epithelial cell (SGEC) lines from SS patients secreted significant
amounts of exosomal vesicles, similar to those from non-SS
subjects. These SGEC-derived exosomes contained detectable
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TABLE 1 | A selective overview of studies reporting exosomes in Sjögren’s syndrome.

Articles Origin of exosomes Exosome components Role in pathology As a biomarker Potent therapeutic effect

(88) SGECs +

(89) B cells ebv-miR-BART13-3p +

(90) T cells miR-142-3p +

(93) SGECs, lacrimal gland cells +

(94) SGECs miRNAs +

(95) SGECs miRNAs +

(96) DCs +

(97) DCs +

(98) MSCs +

(100) Placenta tissue miRNAs of C19MC +

(87) human umbilical cord MSCs +

SGECs, salivary gland epithelial cells; DCs, dendritic cells; MSCs, mesenchymal stem cells; miRNA, microRNA; C19MC, chromosome 19 microRNA cluste.

amounts of epithelial-specific cytoskeletal proteins, as well as
anti-Ro/SSA, anti-La/SSB, and Sm ribonucleoproteins. Although
secretion was not restricted to SS-derived cells, this was
the first time that SS-specific autoantigens were detected
in exosomes, indicating that exosomes may participate in
the presentation of intracellular autoantigens to autoreactive
lymphocytes, as part of the development of SS (88). Another
study showed that a functional EB virus miRNA, ebv-miR-
BART13, can be transferred from B cells to SGECs, affecting
salivary secretion (89). More recently, Cortes-Troncoso et al.
suggested that T cell-derived exosomes containing miR-142-
3p may be a pathogenic trigger of SS. When transferred into
SGECs, miR-142-3p-carrying exosomes can affect intracellular
Ca2+ signaling and decrease cyclic adenosine monophosphate
(cAMP) production, thereby leading to glandular cell dysfunction
(90). At present, studies of exosomes in SS mainly concentrate
on tears and saliva (Table 1), as such fluid samples can
easily be obtained using a simple, non-invasive, and safe
method. Because SS is a disease affecting multiple organ
systems, investigation of exosomes in other tissues and organs
is still required.

The international consensus criteria for SS includes ocular
symptoms, oral symptoms, objective evidence of dry eyes
and salivary gland involvement, as well as laboratory test
abnormalities (91). The presence of ANA has some merit
for the detection of SS, but 31.7% of healthy individuals
may also be positive for ANA (92). Rheumatoid factor
(RF) is not specific to SS, as it is also upregulated in other
autoimmune diseases, especially RA. Anti-Ro/SSA antibodies
have good specificity and can be found in two-thirds of SS
patients, often at the same time as anti-La/SSB antibodies (91).
However, sometimes during the early stage of the disease,
patient symptoms are not typical, and even the serological
examination is not positive. Therefore, a more accurate
diagnostic method is required. Aqrawi et al. isolated EVs
(including exosomes and microvesicles) from saliva and tear
fluids of patients with SS and utilized liquid chromatography-
mass spectrometry (LC-MS) for the detection of potential
biomarkers (93). Michael et al. were the first to isolate
exosomal miRNAs from the parotid saliva of SS patients,

proposing that the miRNA content of salivary exosomes
could provide markers for the diagnosis of various salivary
gland diseases, such as SS (94). Similarly, Alevizos et al.
showed that salivary gland miRNA expression patterns
precisely distinguished SS patients from control subjects,
suggestive of the potential of miRNA for the detection
of inflammation or salivary gland dysfunction in SS (95).
Despite these promising findings, there is not enough evidence
for the use of exosomes or exosomal miRNAs as reliable
markers for SS. Future experiments may refute some of
the current findings. Moreover, the use of exosomes for
evaluating SS disease activity and prognosis has not yet been
investigated in studies (Figure 1). Thus, further research
is required to confirm the potential roles of exosomes
or exosomal miRNAs as robust, specific, and sensitive
biomarkers for SS.

Exosomes as Therapeutic Tools for SS
The management of SS is long-term and complex. Saliva
substitutes and artificial tears could be used to relieve
symptoms. Non-steroidal anti-inflammatory drugs (NSAIDs),
hydroxychloroquine, and corticosteroids are effective for the
treatment of SS. Other powerful immunosuppressants, such
as methotrexate, mycophenolate mofetil, and biological agents,
are also required (91). However, long-term use of these
drugs can cause a number of adverse effects. Fortunately,
exosomes have been intensively studied for their potential use
in autoimmune diseases. Kim et al. suggested that injection
of exosomes secreted from DCs treated with interleukin-
10 (IL-10) inhibited the onset of collagen-induced arthritis
in a mouse model and reduced the severity of arthritis
(96). Exosomes derived from indoleamine-expressing DCs
had immunosuppressive and anti-inflammatory effects in an
arthritis model (97). Bai et al. reported that exosomes from
MSCs efficiently attenuated autoimmune uveitis in a murine
model (98).

A study by Li et al. has demonstrated that administered
exosomes derived from human umbilical cord MSCs efficiently
eased ophthalmitis in a model of human SS (99). Bullerdiek
et al. reported that analogs of chromosome 19 miRNA cluster
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FIGURE 1 | Exosomes as biomarkers and therapeutic tools in Sjögren’s syndrome.

(C19MC)-derived miRNAs could be applied in clinical practice
for autoimmune conditions such as SS (100). Ocular involvement
is one of the main manifestations of SS. The most commonly
used treatment for eye disease is topical instillation of eye drops.
However, there are some limitations, including quick clearance
and low biological activity. Due to their highly desired qualities
as drug delivery vehicles, exosomes can be used for the delivery
peptides or synthetic drugs for eye disease (101, 102). MSC-
exos carrying miRNA-126 could reduce hyperglycemia-induced
retinal inflammation by inhibiting the high-mobility group box
1 signaling pathway (103). Exosome-carried adeno-associated
virus type 2 showed high efficiency in retinal transduction
(104). Therefore, MSC-exos may presumably provide a curative
option for SS-associated dry eyes. While, exosomes have shown

promising results for potential therapeutic applications, most
of these therapeutic effects have only been observed in the
experimental stage, and there is a long way to go before reaching
large-scale clinical application.

CONCLUSION AND PERSPECTIVES

For decades, researchers have been struggling to develop
superior diagnostic and treatment methods for patients with SS.
Accumulating evidence has indicated that exosomes may play an
important role in the pathophysiology of autoimmune disorders.
In this review, we have summarized exosome-mediated effects
mediated in SS, the potential of exosomes as biomarkers, as well
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as their potential therapeutic uses. Nevertheless, gaps remain
in the understanding of exosome biogenesis and action. The
fundamental mechanisms of exosomes utilized as biomarkers and
therapeutic nanocarriers in SS and other autoimmune diseases
are not fully understood. In the future, the use of exosomes for
SS and other autoimmune diseases will face several challenges
that will require further detailed exploration. First, methods
for the detection, separation, and purification of exosomes and
exosomal miRNA are relatively cumbersome and complicated
at present. Thus, there is a need for simplified, cost-effective,
and reproducible techniques. Moreover, appropriate production
and storage methods for exosomes are critical for preserving
their biological activity and are thus essential for obtaining high-
quality exosomes. Existing methods are more or less insufficient
in obtaining and preserving high yields of purified exosomes.
In addition, it is important to establish robust ways to evaluate
the effects of exosomal treatment in vivo. Despite challenges in
the use of exosomes, these vesicles have shown great potential
within the biomedical field. As technology advances, the above-
mentioned limitations will be resolved, and exosomes may be

utilized for novel and advanced therapies. Altogether, both basic
and applied research on exosomes in SS is still at an early stage,
requiring further investigation.
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Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects the joints and

other organs for which there is currently no effective treatment. Mesenchymal stem cells

(MSCs) have therapeutic potential due to their immunomodulatory and differentiation

effects. While extensive experimental studies and clinical trials have demonstrated the

effects of MSCs in various diseases, MSCs have been found to cause abnormal

differentiation and tumor formation. Therefore, extracellular vesicles derived from MSCs

(MSC-EVs) are more effective, less toxic, and more stable than the parental cells.

MSC-EVs transfer various nucleic acids, proteins, and lipids from parent cells to recipient

cells, and thus participate in chronic inflammatory and immune processes. In this review,

we summarize the properties and biological functions of MSCs and MSC-EVs in RA.

Improvement in our understanding of the mechanisms underlying MSC and MSC-EVs in

RA provides an insight into potential biomarkers and therapeutic strategies for RA.

Keywords: rheumatoid arthritis, mesenchymal stem cells, extracellular vesicles, exosomes, microRNAs

INTRODUCTION

Rheumatoid arthritis (RA) is a prevalent systemic autoimmune disease characterized by progressive
joint destruction, and 50% of RA patients also have extra-articular involvement, including the heart,
lungs, eyes, and blood (1, 2). Globally, the overall incidence of RA is 40/100,000 people per year,
with a prevalence of ∼0.24% (3, 4), which is significantly higher in women (5). The etiologies
and pathogenesis of RA have been extensively studied, wherein genetic susceptibility (i.e., HLA
DR1, TRAF1, and STAT4), epigenetic modification (i.e., DNAmethylation, miR146a, and miR155),
and environmental factors (i.e., smoking, obesity, periodontitis, and vitamin D deficiency) have
been found to promote the loss of immune tolerance, resulting in this disorder (1, 6–8). However,
the precise mechanism underlying RA is complex and has not yet been elucidated. Currently, RA
treatments, including glucocorticoid, immunosuppressants, and biological agents, are non-specific
with an inadequate efficacy, severe adverse reactions, and even life-threatening toxic effects (7, 9).

Mesenchymal stem/stromal cells (MSCs) are a class of stem cells with self-renewal and
multipotent properties that are widely available. As such, extensive clinical research has focused
on the effects of MSCs in tissue regeneration and protection against injury via the replacement of
damaged cells (10, 11). Subsequently, the evidence is increasingly indicating that MSCs play an
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immunomodulatory role primarily through the release of
extracellular vesicles (EVs) and paracrine factors (e.g., growth
factors, hormones, and cytokines) (11, 12). MSCs originate from
many types of tissues, including bone marrow (BM), adipose
tissue (AT), umbilical cord (UC), cord blood (CB), peripheral
blood, dental pulp, liver, and the synovial membrane (12, 13).
Generally, MSCs mostly express CD73, CD90, and CD105;
however, these surface markers cannot be used to discriminate
the source of MSCs. In contrast, MSCs negatively express CD14,
CD34, CD45, and HLA-DR. MSCs can escape T cell recognition
and exhibit low immunogenicity (14–17).

EVs are a group of lipid-bound vesicles that are released
by various cells and play an essential role in the transfer of
information between adjacent or distant cells. According to their
origin, secretion mechanisms, and properties, EVs are divided
into apoptotic bodies, microvesicles (MVs), and exosomes.
Apoptotic bodies (50–5,000 nm) are released by dying cells into
the extracellular space, and contain intact organelles, chromatin,
and small amounts of glycosylated proteins. MVs (100–
1,000 nm) originate from plasma membranes. Exosomes (30–
150 nm) are formed by the intraluminal buds of multivesicular
endosomes (MVEs) (18, 19). Due to the limitations of separation
technologies, small EVs (sEVs) (50–200 nm) are commonly used
in experimental studies (20). Among the different cells known
to produce EVs, MSCs are one of the most prolific cells (21).
Phenotypically,MSC-derived sEVs also express theMSCmarkers
CD73, CD90, and CD105, but not CD14, CD34, or CD11b
(17). The functions of MSC-EVs are similar to those of MSCs,
although the latter are more stable, safe, less toxic, and are able
to pass the blood-brain barrier, thus reducing their propensity
to trigger immune responses (22–24). MSC-EVs transfer nucleic
acids, including DNA, mRNA, and microRNA (miRNA); lipids;
proteins; and surface receptors from donor cells to specific
recipient cells, thereby protecting signaling molecules from
enzymatic degradation during transport. MSC-EVs fuse with
the recipient cell membrane either by directly fusing with the
plasma membrane, fusing with the endosomal membrane after
endocytosis, or by directly binding to the receptor of recipient
cells, and then participate in physiological and pathological
processes (25–27).

In recent years, studies have shown that MSCs and MSC-
EVs may be effective in RA, highlighting their potential
immunomodulatory effects. In this review, we aim to discuss
recent advances in the use of MSCs and MSC-EVs for the
treatment of RA.

IMMUNOMODULATORY EFFECT OF MSCS
IN RA

In the past decade, MSC transplantation (MSCT) has been
found to be effective in the treatment of RA by reducing joint
inflammation, bone erosion, and destruction and alleviating the
formation of pannus via immune regulation, anti-inflammation,
and differentiation (28, 29). MSCs mainly interact with both
innate and adaptive immune cells to modulate immune
responses in RA.

MSCs may regulate the proliferation, differentiation, and
function of T cells and reduce the production of pro-
inflammatory factors. In mouse models with collagen-induced
arthritis (CIA), the administration of human AT-derived MSCs
(AT-MSCs) inhibited the differentiation of activated CD4+ T
cells into T helper (Th) 17 effector cells producing interleukin
(IL)-17, but induced the generation of T regulatory cells
(Tregs) that secrete IL-10 and negatively regulate the immune
response (30). Similar beneficial effects have been reported in
RA animal models using various MSC treatments (28, 31, 32).
The effects of MSCs on Th17/Treg cell balance have been
attributed to various soluble molecules, including indoleamine
2,3-dioxygenase (IDO), IL-10, prostaglandin E2 (PGE2), and
nitric oxide (NO), and to the transfer of organelles (32, 33).
For example, after co-culturing healthy mice bone marrow-
derived MSCs (BM-MSCs) and Th17 from peripheral blood
mononuclear cells (PBMCs) of RA patients, the proliferation of
Th17 cells and production of IL-17 was inhibited by transferring
mitochondria from BM-MSCs to Th17 cells. Simultaneously,
mitochondrial transfer from the BM-MSCs of healthy donors
was higher than that from the synovium-derived MSCs of
RA patients (32). T follicular helper (Tfh) cells, a subset of
CD4+ T cells, may help in immunoglobulin affinity maturation
and generate live plasma cells and memory B cells (34, 35).
Liu et al. found that the number of circulating Tfh cells
increased, and was positively correlated with the disease and
anti-cyclic citrullinated peptide antibody levels in RA patients
(36). Subsequently, they further demonstrated that allogeneic
UC-derived MSCs (UC-MSCs) suppressed the proliferation and
function of Tfh cells via IDO production, which may be induced
by interferon (IFN)-γ in vivo and in vitro, thereby ameliorating
the progression of CIA (37). Endoplasmic reticulum (ER)-
stressed MSCs could reduce the number of circulating Tfh cells
via higher PGE2 binding with EP2/EP4 and increased IL-6
levels (38).

B cells mainly produce autoantibodies, including rheumatoid
factor (RF) and anti-citrullinated protein antibodies (ACPAs),
but also secret cytokines and act as antigen-presenting cells to
promote T cell activation in RA (39). MSCs from healthy donors
have been found to suppress B cell proliferation and anti-ACPA
and RF production (29, 40). However, the mechanism underlying
B cell regulation by MSCs in RA remains unclear. Currently,
autologousMSCs injection has been considered to decrease B cell
responses by reducing the levels of the B-cell activation factor
(BAFF), a proliferation-inducing ligand (APRIL), and BAFF
receptors (29). In comparison, in an in vitro experiment, BM-
MSCs from RA patients co-cultured with B cells from PBMC
of healthy donors supported B cell survival, by a mechanism
that may not be correlated with BAFF (41). This may be
because of the conditional complexity of in vitro and in vivo
experiments. In addition, the inhibition of MSCs on Tfh cells
also indirectly affected the proliferation and differentiation of B
cells (37).

Dendritic cells (DCs), macrophages, and natural killer (NK)
cells are important members of the innate immune response and
are regulated by MSCs in various diseases (42–44). However,
their interaction with MSCs is scarcely studied in RA. Shin
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FIGURE 1 | The effects and mechanisms of MSC-EVs in RA. Arrows indicate activation or induction, T-bars indicate inhibition, dotted T-bars indicate inconsistent

result, with Tr1 cells increasing in vitro but decreasing in vivo. MSC, mesenchymal Stem Cell; MVs, microvesicles; EVs, extracellular vesicles; Tr1, T regulatory type 1

cells; Th 17, T helper 17 effector cells; Treg, T regulatory cells; FLS, fibroblast-like synoviocytes; IgG, immunoglobulin G; TGF-β, transforming growth factor β; IL,

interleukin; miRNA/miR, microRNA; RAC2, ras-related C3 botulinum toxin substrate 2; MMP14, matrix metalloproteinase 14; VEGF, vascular endothelial growth factor;

CIA, collagen-induced arthritis mice model.

et al. demonstrated that MSCs inhibited the activation of M1-
type macrophages and induced the generation of M2-type
macrophages via the tumor necrosis factor (TNF)-α-mediated
activation of cyclooxygenase-2 (COX-2) and TNF-stimulated
gene-6. This was accompanied by the negative regulation of
the nucleotide-binding domain, leucine-rich repeat pyrin 3
(NLRP3) inflammasome-mediated IL-1β secretion, and caspase-
1 production in macrophages through an IL-1β feedback loop
(45). In addition, MSCs from systemic juvenile idiopathic
arthritis patients were found to inhibit the differentiation of
monocytes to DCs and suppress NK cell activation (46). Li et al.
found that the combination of tolerogenic DCs and MSCs had a
synergistic immunosuppressive effect on CIA mice by polarizing
Th cells and inhibiting pro-inflammatory cytokines (47).

CLINICAL MSC TRIALS IN RA

In recent years, clinical research on the use of MSC therapy for
the treatment of RA has increased. The first randomized clinical
trial (RCT) using allogeneic expanded AT-MSCs (Cx611) for

RA treatment was conducted in 2011 as a multicenter, single
blind, and placebo-controlled phase Ib/IIa clinical trial. A total
of 53 refractory RA patients were enrolled and assigned to
three cohorts with different doses (1, 2, or 4 million cells/kg)
and a placebo cohort, to evaluate the safety and tolerability of
Cx611. The results indicated that the infusion of Cx611 was
generally well-tolerated. One patient with dose-limiting toxicity
(DLT) presented lacunar infarction. Most adverse events (AE)
were mild or of moderate intensity. Although the most common
symptoms were fever and infection, it was difficult to discern
whether these were symptoms or simply side effects of Cx611
(48). In a phase Ia RCT investigating the efficacy and safety
of the intravenous infusion of human CB-derived MSCs (hCB-
MSCs), 9 RA patients were divided equally among three groups,
each receiving a single intravenous infusion of hCB-MSCs at
different dosages. No short-term AE or DLT were reported 4
weeks after infusion. Moreover, the DAS 28 (28-joint disease
activity score) was significantly decreased, pro-inflammatory
cytokines were reduced, and IL-10 levels were increased 24 h
after infusion (49). Similarly, a single-center RCT selected 30 RA
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patients with knee involvement to receive either intra-articular
knee autologous BM-MSCT (n = 15) or normal saline (n =

15). Following the transplantation of 40 million autologous BM-
MSCs, although no statistically significant results between the
two groups were noted in the majority of the outcome measures,
favorable effects on joint inflammation symptoms were observed,
with an improved standing time in the MSCT group (p =

0.02). Moreover, MSCT treatment helped to reduce the dosage
of MTX and prednisolone during the initial 6 months of follow-
up, although not after 1 year. Importantly, no AEs were observed
after MSC administration or during follow-up (50). Similarly, a
clinical trial in Iran investigated whether injections of autologous
BM-MSCs relieved the symptoms of refractory RA patients (51).
These clinical trials found that MSC therapy for RA, especially
refractory RA, is safe, well tolerable, and effective.

IMMUNOMODULATORY EFFECTS OF
MSC-EVS IN RA

Recent studies have indicated that the mechanisms underlying
the interaction between MSC-EVs and recipient cells are not
unique in terms of their physiological or pathological processes
in RA (Figure 1). Ma et al. found that both human UC-MSCs
and the EVs secreted by them inhibited the proliferation of
T cells, promoted T cell apoptosis, decreased RORγ levels,
increased Foxp3 levels, and regulated the balance of Treg/Th17
cells in in vitro and in vivo experiments, resulting in delayed
radiological progression and synovial hyperplasia inhibition (52).
Notably, the partial effect of MSC-EVs was different from
that of parental MSCs in RA. MSC-exosomes increased the
number of Treg, whereas MSCs did not. And MSCs were more
capable of reducing the number of CD4+IFN-γ+T lymphocytes.
Compared with parental BM-MSCs and MVs, the exosomes
increased the number of Treg cells. In addition, this study showed
that MSC-exosomes inhibited plasmablasts but generated Breg
cells (53).

Based on the fact that EVs are able to transfer information to
recipient cells, subsequent studies characterized the mechanisms
by which EVs, particularly through miRNAs, are involved in
RA. Chen et al. were the first to report that BM-MSC-EVs
transferred miR-150-5p to the joint cavity. Compared with
osteoarthritis patients, the expression levels of miR-150-5p in
the serum, synovial tissues, and fibroblast-like synoviocytes
(FLS) of RA patients were significantly decreased, whereas the
expression levels of matrix metalloproteinase (MMP) 14 and
vascular endothelial growth factor (VEGF) were increased. MiR-
150-5p was effectively transfected into BM-MSCs in vitro and
transferred by exosomes to RA-FLS. MSC-exosomal miR-150-
5p suppressed the expression of the target genes MMP14 and
VEGF by directly binding to their 3’-UTRs, thereby reversing
the migration and invasion of RA-FLS and HUVEC tube
formation induced by pro-inflammatory factors, including IL-
1β, transforming growth factor β (TGF-β), and TNF-α. In vivo,
the effect of MSC-exosome-miR-150-5p injection was consistent
with those mentioned above, wherein MSC-exosome-miR-150-
5p inhibited angiogenesis and alleviated joint inflammation (54).

Recently, miR-192-5p expression was found to be decreased
in human RA-FLS, wherein a dual luciferase reporter gene
assay showed that miR-192-5p directly targeted and negatively
regulated ras-related C3 botulinum toxin substrate 2 (RAC2). In
a CIA rat model, MSC-exosomal miR192-5p was transferred to
the synovial tissue via the blood circulation after injection, and
significantly reduced the levels of RAC2, decreased the clinical
score, and suppressed synovial hyperplasia and joint destruction
compared with rats injected with BM-MSCs-exosome-NC.
Additionally, MSC-exosome-miR-192-5p inhibited the levels of
pro-inflammatory cytokines, including PGE2, IL-1β, and TNF-
α, in synovial tissues and serum, and reduced the release of
NO and inducible NO synthase (iNOS) in the sera of CIA
rats (55). Another in vitro experiment found that the exosome
number and miRNA-124a levels increased in MH7A cells (RA-
FLS cell lines) after co-culturing MH7A with human MSC-
EV. With miRNA-124a (hMSC-124a-EV) overexpression, the
proliferation of MH7A was inhibited by hMSC-124a-EV and
hMSC-EV compared with that in the control group. However, the
cells were blocked in the G0/G1 and S phases, respectively. The
invasion and migration of MH7A were also suppressed, while
apoptosis was promoted. Moreover, the effect of hMSC-124a-EV
treatment was more marked than that of hMSC-EV (56).

PROSPECTS AND CHALLENGES IN THE
CLINICAL APPLICATION OF MSCS AND
MSC-EVS IN RA

With an increasing number of studies, MSCs have been found
to play an immunomodulatory role in numerous autoimmune
diseases through the production of soluble factors, and the
transfer of EVs containing messaging molecules (11, 57–59). In
addition to immune regulation, MSCs can induce osteogenic
and chondrogenic differentiation, and regulate inflammatory
factors, highlighting it as a promising therapy for RA. Currently,
most clinical trials of MSCT therapy for RA have focused on
refractory RA patients who have not responded to traditional
disease modifying antirheumatic drug (DMARDs) therapy,
without any serious AEs associated with MSCT treatment.
However, the use of MSCs in therapeutic treatments still
faces many challenges. Several studies have found that MSCs
are associated with carcinogenic risk when injected in animal
models (60–63). Allogeneic MSCs have an immunosuppressive
effect on tumor cells, allowing them to evade detection and
destruction by the adaptive immune regulatory system via the
action of CD8+ T cells, leading to the growth of allogeneic
tumor cells (61). MSCs could also secrete VEGF to induce
angiogenesis (62), contributing to tumor stroma formation, and
favor tumor cell proliferation, invasion, and migration (60). The
immunosuppressive effects of MSCs in CIA are also debatable.
While MSCs can inhibit anti-CD3-induced T-cell proliferation in
vitro, they do not affect T cell proliferation nor the development
of CIA (64). Factors including the type of MSCs, culture
conditions, treatment time, number of injected cells, injection
route, and treatment regimen can lead to different results. A
recent study compared the effects of three different types of
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MSCs infused into CIA mice and found that the most effective
treatment was UC-MSCs, followed by BM-MSCs (65). The
efficacy of allogeneic and autologous MSCs remains debatable,
Rozier suggests that autologous MSCs may be involved in the
physiopathology of systemic sclerosis (66). Therefore, RCT are
necessary to compare the efficacy and safety of autologous and
allogeneic MSC therapy in RA. BM-MSCs from RA patients
were also found to promote Th17 cell activation and expansion
via caspase 1 activation (67). In addition, different conditions
also influence the effect of MSCs. For example, epigenetically-
modified MSCs (combination of hypomethylating agents and
histone deacetylase inhibitors) have a high immunoregulatory
effect in RA (68). Consequently, determining how long the
immunomodulatory effects of MSCs last will need to be solved in
clinical practice, the results of which could provide a theoretical
basis and support for their use in the treatment of RA.

Compared with MSC treatment, which may cause abnormal
differentiation and tumor formation, MSC-EVs are more
effective, stable, and safer in alleviating inflammation of CIA,
with broader prospects. EVs carry numerous DNAs, RNAs,
proteins, and lipids fromMSCs and transfer them to the recipient
cells. Due to several advantages, including the ability to pass
the blood-brain barrier and their low immunogenicity, EVs are
natural carriers for drugs and exogenous nucleic acids, which
can be loaded in donor cells before being released into the
extracellular environment (69, 70). More importantly, using EVs
to transfer miRNAs can prevent these from being degraded,
allowing miRNAs to negatively regulate target protein expression
at the post-transcriptional level. In addition to their treatment
potential, several studies have reported that miRNAs secreted
by MSC-EVs (MSC-EV-miRNAs) regulate diverse signaling
pathways by targeting specific proteins, thereby influencing the
development of RA. Therefore, MSC-EV-miRNAs are potential
biomarkers for use in novel cell-free therapeutic strategies for RA.

Although MSC-EVs have been used in preclinical RA studies,
several issues still remain unsolved. Firstly, when MSCs from
different tissues are in distinct differentiation states, the content
and types of molecules assembled by EVs may be different,
thereby affecting their function at recipient cells and causing
changes to physiological processes. MSC-EV miRNAs do not
randomly enter EVs, however, the sorting mechanism by which

cells are adjusted and selected from maternal cells is unknown.
Generally, hundreds of differentially expressed miRNAs could
be found in MSC-EVs by sequencing or microarray assays,
however, no studies have performed miRNA expression profiling
on MSC-EVs between RA and healthy individuals. Currently,
dozens of miRNAs have been reported to affect the proliferation
and function of FLS, previous studies also focused on the effect
of MSC-EV-miRNAs on FLS, further studies on other cells
are also needed. Additionally, whether the complex regulatory
network of miRNAs and their target genes may trigger other
diseases remains unclear and needs further study. Secondly,
MSC-EVs secretemany other signalingmolecules. Eirin et al. (71)
integrated transcriptomic and proteomic analyses and found that
the proteins, transcription factors, and translational regulators
derived from MSC-EVs are involved in the mechanism of tissue
repair in the recipient cell. Further studies on the interactions
of the molecules that affect RA are necessary. Thirdly, EVs
are separated in different ways, without standards, and in
a time-consuming manner. Although commercial exosome
extractants are currently being used, they contain non-exosome
contaminants, such as lipoproteins, which need to be purified.
Lastly, the findings presented here will need to be replicated on a
large scale in clinical trials to assess the safety, effectiveness, and
persistence of MSC-EVs in RA patients.
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Beta cell failure and apoptosis following islet inflammation have been associated with

autoimmune type 1 diabetes pathogenesis. As conveyors of biological active material,

extracellular vesicles (EV) act as mediators in communication with immune effectors

fostering the idea that EV from inflamed beta cells may contribute to autoimmunity.

Evidence accumulates that beta exosomes promote diabetogenic responses, but relative

contributions of larger vesicles as well as variations in the composition of the beta

cell’s vesiculome due to environmental changes have not been explored yet. Here, we

made side-by-side comparisons of the phenotype and function of apoptotic bodies (AB),

microvesicles (MV) and small EV (sEV) isolated from an equal amount of MIN6 beta cells

exposed to inflammatory, hypoxic or genotoxic stressors. Under normal conditions, large

vesicles represent 93% of the volume, but only 2% of the number of the vesicles. Our data

reveal a consistently higher release of AB and sEV and to a lesser extent of MV, exclusively

under inflammatory conditions commensurate with a 4-fold increase in the total volume

of the vesiculome and enhanced export of immune-stimulatory material including the

autoantigen insulin, microRNA, and cytokines. Whilst inflammation does not change

the concentration of insulin inside the EV, specific Toll-like receptor-binding microRNA

sequences preferentially partition into sEV. Exposure to inflammatory stress engenders

drastic increases in the expression of monocyte chemoattractant protein 1 in all EV and of

interleukin-27 solely in AB suggesting selective sorting toward EV subspecies. Functional

in vitro assays in mouse dendritic cells and macrophages reveal further differences

in the aptitude of EV to modulate expression of cytokines and maturation markers.

These findings highlight the different quantitative and qualitative imprints of environmental

changes in subpopulations of beta EV that may contribute to the spread of inflammation

and sustained immune cell recruitment at the inception of the (auto-) immune response.

Keywords: type 1 diabetes, extracellular vesicles, apoptotic bodies, microvesicles, exosomes, microRNA, Toll-like

receptor
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GRAPHICAL ABSTRACT | Inflammation stimulates release of a heterogeneous population of beta EV with differential expression of immunogenic substances

involved in immune cell recruitment and activation.

HIGHLIGHTS

- Stress engenders an up to four-fold increase in the volume of
the vesiculome and enhanced auto-antigen release

- Cytokines are selectively sorted into EV subspecies
- TLR-binding microRNAs are enriched in sEV
- EV from stressed beta cells promote dendritic andmacrophage

cell activation.

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease caused by
the destruction of the insulin-producing beta cells in the
pancreas leading to chronic hyperglycaemia and serious long-
term complications such as cardiovascular disease, neuropathy,
nephropathy and blindness [reviewed in (1)]. More than 30
million of people suffer from T1D worldwide (www.idf.org).
T1D and its sequelae reduce life expectancy of patients by more
than eleven years (2). Pathogenesis of T1D is characterized by
inflammatory events in the beta cell microenvironment causing
innate immune activation followed by progressive infiltration
of the islets of Langerhans in the endocrine pancreas by

auto-reactive cytotoxic T-lymphocytes. Disease etiology has
only partially been elucidated, but results from a complex
interplay between genetic and environmental factors collectively
engendering functional defects in the immune system and the
beta cell itself. Environmental changes in toxins, pathogens,
nutrients in particular glucose overload, and low physical activity
have been suggested to be responsible for the 3.4% annual
increase in disease incidence (3). Due to its demanding secretory
function, the beta cell is extremely sensitive to stress. Insulin
accounts for up to half of the cell’s protein content (4) and
rapid changes can exceed the endoplasmic reticulum’s (ER)
folding capacities leading to the accumulation of misfolded
proteins e.g. potential neoantigens within the lumen of the ER.
By interaction with built-in sensors, these misfolded proteins
trigger the unfolded protein response (UPR), a signaling pathway
that aims to restore homeostasis by enhancing the cell’s folding
capacity and translational attenuation. However, chronic stress
can cause the UPR to initiate apoptosis. Beta cell stress and
apoptosis has been associated with T1D pathogenesis (5, 6),
yet, how stressed beta cells trigger innate immune responses at
disease initiation has not been fully elucidated.

Extracellular vesicles (EV) are membrane-bound vesicles
released by healthy and diseased cells. Three major types of
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EV can be distinguished based on their origin and biogenesis
pathway: apoptotic bodies (AB), microvesicles (MV) and
exosomes [reviewed in (7)]. AB are large 1,000 - 5,000 nm
vesicles released by cells undergoing apoptosis (8). In contrast
to other EV, AB may contain cellular organelles and their
constituents including elements from the nucleus, mitochondria,
the Golgi apparatus, the ER and the cytoskeleton. MV are
formed by outward budding and scission of the plasma
membrane. Typically, the size of MV ranges from 100-1,000 nm.
In line with their pathway of formation, MV contain mainly
cytosolic and plasma membrane-associated proteins such as
tetraspanins. Exosomes result from the inward budding of
the membrane of the endosome leading to the formation of
30-120 nm intraluminal vesicles that can be released upon fusion
of the endosome with the plasma membrane. Throughout
its maturation, the endosome is an important site of bi-
directional translocation of substances between the cytoplasm
and the endosome. In consequence, the packing of specific cargo
molecules into EV and their release are intimately linked to
the state of the releasing cells. As conveyors of biological active
material from their cell of origin to neighboring or distant
recipient cells, EV act as mediators in cell-to-cell communication
fostering the idea that they may constitute the missing link
between beta cell stress and immune activation [reviewed in (9)].

While beta AB have been successfully used to induce tolerance
in diabetes-prone non obese diabetic (NOD) mice (10), evidence
accumulates that exosomes derived from pancreatic beta cells
contribute to T1D development. Strikingly, all known beta auto-
antigens are directly or indirectly linked to secretory pathways
and 13 localize to secretory granules, synaptic vesicles, the ER
and the trans-Golgi network (TGN) (11). Several studies showed
that human and mouse beta EV contain major auto-antigens of
type 1 diabetes such as glutamic acid decarboxylase 65 (GAD65),
glucose-transporter 2 (GLUT-2), islet-associated antigen 2 (IA-2),
zinc transporter 8 (Znt8), and insulin (12–15). Interconnections
between the TGN secretory pathway of autoantigens and the
endosomal compartment where exosome biogenesis occurs have
convincingly been demonstrated by immunofluorescent studies
co-localizing the auto-antigen GAD65 with the TGN protein
38, but also with endosomal ras-related protein in brain 11
(Rab11) and the exosomal markers flotillin-1 (FLOT1) and
CD81 in vesicular structures at the peripheral membrane (12).
Exosomes from healthy beta cells efficiently trigger antigen-
presenting cell (APC) activation and T-cell proliferation in vitro
and accelerate islet infiltration by immune cells in non-obese
diabetic resistant mice in vivo (13). In human T1D patients,
healthy beta EV mediate B- and T-cell activation (16). It has
further been hypothesized that aberrant sorting in stressed beta
cells could fuel release of misfolded immunogenic proteins and
danger-associated molecular patterns (DAMP) inside EV. With
the aim to explore roles of beta EV in T1D pathogenesis, attempts
are made to recreate the beta cell environment by adding a
mild cocktail of the proinflammatory cytokines TNFα, IFNγ, and
IL-1β present in the pancreas at disease initiation (12, 17, 18).
EV ferry short non-coding microRNA (miRNA) that have the
aptitude to repress translation of target genes in recipient cells
(19), a well-documented mechanism termed RNA interference

(RNAi) (20). MiRNA in exosomes derived from beta cells under
inflammatory conditions contribute to the spread of beta cell
apoptosis (17). However, the biological relevance of miRNA
transfer has been questioned by estimates of 1,000 copies required
per recipient cells to allow for effective target gene regulation
(21). More recently, six specific GU-rich miRNA sequences
have been identified (let-7b/c, miR-21, miR-7a, miR-29a/b) that
may stimulate immune signaling by binding to the Toll-like
receptor-7 (TLR-7), independently of RNAi. Packed into EV,
these miRNA sequences act as DAMP exacerbating inflammation
in cancer, neurological and autoimmune settings (22–28). Beta
EV T- and B-cell activation in NOD mice was impaired in
NOD. MyD88−/− mice suggesting a role for TLR-signaling in
EV-mediated immune responses (13, 29).

To date, the molecular and functional diversity of EV in
the beta cell’s secretome has not been thoroughly explored.
The majority of beta EV studies focuses on small exosome-
like vesicles and AB and no studies on contributions of beta
MV have been published to our knowledge. Because subtypes
of beta EV potentially exert detrimental or protective effects in
the immune balance, side-by-side comparisons are mandatory
to evaluate their role in T1D pathogenesis. We herein sought
to investigate on changes in the relative composition of the
vesiculome as well as the partition of the candidate autoantigen
insulin and immunostimulatory miRNA sequences inside AB,
MV and exosome subpopulations derived from equal amounts
of healthy and stressed beta cells and their impact on innate
immune responses. As current isolation methods do not allow
distinguishing between exosomes of endosomal origin and small
MV, the latter will be called small EV (sEV) throughout this study.

MATERIALS AND METHODS

Mice
NOD/ShiLtJ mice were obtained fromCharles River Laboratories
(L’Abresle, France), bred and housed in a pathogen-free
environment at ONIRIS’ Rodent Facility (Agreement #44266).
Six to ten weeks old female mice were used in the study. All
animal procedures were approved by the Pays de la Loire regional
committee on ethics of animal experiments (APAFIS#9871). All
possible efforts were made to minimize animal suffering.

Cell Culture
MIN6 cells (kindly provided by Prof. Jun-ichi Miyazaki,
University Medical School, Osaka, Japan) were cultured at
a density of 1.5 × 105 cells/cm2 in DMEM high glucose
medium (Life Technologies, Saint Aubin, France) supplemented
with 10% FCS (Eurobio, Les Ulis, France) and 20µM beta-
mercaptoethanol (SIGMA, Saint Quentin Fallavier, France)
(30). Cell cultures were regularly assessed for mycoplasma
contamination using the mycoplasma quick test (Lonza, Basel,
Switzerland). For EV production, MIN6 cells were plated at
a density of 3 × 105 cells/cm2 in DMEM medium. The
following day, the medium was replaced by OptiMEM (Life
Technologies) supplemented with 1% exosome-precleared FCS
(FCSexo−) obtained through overnight centrifugation at 120,000
x g on a SW41 Ti swinging bucket rotor on a L7-55 centrifuge
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(Beckman Coulter, Villepinte, France) in polyallomer tubes
(Beckman Coulter). For experimental induction of cellular stress,
MIN6 cells were either exposed to pro-inflammatory cytokines
(17U/mL IL-1β, 167U/mLTNFα and 17U/mL IFNγ; all cytokines
were supplied by eBioscience Affymetrix, Paris, France) 254 nm
UVB irradiation 10 mJ, BLX-254, Vilber Lourmat, Marne la
Vallee, France), low oxygen tension (1% O2) or left untreated.
Supernatants containing MIN6 exosomes were harvested 30 h
later. At harvest, cell viability of untreated cells was ≥90% in
compliance with guidelines to minimize apoptotic EV input in
vesicle preparations (31, 32).

RAW264.7 cells (ATCC #TIB-71) were maintained in RPMI
1640 medium (Life Technologies), supplemented with 10% FCS
and 2mM L-glutamine (Eurobio). Cells were split twice per week
by gently scrapping of the cells in cold PBS 2mMEDTA solution.
For immune assays, 5 × 104 RAW264.7 cells were plated on
flat-bottomed 96-well plates in RPMI 10% FCSexo− medium 2
mM glutamine.

Bone marrow-derived dendritic cells (bmDC). Bone marrow
progenitor cells were isolated from femurs and tibias from
NODShi/LTJ female mice and cultured in complete RPMImedium
(Eurobio) i.e., supplemented with 1% heat-denatured syngeneic
mouse serum along with 1mM sodium pyruvate, 100 IU/mL
penicillin, 100µg/mL streptomycin, 2mM L-glutamine, non-
essential amino acids and 20µMbeta-mercaptoethanol. Medium
was supplemented with 20 ng/mL GM-CSF (PeproTech, Neuilly-
sur-Seine, France) and 5 ng/mL IL4 (BioLegend, London, UK)
and 2 x 106 cells were cultured in 10mL of medium per 100mm
Petri dish for 10 days. On day four and nine, an additional 10
and 5mL of complete culture media were added, respectively.
On day 7, 10mL of culture media were refreshed. On day ten,
flow cytometry routinely revealed CD11c+ > 90% purity of
bmDC cultures.

For immune assays, 0.3 × 106 bmDC were cultured in 48-
well plates coated polyhydroxyethylmethacrylate (Sigma) for
18 h in RPMI 1% exosome-depleted mouse serum (MSexo−)
supplemented with additives as described before. EV or Toll-
like receptor–ligands (TLR-L) (InvivoGen, Toulouse, France):
imiquimod (IMIQ; TLR-7L), resiquimod (R848; TLR-7/8L)
and polyinosine-polycytidylic acid (PIC; TLR-3L) were used at
concentrations as indicated on figures.

Antibodies & Reagents
Phenotypic analysis was performed by flow cytometry on
a FACS Aria (BD Biosciences, Le Pont de Claix, France)
or MACSQuant (Miltenyi, Paris, France) instrument using
the following antibodies: CD11c (N418, BioLegend, Toulouse,
France), CD86 (GL-1, BioLegend), major histocompatibility
complex II (MHC II; 103.6.2, BD Biosciences), CD40 (3/23,
BioLegend), CD115 (CSF-1R, BioLegend), CD11b (M1/70,
BioLegend), B220 (RA3-6B2, BD Biosciences). Zombie-NIR
(BioLegend), DAPI (Fisher Scientific, Illkirch, France) or
Viobility 405/520 (Miltenyi) dyes were used to discriminate death
cells. Results were analyzed using FlowJo (Tree Star Inc., Ashland,
OR, USA) or Flowlogic (Miltenyi) software.

Cytokine secretion into cell culture supernatants was
quantified by ELISA using IFNa, TNFα (R&D systems) according

to the suppliers’ protocols. Cytometric bead assay analysis of
IL-23, IL-1β, IFNγ, TNFα, MCP-1, IL-12p70, IL-1β, IL-10, IL-
6, IL-27, IL-17A, IFNγ, and GM-CSF was performed using a
predefined 13-plex Mouse Inflammation panel (BioLegend). To
assess for internal as well as surface-associated cytokines, 30min
of incubation in 0.5% Triton X-100 and 1min. of sonication
were performed prior to CBA of cytokine expression in EV. Total
mouse insulin in MIN6EV was quantified by ELISA (Mercodia,
Upsala, Sweden).

Protein concentration was determined by a Bradford
protein assay using Coomassie plus assay reagent (Fisher
Scientific). Optical densities were read on Fluostar (BMG
LABTECH, Champigny sur Marne, France) and Nanodrop2000
(Fisher Scientific) spectrophotometers following the
supplier’s recommendations.

Markers of Hypoxia
For detection of the endogenous marker of hypoxia HIF-1α,
MIN6 cells were cultured as indicated for 30 h in normoxia or
hypoxia. As soon as the hypoxia chamber was opened, cells were
washed and lysed with 1mL of 50mM Tris (pH 7.4), 300mM
NaCl, 10% (w/v) glycerol, 3mM EDTA, 1mM MgCl2, 20mM
b-glycerophosphate, 25mM NaF, 1% Triton X-100, 25µg/mL
Leupeptin, 25µg/mL Pepstatin and 3µg/mL Aprotinin lysis
buffer for 30min on a rotating platform at 4◦C. The cells
were centrifuged at 2,000 × g for 5min and supernatants
were stored at −80◦C. Proteins were quantified using the
Bradford assay andHIF-1αwasmeasured by ELISA following the
supplier’s instructions (R&Dsystem). Optical Density at 450 nm
was measured using the FLUOstar Optima Microplate Reader
(BMG Labtech, Champigny sur Marne, France).

The exogenous marker pimonidazole forms stable adducts
with thiol groups in cellular proteins under hypoxia. Briefly,
3 × 105 cells/cm2 MIN6 were cultured for 24 h in DMEM
culture medium. After washing, cells were incubated with
100µM pimonidazole (Hypoxyprobe-1 plus; Hypoxyprobe Inc,
Burlington, USA) in OptiMEM 1% FCSexo− for 2 h in normoxia
or hypoxia. The cells were fixed with 4% PFA, permeabilized
with PBS 0.1% Triton 4% FCS followed by saturation in PBS 5%
rabbit serum for 1 h. For detection of pimonidazole adducts, cells
were incubated overnight at 4◦C with FITC-conjugated mouse
anti-pimonidazole monoclonal antibody (1:100). The cells were
washed and imaged on a fluorescent microscope (AXIO Zeiss,
Leica, Nanterre, France).

Caspase Assay
Apoptosis was assayed by fluorescent caspase-3/7 substrate
cleavage staining. Briefly, 3 × 105 cells/cm2 MIN6 cells
were cultured in eight-chamber labteks with coverslips. After
overnight culture, cells were switched to OptiMEM 1% FCS
production medium and exposed to cytokines, UV irradiation,
hypoxia or left untreated. Eighteen hours later, cells were treated
with 2mM caspase-3/7 detection reagent (Fisher Scientific) for
30min. at 37◦C and counterstained with 1µg/ml Hoechst 33342
(Sigma). Cells were fixed with 4% PFA, washed with PBS and
overlaid with Mowiol (Sigma) before analysis by fluorescence
confocal imaging on a LSM780 confocal microscope (Zeiss,
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Oberkochen, Germany). Tiles of nine images per well were
acquired and processed for semi-automatic quantitative analysis
of caspase-positive cells using an in-house macro and Fiji
software. Total cell count was set equal to the number of Hoechst
positive regions.

Separation of Beta-EV subpopulations
EV were collected from MIN6 supernatants using a method
combining differential centrifugation, ultrafiltration and
size-exclusion chromatography steps. Briefly, 90ml of 30-h
supernatants from MIN6 cells were centrifuged immediately
after harvest at 300 x g 10min, 2,000 × g, 20min (AB) and
16,600 × g, 20min (MV). The pellets containing AB and MV
were washed with PBS or RPMI and centrifuged again before use.
The 16,500 supernatants were filtered 0.2µm and concentrated
on an AMICON MWCO-100 kDa cellulose ultrafiltration unit
(Dutscher, Issy-les-Moulineaux, France). Approximately, 100
µl of concentrates were recovered and passed through a size
exclusion chromatography column (IZON, Lyon, France). sEV
were collected following the supplier’s recommendations in flow-
through fractions four and eight for qEV single and qEV original,
respectively. EV were stored at 4◦C for 1–3 days or at −80◦C
for up to 1 year. All assays of biological activity were carried out
using fresh EV. For transcriptomic analyses, 90ml of 30-hours
supernatants from MIN6 cells were centrifuged immediately
after harvest at 300 x g 10min., followed by centrifugation at
16,500 x g, 20 minutes to collect large EV (LEV) comprising both
AB and MV.

Tunable Resistive Pulse Sensing (TRPS)
The size and concentration of EV were analyzed by the TRPS
technique using a qNANO instrument and NP2000 (AB), NP800
(MV) and NP100 (sEV) nanopores (IZON, Lyon, France). All
samples were diluted in PBS 0.03% Tween-20. After instrument
calibration using 110 nm, 710 nm or 2,000 nm calibration beads
(Izon), all samples were recorded with at least two different
pressures. Respective particle volumes V=4/3πr3 x nb particles
were calculated based on the mean particle diameter measured,
assuming spherical shape.

Immunoblotting
Protein lysats of cells, AB and MV were prepared in RIPA
buffer containing a cocktail of protease inhibitors (Sigma).
Proteins were denatured in Laemmli buffer and separated
by 4-12% gradient SDS-PAGE in non-reducing (tetraspanins
CD81, CD63, CD9) or reducing (all other) conditions and
transferred to a nitrocellulose membrane (CD63, flotillin-1,
peIF2a and CHOP; Fisher Scientific) or PVDF membrane (all
other; BIO-RAD, Marnes La Coquette, France). Membranes
were incubated with primary antibodies CD63 (NVG-2; 1:1000;
BioLegend), CD81 (Eat-2; 1:1000; BioLegend), CD9 (EM-04;
1:1000; Abcam, Cambridge, UK), polyclonal rabbit anti-calnexin
antibody (1:1000; Euromedex, Souffelweyersheim, France), β–
actin (W16197A; 1:20,000; Biolegend), flotillin-1 (W16108A;
1:1000; Biolegend), peIF2a (D9G8; 1:1000; Ozyme) and CHOP
(D46F1; 1:1000; Ozyme) blocked by either TBS 0.05% Tween-
20 4% BSA (CD81, peIF2a, CHOP) or TBS 0.05% Tween-20 5%

milk (CD9, CD63, calnexin, flotillin-1), followed by incubation
with cognate HRP-conjugated secondary antibodies 1:100,000.
The signals were detected with enhanced chemiluminescence
substrate (ECL West Pico Femto, Fischer Scientific) on a Fusion
FX6 instrument (Fisher Scientific).

Cryo-Electron Microscopy
MV and sEV were applied onto glow-discharged perforated
grids (C-flatTM), prepared using an EM-GP (Leica, Germany)
at room temperature in a humidity saturated atmosphere. EV
samples were mixed with 10 nm diameter gold nanoparticles at
a concentration of 80nM (33) and four µl of the mixture were
deposited on the grids. Excess sample was removed by blotting
for 0.8 to 1.2 seconds before snap-freezing of samples into liquid
ethane and storage in liquid nitrogen until observation. The
grids were mounted in a single-axis cryo-holder (model 626,
Gatan, USA) and the data were collected on a Tecnai G2T20
sphera electron microscope (FEI company, The Netherlands)
equipped with a CCD camera (US4000, Gatan) at 200 kV.
Images were taken at a nominal magnification x 29,000 in low-
electron dose conditions. For cryo-electron tomography, single-
axis tilt series, typically in the angular range±60◦, were acquired
under low electron doses (∼0.3 e−/Å2) using the camera in
binning mode 2 and at nominal magnifications of 25,000x and
29,000x, corresponding to calibrated pixel sizes of 0.95 and
0.79 nm at the specimen level, respectively. Tomograms were
reconstructed using the graphical user interface eTomo from the
IMOD software package (34, 35).

Fluorescence Imaging of EV
AB and MV were separated from MIN6 cell supernatant and
stained with MemBright (MB) dye (MB-Cy3 and MB-Cy5
(200 nM) kindly provided by M Collot). The mixture was
incubated for 30 minutes at room temperature with gentle
rotation. EV were then centrifuged at 2,000 x g (AB) or 16,600
x g (MV) for 20 minutes and washed in PBS. Samples were
transferred into Labtek wells and overlaid with Mowiol (Sigma)
before acquisition of images in superresolution mode Airyscan
on a Zeiss LSM780 instrument.

Quantitative RT-PCR Analysis
Total RNA including miRNA was extracted from MIN6 cells or
EV derived from an equal amount of cells using the miRVana kit
(Fisher Scientific) or TriReagent (SIGMA), respectively. During
the initial lysis step, all samples were spiked with 1010 copies of
a synthetic analog of ath-miR-159 (Eurogentec, Angers, France).
Following reverse transcription using RT-stem-loop primers,
extravesicular cDNA was pre-amplified for all miRNA except
the spike ath-miR-159 by 10-14 cycles of PCR using Taqman
probe reagent (Solisbiodyne, Tartu, Estonia) and Taqman assays
(Fisher Scientific), followed by 40 cycles of PCR on an ABI7300
instrument (Fisher Scientific). For each target, standard curves
were generated using serial sample dilutions. Relative quantities
(in arbitrary units) of miRNA in samples were inferred by the
relative standard curve method and normalized with respect to
the spike and untreated controls.
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Statistical Analysis
Statistical tests were performed using either Prism GraphPad
Software (Comparex, Issy-les-Moulineaux, France) or R 3.6.0
(36) with RStudio (37) and lsmeans (38) and lme4 (39) packages
using tests as indicated in the figure legends. Confidence levels
of 95% were considered significant. For linear mixed model,
the parameters were the “type of EV” or the “treatment of
the producing cells”. No interaction test was deemed necessary,
as analysis was performed for all “treatments” of a single
“type of EV” or vice-versa. The random parameter was the
individual “experiment”. Post-hoc analysis was performed by
the Tukey’s range test for pairwise comparisons on calculated
least-square means.

RESULTS

Primary islet inflammatory events have been associated with beta
cell stress and failure at the origin of T1D pathogenesis (40, 41).
With the aim to study the impact of cellular stress on the beta
vesicular secretome, murine MIN6 beta cells were either left
untreated (CTL) or exposed to a cocktail of mild doses of pro-
inflammatory cytokines (CK) encountered at disease initiation.
To discriminate between inflammation-specific and general
responses to cellular stress, hypoxic (1% O2, HX) and genotoxic
(ultraviolet irradiation, UV) stress situations were introduced
(Figure 1A). Cells grown under hypoxia were assessed for the
expression of endogenous and exogenous markers of hypoxia.
Added to culture, pimonidazole hydrochloride forms adducts
with thiol groups in proteins in cells at low oxygen tension
(pO2 < 10 mmHg). Immunofluorescent microscopy analysis
revealed the presence of pimonidazole adducts in hypoxic
cells (Figure 1B). The hypoxia-inducible factor 1 (HIF-1) is a
transcriptional regulator of the cellular response to low oxygen
levels. Under hypoxic conditions, the subunit HIF-1α associates
with the subunit HIF-1β and binds to the hypoxia response
element (HRE) of target genes, initiating their expression (42, 43).
ELISA analysis showed a 3-fold increase in HIF-1α expression
from 9 (7-12) pg/mL [median (range)] for cells grown under
normoxic conditions compared to 29 (15-44) pg/mL for cells
grown under hypoxic conditions (Figure 1C; p= 0.0143).

Exposure to experimental stress induced ER stress as revealed
by enhanced expression of the phosphorylated form of the
subunit alpha of the eukaryotic translation initiation factor 2 (p-
eIF-2α) and the transcription factor C/EBP homologous protein
(CHOP), two effectors of the unfolded protein response (UPR) to
ER stress (Figure 1D, Supplementary Figure 1). While p-eIF-2α
participates to translational attenuation with the aim to restore
protein homeostasis in the ER at an early stage of the UPR,
CHOP is activated belatedly after prolonged stress and controls
cell fate by regulating expression of genes involved in apoptosis.
After 30 h of culture, cytokine- and HX-treated cells expressed
CHOP in contrast to UV-irradiated cells. This difference might
be explained by altered and presumably delayed kinetics of
activation of the UPR following DNA damage at random by UV-
light that pass through transcriptional and translational steps
prior to changes in the proteome.

All treatment conditions engendered apoptosis in MIN6 cells
as shown by the significant increases in the percentage of effector
caspase-3/7- positive cells (Figures 1E,F). The quantitative
analysis of fluorescent caspase-substrate cleavage on confocal
microscopy images (total > 8,000 nuclei counted for each
situation) revealed a low percentage of 1.5 (0-5)% [median
and (range)] of caspase-3/7-positive cells in untreated controls.
Following exposure to stress, this percentage shifted to 20 (10-
34)% for CK-, 5 (3-14)% for UV-, and 5 (1-11)% for HX-treated
cells. Live cell imaging was performed to monitor the kinetics
of apoptosis in individual cells (Supplementary Figure 2). In
response to cytokines, caspase-3/7 activity appeared after 5 h of
treatment and steadily increased. Close to all cytokine-treated
cells became apoptotic by the end of the 30h incubation period
in contrast to untreated controls. Collectively, these results
demonstrate that stress in our experimental conditions rapidly
induces critical executioners of the cellular stress response in
MIN6 beta cells cumulating in apoptosis.

To assess downstream effects of cellular stress on the
beta cell’s secretome, AB, MV and sEV subpopulations were
enriched from 30h conditioned MIN6 culture supernatants
following a protocol combining differential centrifugation (44),
(ultra-) filtration and size-exclusion chromatography (45) steps
(outlined in Figure 2A). Western blot revealed the presence
of vesicular markers i.e. the membrane proteins CD81, CD63,
CD9 and flotillin, and the cytosolic protein β-actin in all EV
subpopulations (Figure 2B, Supplementary Figure 3). The ER
protein calnexin was present in AB and MV but absent in sEV in
line with enrichment in vesicles of endosomal origin in the latter.

Staining with the lipid probe MemBright, recently developed
by Collot and colleagues (46, 47), showed a heterogeneous
population of round-shaped vesicles in the AB and MV fractions
(Figure 2C). Cryo-electron microscopy images of MV and sEV
clearly ascertained the presence of a lipid bilayer membrane
surrounding the vesicles (Figure 2D, Supplementary Figure 4).
AB exceed the upper size limit of cryo-electron tomography
(1µm) and have therefore not been analyzed using this technique.
TRPS analysis of the EV showed a mode size [median (range)]
of 1548 (1368-1790) nm, 510 (455-563) nm, and 76 (61-120)
nm for AB, MV, and sEV, respectively. None of the treatments
had a significant effect on the mode or mean size of the vesicles
(Figure 2E and Table 1). In healthy beta cells, large EV (AB
and MV) represent 93% of the volume and 98% of the protein
content of the vesicles all together, but less than 2% of the number
of particles (Figure 2F). In pro-inflammatory conditions, the
secretion of AB, MV and sEV was significantly enhanced
as shown by the 5.5-fold, 2.1 and 4.5-fold increases of the
number of particles recovered per million of cells, respectively.
Commensurate to the rise in the number of vesicles, the volume
occupied by the CK-EV (all subtypes) increased 4.0-fold against
2.8-fold for UV and 1.7-fold for HX EV (Figure 2G, Table 1). In
line with the particle size, the number of particles per microgram
of protein is much higher in MV (> 25 times) and sEV (>1E4
times) than in AB. As expected, this ratio remained constant in
conditions of stress for MV and sEV, but curiously increased
in AB derived under conditions of stress (CK vs CTL; p =

0.0084). In the absence of noticeable changes in the particle’s
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FIGURE 1 | Experimental beta cell stress induces apoptosis. (A) After exposure to stress [TNFα, IL-1β, IFN-γ cytokines; CK], hypoxia (HX), ultraviolet (UV)] or not

[control (CTL)], MIN6 cells were cultured in 1% FCS exosome-depleted OptiMEM medium. (B,C) For cultures grown under normoxic and hypoxic conditions, (B) After

24 h of culture, MIN6 cells were treated with 100µM pimonidazole and incubated for 2 h followed by immunohistochemical detection of pimonidazole adducts (green).

Nuclei were counterstained with Hoechst 33342 (blue). Scalebar 30µm. Representative images of one out of three independent experiments are shown. (C) ELISA of

the expression of HIF-1α in cells grown under normoxia or hypoxia for 30 h. Data from 4 independent experiments are depicted with median and range.

(Continued)
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FIGURE 1 | Mann-Whitney test, one-tailed, *p < 0.05. (D) After 30 h of culture, expression of markers of ER stress p-eIF2α and CHOP was analyzed by western

blotting and then the membranes were reprobed to β-actin. (E,F) After 18 h of culture, the cells were stained with CellEvent Caspase-3/7 reagent (green) or Hoechst

33342 (nucleic dye, blue). (E) Fluorescence microscopy images of MIN6 cells reveal cells undergoing apoptosis as shown by the presence of caspase-3/7- positive

cells. Scale bar 30µm. (F) The quantitative analysis showed a significant increase in the percentage of caspase-positive cells for treated in comparison to untreated

control cells. Each data point represents results obtained for one image. Data are compiled from n = 18 images (> 8,000 nuclei) per situation from two independent

experiments. Kruskal–Wallis test (**p < 0.01, ***p < 0.001 and ****p < 0.0001).

volumes measured by TRPS, this increase hints to changes in the
vesicle’s protein content. Cytoplasmic vacuolation and inclusion
of organelles and DNA fragments during the process of apoptosis
possibly reduced the proportion of proteins in AB from CK-
treated in comparison to AB from untreated cells.

Earlier studies provided evidence that human and mouse
beta EV contain major auto-antigens of type 1 diabetes such as
GAD65, islet-associated antigen 2, Znt8, and insulin (12–15). Out
of these, insulin is the most prominent islet autoantigen, highly
abundant in beta cells and was used here to ease monitoring of
autoantigen partition.

To explore how autoantigens partition into beta EV in
normal and pathological conditions, we quantified the amount
of total insulin comprising pro-insulin and mature insulin in
EV subpopulations by ELISA (Figure 3A). Data obtained on EV
from healthy cells showed that a majority of vesicle-associated
insulin was exported inside large vesicles (Figure 3B). The
absolute insulin content [median (range)] was in the range of 7
x 10−14 (1 x 10−14 – 1 x 10−12) g/part. in AB, 1 x 10−15 (1 x
10−16 – 7 x 10−15) g/part. in MV down to 8 x 10−19 (2 x 10−19 –
4 x 10−18) g/part. in sEV, in line with the volume of the particles
(Supplementary Figure 5A). In comparison to AB, a 1.5-fold
and 4.6-fold lower median insulin concentration was measured
respectively inside MV and sEV, where insulin represented
0.1 (0.0-0.3)% of the vesicles’ protein content (Figure 3C and
Supplementary Figure 5B).

Following exposure to stress, insulin export was markedly
enhanced in AB and sEV derived from CK-treated cells, whereas
no significant changes were perceived in EV derived from
cells cultured exposed to hypoxia or UV-irradiation (Figure 3D
and Supplementary Figure 5, Supplementary Table 1). This
increase in insulin export relied on enhanced EV export, as the
concentration of insulin inside the EV subtypes did not change
following treatment.

MiRNA may act as adjuvants in immune activation and
recently six miRNA with the potential to bind directly to the
TLR-7 receptor of innate immunity have been described in MV
and sEV (23, 24, 26–28, 48, 49). Here we wanted to investigate
how TLR-binding miRNA are sorted into EV and whether their
expression in these vesicles changes in situations of stress.

With the aim to compare TLR-binding miRNA expression in
an equal amount of cells and large and small EV derived thereof,
a synthetic ath-miR-159a was spiked into all samples prior to
RNA extraction. After RT-qPCR amplification, relative quantities
in samples were normalized with respect to this exogenous
control as well as cells or EV derived from untreated control
cells (Figure 4). The results obtained show a significant up to
3-fold drop in the expression of TLR-binding miRNA in cells
in situations of pro-inflammatory stress, in parallel to an up to

13- and 48-fold increase in LEV and sEV, respectively. Although
less pronounced, similar trends were observed in cells and LEV
obtained under genotoxic and hypoxic conditions. No changes
of TLR-binding miRNA expression were observed in sEV under
genotoxic and hypoxic conditions. This enhanced TLR-binding
miRNA release in vesicles could be explained either by an
increase in the release in EV or by a higher concentration of these
miRNA inside the vesicles. To answer this question, the RT-qPCR
data was further normalized to the number of particles present
in the sample as determined by TRPS. The results presented in
Supplementary Figure 6, revealed an evened out expression of
TLR-binding miRNA in LEV in all situations. In contrast, 4–
5-fold higher quantities of all TLR-binding miRNA except for
miR-29b were detected in sEV secreted under proinflammatory
conditions. Taken together, these data suggest that beta cell stress
and in particular, the exposure of beta cells to cytokines, favors
export of immune stimulatory miRNA into EV and enrichment
in sEV.

Cytokines are well-known soluble mediators in cell-to-cell
communication, however evidence exist that an important
fraction of biologically active cytokines are released from
tissues in association with EV either bound to the surface or
encapsulated in the lumen of the vesicles (50). Owing to cytokine
treatments performed in our EV production workflow, we
performed a mouse 13-plex CBA to assess for interferon (IFNβ,
IFNγ, interleukin (IL-1α, IL-1β, IL6, IL-10, IL-12p70, IL-17A,
IL-23, IL-27), granulocytes macrophage colony stimulating factor
(GM-CSF), TNFα and monocyte chemoattractant protein-1
[MCP-1; also called chemokine (C-C motif) ligand 2 (CCL2)]
cytokine expression in the different subpopulations of beta EV.
Prior to analysis, the EV were incubated in 0.5% Triton X-
100 for 30 minutes and sonicated for 1min. to assess for
internal as well as surface-associated cytokines. Six cytokines
were detected in subpopulations of MIN6 beta EV (Figure 5 and
Supplementary Table 2). Seven cytokines were below detection
levels in all vesicles. None of the EV secreted by untreated
controls exhibited the exogenous cytokines TNFα, IFNγ or IL-
1β (Supplementary Table 2). Trace amounts of MCP-1 and IL-
23 were detected in CTL-AB and CTL-MV. Following exposure
to picomolar concentrations of cytokines in the initial culture
medium, MIN6 release femtograms of IFNγ, TNFα and IL-
1β per million of cells in AB and, to a lesser extent, in MV.
IFNγ was not detected in sEV and quantities close to detection
thresholds of IL-1β and TNFα were detected in only 1 out
of four and 3 out of four samples, respectively. Interestingly,
MIN6 cytokine treatment stimulated a dramatic increase in the
expression [median (range)] of MCP-1 in AB [358 (281– 415.5)
fg/E6], MV [127.5 (65.1 – 208.8) fg/E6 cells] and sEV [16.4
(3.6 – 25.4) fg/E6 cells] and of IL-27 in AB [24.1 (15.7 – 33.4)
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FIGURE 2 | Apoptotic beta cells release a heterogeneous population of EV. (A) After exposure to stress, MIN6 cells were cultured for 30 h prior to EV separation by

differential centrifugation, ultrafiltration (UF) and size-exclusion chromatography (SEC). (B) Representative Western blot images of markers of extracellular vesicles

(membrane CD81, CD63, CD9, Flotillin-1, cytosolic β-actin) or cells (Calnexin). (C) Confocal images of EV from untreated MIN6 cells stained with MB-Cy3 (AB) or

MB-Cy5 (MV) (D) Cryo-electron microscopy images of MV and sEV. (E–G) The particle size distribution of EV subpopulations was determined by TRPS analysis.

(Continued)
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FIGURE 2 | Histograms show the particle size distribution of samples from one representative experiment. Scatter dot plots represent the number of particles

recovered per million of cells (data from n = 10–21 independent experiments; median with range). Yields of EV obtained from MIN6 cells after treatment were

compared to the yield from untreated controls using the Kruskal-Wallis test (**P < 0.01 ****P < 0.0001). (F,G) Relative quantities of material released inside EV based

on TRPS and Bradford protein content analyses of extracellular vesicles harvested per million of MIN6 cells after 30 h of culture. Relative volumes occupied by vesicle

subtypes are estimated based on mean sizes and concentrations measured by TRPS. (F) Percentage of numbers of particles (Nb part.) and total protein of EV

subtypes derived from untreated control cells. Results are depicted as median percentages from n = 7–9 replicates from independent experiments. (G) Volumes

(median) measured for EV from treated and control MIN6 cells. Results from n = 10–17 independent experiments are shown.

TABLE 1 | Physical properties of beta EV.

Mode (nm) Mean (nm) Yield (Nb part./E6 cells) Fold increase volume Nb part./µg protein

AB CTL 1,548 (1,368–1,790) 2,108 (1,826–2,370) 1.4E4 (0.6E4–5.4E4) 1.0 4.4E4 (1.3E4–15.0E4)

CK 1,606 (1,448–1,904) 2,162 (2,053–2,687) 7.6E4 (2.4E4–25.3E4)**** 5.5 10.6E4 (4.2E4–85.6E4)**

UV 1,618 (1,500–1,899) 2,153 (2,065–2,356) 5.6E4 (0.9E4–19.6E4) 3.5 8.1E4 (2.0E4–36.1E4)

HX 1,580 (1,463–1,799) 2,145 (2,084–2,247) 2.8E4 (0.9E4–14.7E4) 2.0 8.4E4 (2.4E4–27.0E4)

MV CTL 510 (455–563) 676 (637–787) 3.8E5 (1.1E5–10.8E5) 1.0 1.1E6 (0.6E6–4.9E6)

CK 498 (458–573) 623 (587–745) 8.2E5 (2.7E5–25.2E5)** 1.7 2.0E6 (1.0E6–11.3E6)

UV 512 (472–578) 720 (660–841) 6.7E5 (1.4E5–16.1E5) 2.0 1.3E6 (0.3E6–5.7E6)

HX 536 (486–572) 717 (605–798) 4.1E5 (1.9E5–15.5E5) 1.4 1.9E6 (0.4E6–4.9E6)

sEV CTL 76 (61–120) 101 (78–140) 2.0E7 (2.0E6–6.9E7) 1.0 1.6E9 (0.1E9–4.1E9)

CK 75 (61–124) 92 (72–140) 9.1E7 (1.8E7–54.3E7)**** 4.3 2.0E9 (0.2E9–13.4E9)

UV 84 (62–118) 100 (81–141) 1.9E7 (8.8E6–15.6E7) 1.0 1.5E9 (0.07E9–24.6E9)

HX 82 (67–118) 101 (85–143) 1.0E7 (2.8E6–7.4E7) 0.7 1.0E9 (0.02E9–11.6E9)

All values are listed as median (range) from n = 9–21 independent experiments. Nb part: number of particles. Kruskal-Wallis test compared to EV from untreated controls.
**P < 0.01, ****P < 0.0001.

fg/E6 cells]. Cytokine profiles of EV derived from MIN6 cells
exposed to hypoxia or UV-irradiation were similar to profiles
from untreated cells (data not shown).

APC such as dendritic cells and macrophages have been
identified as recipient cells for beta EV uptake in vitro and
in vivo (12, 13, 51, 52). For side-by-side comparisons of
the potential of EV subtypes to modulate APC function,
primary NOD bmDC were exposed to MIN6-derived beta
EV for 18 h followed by flow cytometry analysis of the
expression of MHC-II and co-stimulatory CD86 and CD40
molecules (Figure 6). AB derived from cytokine-treated beta
cells induced a modest albeit significant up-regulation of
CD40 and MHC II expression. CD86 expression remained
unchanged despite a wider variation of expression. None
of the MV and sEV modulated the expression of co-
stimulatory molecules in bmDC (Figure 6A and data
not shown).

The concentration of cytokines in supernatants of murine
bmDC and RAW264.7 macrophages exposed to EV in culture
was assessed by CBA and ELISA (Figure 7). In bmDC, no
significant influence of the EV treatments was observed on the
concentrations of IL-1β, IL-1β, IL-6, IL-10, IL-12p70, or IL-
23 whose levels remained low in culture supernatants, close to
detection thresholds (Figure 7A and data not shown). Among
cytokines expressed in beta EV derived under inflammatory
situations, MCP-1 was detected in bmDC cultures with AB
and MV derived from MIN6 cells cultured under inflammatory
conditions (Figure 7B). MCP-1 concentrations measured in
culture supernatants are 2–4 times lower than concentrations

calculated for AB input into these culture, supporting the idea
of an essentially passive carry-over of MCP-1. In contrast,
IL-27, which was highly expressed in CK-AB, was below
detection thresholds in bmDC culture supernatants (data not
shown) suggesting differential kinetics of MCP-1 and IL-27
uptake, recycling or activity in bmDC. Alternatively, sustained
expression of MCP-1 in culture supernatants could be explained
by de novo cytokine production by bmDC. All AB (except
UV-AB) and sEV derived under inflammatory conditions led
to increased levels of TNFα in bmDC culture supernatants,
superior to TNFα amounts provided by these vesicles. Though
CK-MV expressed 2.5-fold higher levels of TNFα than CK-sEV,
no differences in the concentration of TNFα was observed in
bmDC supernatants in the presence of CK-MV in comparison
to CTL-MV (Figure 7C). Co-incubation of murine RAW264.7
macrophages with AB, MV as well as sEV led to increased TNFα
supernatant concentrations for EV obtained from cytokine-
treated MIN6 cells, the amounts of which cannot solely be
explained by passive carry-over of EV-associated TNFα. For EV
from beta cells in hypoxia, AB were also able to significantly
enhance TNFα secretion (Figure 7D; p = 0.0122). For all EV
from UV- and HX-stressed beta cells, a tendency of TNFα
induction was visible. As inflammatory stress was the most
potent inducer of EV release in our hands (Figure 2), the more
pronounced immune effects might be caused by a higher ratio
of EV to target immune cells or a minimal concentration of
EV necessary for immune activation. Taken together, our results
reveal modest direct or indirect activation of dendritic cells and
macrophages by beta EV.
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FIGURE 3 | Differential partition of the autoantigen insulin inside EV. (A–D) After 30 h of culture, EV were collected from supernatants from CTL, CK, UV, or HX MIN6

cells and assessed for total insulin (pro-insulin and mature insulin) content by ELISA. (B,C) On EV derived from untreated control cells (CTL) (B) Quantities of insulin

measured inside AB, MV and sEV collected per million of CTL cells. (C) Insulin concentrations measured in association with AB, MV, and sEV from CTL MIN6 cells. (D)

Evolution of sorting of insulin toward EV following exposure to stress. Data from n = 7–11 independent experiments are shown with median and range and compared

using the Kruskal-Wallis test (*P < 0.05 ***P < 0.001).

DISCUSSION

Living cells release heterogeneous populations of EV that
constitute a means for surrounding and distant tissue crosstalk.
Beta sEV have been shown to drive innate and adaptive
prodiabetogenic immune responses, but the functional diversity
of the beta secretome as a whole, and the impact of beta cell stress
on the beta EV repertoire have not been explored yet.

We observe that experimental exposure of MIN6 beta
cells to either inflammatory cytokines, low oxygen tension
or UV-irradiation rapidly induces ER-stress and subsequently
apoptosis. While p-eIF-2a, indicative of translational attenuation
is observed in all situations of stress, the apoptosis-mediating
transcription factor CHOP is barely detected in UV-treated

MIN6 cells. This is in line with earlier observations that DNA
damage through UV irradiation alone is insufficient to induce
CHOP expression (53). Although low doses of cytokines were
used here in comparison to similar beta cell studies (17, 54, 55),
the percentage of caspase-3/7 positive beta cells were 4-fold
higher in CK-treated cells than in cells following UV irradiation
or cultured under hypoxia, illustrating the particular propensity
of beta-cells to undergo apoptosis in response to inflammatory
stressors (56).

Stress and inflammation have been repeatedly reported to
enhance EV secretion, including from beta cells (12, 57). Here,
quantitative side-by-side comparisons of EV subtypes isolated
from an equal amount of beta cells, reveal a consistently higher
release of EV exclusively under inflammatory conditions. To
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FIGURE 4 | Beta cell stress favors export of TLR-binding miRNA in EV. (A) Following exposure to stress, MIN6 cells were cultured for 30 h followed by isolation of

large EV (comprising AB and MV) and sEV. All samples were spiked with an exogenous control prior to total RNA extraction and processed for quantitative RT-PCR.

After amplification, relative quantities were normalized with respect to the spike and untreated controls. (B) Quantitative RT-PCR analysis of miRNA expression in a

fixed number of cells and EV derived thereof. Individual replicates from 4 to 6 independent EV isolations are represented as fold-changes compared to mean

expression values measured in untreated controls. Tukey’s range test *P < 0.05, **P < 0.01 and ***P < 0.001.

FIGURE 5 | Cytokine profile of beta EV. Multiplex CBA monitoring of cytokine expression in association with EV collected from 30h culture supernatants from

cytokine-treated MIN6 cells and untreated controls. Data (with median) from 3 to 4 independent experiments are shown.
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FIGURE 6 | Modulation of co-stimulatory molecules in NOD bmDC by beta AB. NODShi mice derived bmDC were incubated for 18 h with AB, MV or sEV derived from

8 × 107 MIN6 cells. (A) Flow cytometric analysis of the expression of the CD40, MHC II, and CD86 activation markers. Histograms with dashed lines represent bmDC

treated with AB derived from cytokine beta cells. Histograms with solid lines represent bmDC treated with AB from untreated beta cells. Gray histograms represent

isotypic controls. Data from one representative out of 2–5 independent experiments are shown. (B) Scatter plots show the median fluorescence intensity (MFI) of

co-stimulatory molecules expression in bmDC after AB treatment normalized to No EV controls (median with range). Tukey’s range test *P < 0.05 and **P < 0.01.

what extent, the 5-, 2-, and 4-fold increases in the number of
particles observed for AB, MV, and sEV, respectively, impact
downstream immune responses presumably depends on the
nature of their cargo.

Indeed, in response to stress, cancer cells secrete EV which
have been shown to contribute to survival of surrounding cancer
cells and drug resistance (58). In contrast, sEV from cytokine-
treated beta cells induce beta cell apoptosis in naïve beta cells
(17) suggesting an EV-mediated spread of inflammatory cellular
constituents. Following cytokine exposure, it has been shown
that chaperones of the UPR promoting DAMP-signaling, namely
calreticulin, Gp96, ORP150 and the heat-shock protein HSP-
90α are packed into beta sEV (12, 54). Beta EV have also
attracted interest for their aptitude to transport self-antigens

(12–15). In the present study, the partition of the highly abundant
insulin protein was monitored in EV subpopulations derived
under normal and pathological conditions. In our hands, 1.5%
of untreated MIN6 cells continuously undergo apoptosis in
culture. These apoptotic cells release AB containing 91% of the
particulate secretome’s insulin content in line with the role of
AB in the disposal of cellular material in efferocytosis (59–
62). Exposure to inflammatory triggers up-regulates not solely
the number of vesicles released, but also the absolute amount
of insulin exported with significantly higher levels of insulin
measured in association with EV produced by cytokine-treated
cells. Our results converge with others obtained for TLR-binding
miRNA expression inside large and small EV. Inflammatory
cytokines and to a lesser extent hypoxia and UV-irradiation
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FIGURE 7 | Modulation of cytokine secretion profiles in innate immune cells by beta EV. (A–C) NODShi mice derived bmDC were incubated for 18 h with AB, MV, or

sEV derived from 8 × 107 MIN6 cells (A,B) CBA of cytokine concentration in bmDC culture supernatants. (A) Dot plots of fluorescence intensity of beads from one

representative experiment are shown. (B) CBA of MCP-1 in culture supernatants from bmDC treated with AB or No EV controls. Data from 6 to 7 independent

experiments are shown (median with range). (C) TNFα supernatant levels as confirmed by ELISA. Data from 6 to 8 independent experiments are shown. (D)

RAW264.7 macrophages were treated for 18 h with AB, MV or sEV derived from 8 × 107 MIN6 cells. TNFα cytokine levels in culture supernatants were measured by

ELISA. Data from 3 to 6 independent experiments are shown. Kruskal Wallis test *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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promote TLR-binding miRNA efflux from the cell. Interestingly,
this increase relies on the enhanced secretion of LEV with an
unchanged miRNA content in contrast to enhanced secretion
paralleled by a rise in the relative quantities of these miRNA
sequences packed inside individual sEV. Taken together, our data
provide strong evidence that sorting of immunogenic material
inside subpopulations of EV is not a random process and is
profoundly altered in inflammatory settings.

MIN6 beta EV in the steady state contain low levels of MCP-
1 and IL-23 and undetectable levels of a panel of eleven other
cytokines involved in pathways of inflammation. Experimental
exposure of MIN6 cells to inflammatory cytokines engenders
drastic changes in the expression of the same cytokines in large
AB and MV, but also of de novo produced MCP-1 (in AB, MV,
and to a lower extent in sEV) and IL-27 (AB) cytokines. Passive
exogenous cytokine carry-over is obviously a concern in the
interpretation of immune functions of EV. However, it has to be
stressed that beta cells facing immune insults in situ, most likely
discard cytokines of beta or immune cell origin in an analogous
manner that is to say inside large rather than small vesicles
according to our data.

Several studies, including genome-wide association studies
(63–65), demonstrate pathogenic roles of the cytokine IL-27
in T1D. Transgenic NOD IL-27 receptor knockout mice are
resistant to disease and blockade of IL-27 delays T1D onset in
NOD mice (66, 67). MCP-1 is a chemokine involved in immune
cell recruitment. Exported in exosomes, MCP-1 has been shown
to contribute to inflammation in nephropathies (68, 69). In the
context of T1D, chemotaxis assays showed that subnanomolar
amounts of MCP-1 produced by beta cells are sufficient to
attract monocytes (70). It has been shown earlier, that mouse
and human islet cells constitutively express MCP-1 and produce
high levels of MCP-1 peaking at 6 h of incubation in response
to proinflammatory cytokines (71, 72). In islet transplantation,
MCP-1 is inversely correlated to islet graft function (70, 73)
and attempts to block MCP-1 signaling successfully improve
graft survival (74). Furthermore, T-lymphocyte exosomes induce
MCP-1 expression and apoptosis in beta cells (75) illustrating
the importance of MCP-1 in beta cell inflammation and failure.
MCP-1 stimulation on its own results in aberrant sorting of
immune regulatory miRNA into extracellular vesicles (76) in line
with observations made on TLR-binding miRNA in our study.
It is thus conceivable that molecular mediators of inflammation
as chemokines and immunostimulatory miRNA establish and
mutually maintain inflammation.

Added to culture of bmDC derived from diabetes-prone NOD
mice, EV from cytokine-treated beta cells up-regulate moderately
the surface expression of MHC class II and co-stimulatory CD40
molecules. In these experiments, an EV donor to recipient ratio of
1:200 was used, which would be equivalent to 5DC in an averaged
sized islet containing 1,000 beta cells, a plausible proportion in
the inflamed pancreas at disease initiation. EV from CK-treated
MIN6 cells exert the strongest immune effects, which could
be due to cumulative effects of cargo quantity (autoantigens,
proinflammatory miRNA, endogenous cytokines), increased EV
release and cytokine carry-over. At least two facts argue against
cytokine carry-over as the only responsible for the observed

immune effects. First, AB derived under hypoxia devoid of EV-
associated cytokines also significantly induced TNFα secretion in
RAW264.7 macrophages. Second, IL-27 highly expressed in CK-
AB was not detected in bmDC culture supernatants. Lastly, we
showed earlier that TNFα secretion in RAW264.7 macrophages
induced by sEV derived from untreated MIN6 cells is positively
correlated to the amount of particles in culture (26, 51).

The relevance of these quantitative and qualitative differences
of subsets of apoptotic beta EV have to be weighted with regard to
the interplay of these vesicles with cellular effectors of immunity
in vivo. Obviously, enhanced EV release in situations of stress
engenders higher EV to immune cell ratios. This fact should be
considered in EV biological activity assays, which are frequently
based on treatments with a constant number of particles. AB
are known to express “find me” and “eat me” signals leading to
rapid elimination by patrolling phagocytes (77). Conceivably, AB
from stressed beta cells constitute a critical source of chemo-
attractants, beta self-antigens and danger signals that could infer
with the otherwise immune silent elimination of the dead by
efferocytosis. In contrast, nanosized vesicles such as sEV and
small MV have half-lives of minutes to hours in vivo (78).
They are in the ideal size range for transport in interstitial
fluids and have been shown to efficiently diffuse to secondary
lymphoid organs as spleen and draining lymph nodes (79–81).
Thereby, MV and sEV from inflamed pancreatic islets could
have implications in immune regulation by aberrant autoantigen
and immune-stimulatory miRNA expression at nearby as well as
distant sites. Taken together, our findings highlight the profound
impact of inflammation in comparison to other stressors on the
beta EV repertoire. Centered on stress, the induction of markers
of activation and mediators of inflammation (with the exception
of IL-10) by beta EV are analyzed in the present work. Further
investigations on primary mouse and human islet and immune
cell cultures in vitro and in pre-diabetic NOD mice in vivo are
required to dissect the mechanisms of potential protective vs.
pathological roles of EV subspecies from healthy and stressed
beta cells in T1D development.
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Supplementary Figure 1 | Original Western blot images of ER stress markers in

MIN6 beta cells. After 30 h of culture, 40 µg of cellular protein lysates were blotted

and the expression of markers of ER stress (A) p-eIF2α and (B) CHOP was

analyzed by western blotting before (C) reprobing of the membranes to β-actin.

Supplementary Figure 2 | Time-lapse of caspase-3/7 activation. For monitoring

of kinetics of apoptosis in live cells, a 30 h time-lapse acquisition was performed

on CK and untreated control MIN6 cells on a LSM780 confocal microscope

(Zeiss, Oberkochen, Germany) in a 5% CO2, 20% O2, 37
◦C atmosphere.

Apoptosis was assayed by fluorescent caspase-3/7 substrate cleavage staining.

Briefly, 3 × 105 cells/cm2 MIN6 cells were cultured in eight-chamber labteks with

coverslips. After overnight culture, cells were switched to OptiMEM 1% FCS

production medium and exposed to cytokines or left untreated and 2mM

caspase-3/7 detection reagent (Fisher Scientific) were added. Images were

captured every 15min for 30 h.

Supplementary Figure 3 | Original Western blot images of cellular and EV

markers. After 30 h of culture, EV were harvested from culture supernatants and

processed for protein analysis. For all treatment conditions, equal volumes of

protein lysates were blotted e.g., 30, 30, and 50 µL for AB, MV, and sEV,

respectively. For cells, a same amount of proteins was loaded for all situations.

Western blotting was performed to analyse the expression of (A) CD81, (B) CD63,

(C) CD9, (D) Flotillin-1, (E) β-actin and (F) Calnexin.

Supplementary Figure 4 | Cryo-electron microscopy of EV from untreated MIN6

cells. Images of entire vesicle of MV and sEV are represented in the top row with

zooms on inserts depicted in the bottom row. Images were acquired at a nominal

magnification of x 29,000.

Supplementary Figure 5 | Differential partition of the autoantigen insulin inside

EV. After 30 h of culture, EV were collected from supernatants from MIN6 cells with

(A,B) no treatment (C,D) all treatment situations and assessed for total insulin

(pro-insulin and mature insulin) content by ELISA. (A) Absolute quantities of insulin

measured inside AB, MV and sEV reported to the number of particles. (B)

Percentage of insulin out of the total protein content in AB, MV, and sEV. (C) Sum

of quantities of insulin released inside AB, MV and sEV per million of producer

cells. (D) Concentration of insulin inside EV. Data from n = 7–11 independent

experiments are shown with median and range and compared using the

Kruskal–Wallis test (∗P < 0.05 ∗∗P < 0.01 ∗∗∗∗P < 0.0001).

Supplementary Figure 6 | Beta cell stress favors export of TLR-binding miRNA

in EV. (A) Following exposure to stress, MIN6 cells were cultured for 30 h followed

by isolation of large EV (comprising AB and MV) and sEV. All samples were spiked

with an exogenous control prior to total RNA extraction and processed for

quantitative RT-PCR. After amplification, relative quantities were normalized with

respect to the spike, the number of particles as determined by TRPS analysis and

untreated controls. (B) Quantitative RT-PCR analysis of miRNA expression in a

fixed number of cells and EV derived thereof. Individual replicates from 4 to 6

independent EV isolations are represented as fold-changes compared to

untreated controls. Tukey’s range test ∗P < 0.05, ∗∗P < 0.001 and ∗∗∗P < 0.001.

Supplementary Table 1 | EV- associated insulin.

Supplementary Table 2 | EV- associated cytokines.

REFERENCES

1. Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet. (2014)

383:69–82. doi: 10.1016/S0140-6736(13)60591-7

2. Livingstone SJ, Levin D, Looker HC, Lindsay RS, Wild SH, Joss N,

et al. Estimated life expectancy in a Scottish cohort with type 1

diabetes, 2008-2010. JAMA. (2015) 313:37–44. doi: 10.1001/jama.2014.

16425

3. Patterson CC, Harjutsalo V, Rosenbauer J, Neu A, Cinek O, Skrivarhaug

T, et al. Trends and cyclical variation in the incidence of childhood type

1 diabetes in 26 European centres in the 25 year period 1989-2013: a

multicentre prospective registration study. Diabetologia. (2019) 62:408–

17. doi: 10.1007/s00125-018-4763-3

4. Fonseca SG, Gromada J, Urano F. Endoplasmic reticulum stress and

pancreatic beta-cell death. Trends Endocrinol Metab. (2011) 22:266–

74. doi: 10.1016/j.tem.2011.02.008

5. Szegezdi E, Logue SE, Gorman AM, Samali A. Mediators of

endoplasmic reticulum stress-induced apoptosis. Embo Rep. (2006)

7:880–5. doi: 10.1038/sj.embor.7400779

6. Rewers M, Ludvigsson J. Environmental risk factors for type 1

diabetes. Lancet. (2016) 387:2340–8. doi: 10.1016/S0140-6736(16)

30507-4

7. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell

biology of extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213–

28. doi: 10.1038/nrm.2017.125

8. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon

with wide-ranging implications in tissue kinetics. Br J Cancer. (1972) 26:239–

57. doi: 10.1038/bjc.1972.33

9. Negi S, Rutman AK, Paraskevas S. Extracellular vesicles in type

1 diabetes: messengers and regulators. Curr Diab Rep. (2019)

19:69. doi: 10.1007/s11892-019-1193-7

10. Marin-Gallen S, Clemente-Casares X, Planas R, Pujol-Autonell I, Carrascal J,

Carrillo J, et al. Dendritic cells pulsed with antigen-specific apoptotic bodies

prevent experimental type 1 diabetes. Clin Exp Immunol. (2010) 160:207–

14. doi: 10.1111/j.1365-2249.2009.04082.x

11. Lieberman SM, DiLorenzo TP. A comprehensive guide to antibody and

T-cell responses in type 1 diabetes. Tissue Antigens. (2003) 62:359–

77. doi: 10.1034/j.1399-0039.2003.00152.x

12. Cianciaruso C, Phelps EA, Pasquier M, Hamelin R, Demurtas D, Ahmed MA,

et al. Primary human and rat beta-cells release the intracellular autoantigens

GAD65, IA-2, and proinsulin in exosomes together with cytokine-induced

enhancers of immunity. Diabetes. (2017) 66:460–73. doi: 10.2337/db16-0671

13. Sheng H, Hassanali S, Nugent C, Wen L, Hamilton-Williams E, Dias P, et al.

Insulinoma-released exosomes or microparticles are immunostimulatory and

Frontiers in Immunology | www.frontiersin.org 16 September 2020 | Volume 11 | Article 181448

https://www.frontiersin.org/articles/10.3389/fimmu.2020.01814/full#supplementary-material
https://doi.org/10.1016/S0140-6736(13)60591-7
https://doi.org/10.1001/jama.2014.16425
https://doi.org/10.1007/s00125-018-4763-3
https://doi.org/10.1016/j.tem.2011.02.008
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1016/S0140-6736(16)30507-4
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/bjc.1972.33
https://doi.org/10.1007/s11892-019-1193-7
https://doi.org/10.1111/j.1365-2249.2009.04082.x
https://doi.org/10.1034/j.1399-0039.2003.00152.x
https://doi.org/10.2337/db16-0671
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Giri et al. Beta Cell Extracellular Vesicles Diversity

can activate autoreactive T cells spontaneously developed in nonobese diabetic

mice. J Immunol. (2011) 187:1591–600. doi: 10.4049/jimmunol.1100231

14. Hasilo CP, Negi S, Allaeys I, Cloutier N, Rutman AK, Gasparrini M, et al.

Presence of diabetes autoantigens in extracellular vesicles derived from human

islets. Sci Rep. (2017) 7:5000. doi: 10.1038/s41598-017-04977-y

15. Figliolini F, Cantaluppi V, De Lena M, Beltramo S, Romagnoli R, Salizzoni M,

et al. Isolation, characterization and potential role in beta cell-endothelium

cross-talk of extracellular vesicles released from human pancreatic islets. PLos

ONE. (2014) 9:e102521. doi: 10.1371/journal.pone.0102521

16. Rutman AK, Negi S, Gasparrini M, Hasilo CP, Tchervenkov J, Paraskevas

S. Immune response to extracellular vesicles from human islets of

langerhans in patients with type 1 diabetes. Endocrinology. (2018) 159:3834–

47. doi: 10.1210/en.2018-00649

17. Guay C, Menoud V, Rome S, Regazzi R. Horizontal transfer of exosomal

microRNAs transduce apoptotic signals between pancreatic beta-cells. Cell

Commun Signal. (2015) 13:17. doi: 10.1186/s12964-015-0097-7

18. Lakhter AJ, Pratt RE, Moore RE, Doucette KK, Maier BF, DiMeglio LA,

et al. Beta cell extracellular vesicle miR-21-5p cargo is increased in response

to inflammatory cytokines and serves as a biomarker of type 1 diabetes.

Diabetologia. (2018) 61:1124–34. doi: 10.1007/s00125-018-4559-5

19. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-

mediated transfer of mRNAs and microRNAs is a novel mechanism of

genetic exchange between cells. Nat Cell Biol. (2007) 9:654–U72. doi: 10.1038/

ncb1596

20. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.

(2004) 116:281–97. doi: 10.1016/S0092-8674(04)00045-5

21. Turchinovich A, Tonevitsky AG, Burwinkel B. Extracellular miRNA:

a collision of two paradigms. Trends Biochem Sci. (2016) 41:883–

92. doi: 10.1016/j.tibs.2016.08.004

22. Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R,

et al. MicroRNAs bind to Toll-like receptors to induce prometastatic

inflammatory response. Proc Natl Acad Sci USA. (2012) 109:E2110–

6. doi: 10.1073/pnas.1209414109

23. Kim SJ, Chen Z, Essani AB, Elshabrawy HA, Volin MV, Volkov S, et al.

Identification of a novel toll-like receptor 7 endogenous ligand in rheumatoid

arthritis synovial fluid that can provoke arthritic joint inflammation. Arthritis

Rheumatol. (2016) 68:1099–110. doi: 10.1002/art.39544

24. Coleman LG, Zou J, Crews FT. Microglial-derived miRNA let-7 and HMGB1

contribute to ethanol-induced neurotoxicity via TLR7. J Neuroinflamm.

(2017) 14:22. doi: 10.1186/s12974-017-0799-4

25. Liu HY, Huang CM, Hung YF, Hsueh YP. The microRNAs

Let7c and miR21 are recognized by neuronal Toll-like receptor

7 to restrict dendritic growth of neurons. Exp Neurol. (2015)

269:202–12. doi: 10.1016/j.expneurol.2015.04.011

26. Salama A, Fichou N, Allard M, Dubreil L, De Beaurepaire L, Viel A,

et al. MicroRNA-29b modulates innate and antigen-specific immune

responses in mouse models of autoimmunity. PLoS ONE. (2014)

9:e106153. doi: 10.1371/journal.pone.0106153

27. Yelamanchili SV, Lamberty BG, Rennard DA, Morsey BM, Hochfelder CG,

Meays BM, et al. MiR-21 in extracellular vesicles leads to neurotoxicity

via TLR7 signaling in SIV neurological disease. PLos Pathog. (2015)

11:e1005032. doi: 10.1371/journal.ppat.1005032

28. Young NA, Valiente GR, Hampton JM, Wu LC, Burd CJ, Willis WL, et al.

Estrogen-regulated STAT1 activation promotes TLR8 expression to facilitate

signaling via microRNA-21 in systemic lupus erythematosus. Clin Immunol.

(2017) 176:12–22. doi: 10.1016/j.clim.2016.12.005

29. Bashratyan R, Sheng H, Regn D, Rahman MJ, Dai YD. Insulinoma-released

exosomes activate autoreactive marginal zone-like B cells that expand

endogenously in prediabetic NOD mice. Eur J Immunol. (2013) 43:2588–

97. doi: 10.1002/eji.201343376

30. Miyazaki JI, Araki K, Yamato E, Ikegami H, Asano T, Shibasaki Y, et al.

Establishment of a pancreatic beta-cell line that retains glucose-inducible

insulin-secretion - special reference to expression of glucose transporter

isoforms. Endocrinology. (1990) 127:126–32. doi: 10.1210/endo-127-1-126

31. Van Deun J, Mestdagh P, Sormunen R, Cocquyt V, Vermaelen K,

Vandesompele J, et al. The impact of disparate isolation methods for

extracellular vesicles on downstreamRNAprofiling. J Extracell Vesicles. (2014)

3. doi: 10.3402/jev.v3.24858

32. Witwer KW, Buzas EI, Bemis LT, Bora A, Lasser C, Lotvall J,

et al. Standardization of sample collection, isolation and analysis

methods in extracellular vesicle research. J Extracell Vesicles. (2013)

2. doi: 10.3402/jev.v2i0.20360

33. Duchesne L, Gentili D, Comes-Franchini M, Fernig DG. Robust ligand shells

for biological applications of gold nanoparticles. Langmuir. (2008) 24:13572–

80. doi: 10.1021/la802876u

34. Mastronarde DN. Dual-axis tomography: an approach with

alignment methods that preserve resolution. J Struct Biol. (1997)

120:343–52. doi: 10.1006/jsbi.1997.3919

35. Kremer JR, Mastronarde DN, McIntosh JR. Computer visualization of

three-dimensional image data using IMOD. J Struct Biol. (1996) 116:71–

6. doi: 10.1006/jsbi.1996.0013

36. R Core Team. R: A language and environment for statistical computing. R

Foundation for Statistical Computing. Vienna (2019).

37. R Core Team. RStudio: Integrated Development for R. Boston, MA: RStudio,

Inc. (2015)

38. Lenth R. Least-squares means: the R package lsmeans. J Stat Softw. (2016)

69:1–33. doi: 10.18637/jss.v069.i01

39. Bates D, Maechler M, Bolker BM, Walker SC. Fitting linear mixed-effects

models using lme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

40. Rodriguez-Calvo T, Richardson SJ, Pugliese A. Pancreas pathology

during the natural history of type 1 diabetes. Curr Diab Rep. (2018)

18:124. doi: 10.1007/s11892-018-1084-3

41. Eizirik DL, Cardozo AK, Cnop M. The role for endoplasmic reticulum stress

in diabetes mellitus. Endocr Rev. (2008) 29:42–61. doi: 10.1210/er.2007-0015

42. Sato Y, Inoue M, Yoshizawa T, Yamagata K. Moderate hypoxia induces beta-

cell dysfunction withHIF-1-independent gene expression changes. PLoSONE.

(2014) 9:e114868. doi: 10.1371/journal.pone.0114868

43. Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is a

basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc

Natl Acad Sci USA. (1995) 92:5510–4. doi: 10.1073/pnas.92.12.5510

44. Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization

of exosomes from cell culture supernatants and biological fluids. Curr Protoc

Cell Biol. (2006) Chapter 3:Unit 3.22. doi: 10.1002/0471143030.cb0322s30

45. Boing AN, van der Pol E, Grootemaat AE, Coumans FAW, Sturk A,

Nieuwland R. Single-step isolation of extracellular vesicles by size-exclusion

chromatography. J Extracell Vesicles. (2014) 3. doi: 10.3402/jev.v3.23430

46. Collot M, Ashokkumar P, Anton H, Boutant E, Faklaris O, Galli T,

et al. MemBright: a family of fluorescent membrane probes for advanced

cellular imaging and neuroscience. Cell Chem Biol. (2019) 26:600–

14.e7. doi: 10.1101/380451

47. Hyenne V, Ghoroghi S, Collot M, Bons J, Follain G, Harlepp S,

et al. Studying the fate of tumor extracellular vesicles at high

spatiotemporal resolution using the zebrafish embryo. Dev Cell. (2019)

48:554–72.e7. doi: 10.1016/j.devcel.2019.01.014

48. Lehmann SM, Krueger C, Park B, Derkow K, Rosenberger K, Baumgart

J, et al. An unconventional role for miRNA: let-7 activates Toll-like

receptor 7 and causes neurodegeneration. Nat Neurosci. (2012) 15:827–

44. doi: 10.1038/nn.3113

49. Park CK, Xu ZZ, Berta T, Han QJ, Chen G, Liu XJ, et al. Extracellular

MicroRNAs activate nociceptor neurons to elicit pain via TLR7 and TRPA1.

Neuron. (2014) 82:47–54. doi: 10.1016/j.neuron.2014.02.011

50. Fitzgerald W, Freeman ML, Lederman MM, Vasilieva E, Romero R, Margolis

L. A system of cytokines encapsulated in extracellular vesicles. Sci Rep. (2018)

8:8973. doi: 10.1038/s41598-018-27190-x

51. Bosch S, de Beaurepaire L, AllardM,Mosser M, Heichette C, Chretien D, et al.

Trehalose prevents aggregation of exosomes and cryodamage. Sci Rep. (2016)

6:36162. doi: 10.1038/srep36162

52. Saunderson SC, Dunn AC, Crocker PR, McLellan AD. CD169 mediates the

capture of exosomes in spleen and lymph node. Blood. (2014) 123:208–

16. doi: 10.1182/blood-2013-03-489732

53. Wang XZ, Lawson B, Brewer JW, Zinszner H, Sanjay A, Mi LJ,

et al. Signals from the stressed endoplasmic reticulum induce C/EBP-

homologous protein (CHOP/GADD153). Mol Cell Biol. (1996) 16:4273–

80. doi: 10.1128/MCB.16.8.4273

54. Ocaña GJ, Pérez L, Guindon L, Deffit SN, Evans-Molina C, Thurmond

DC, et al. Inflammatory stress of pancreatic beta cells drives release

Frontiers in Immunology | www.frontiersin.org 17 September 2020 | Volume 11 | Article 181449

https://doi.org/10.4049/jimmunol.1100231
https://doi.org/10.1038/s41598-017-04977-y
https://doi.org/10.1371/journal.pone.0102521
https://doi.org/10.1210/en.2018-00649
https://doi.org/10.1186/s12964-015-0097-7
https://doi.org/10.1007/s00125-018-4559-5
https://doi.org/10.1038/ncb1596
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/j.tibs.2016.08.004
https://doi.org/10.1073/pnas.1209414109
https://doi.org/10.1002/art.39544
https://doi.org/10.1186/s12974-017-0799-4
https://doi.org/10.1016/j.expneurol.2015.04.011
https://doi.org/10.1371/journal.pone.0106153
https://doi.org/10.1371/journal.ppat.1005032
https://doi.org/10.1016/j.clim.2016.12.005
https://doi.org/10.1002/eji.201343376
https://doi.org/10.1210/endo-127-1-126
https://doi.org/10.3402/jev.v3.24858
https://doi.org/10.3402/jev.v2i0.20360
https://doi.org/10.1021/la802876u
https://doi.org/10.1006/jsbi.1997.3919
https://doi.org/10.1006/jsbi.1996.0013
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s11892-018-1084-3
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.1371/journal.pone.0114868
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.3402/jev.v3.23430
https://doi.org/10.1101/380451
https://doi.org/10.1016/j.devcel.2019.01.014
https://doi.org/10.1038/nn.3113
https://doi.org/10.1016/j.neuron.2014.02.011
https://doi.org/10.1038/s41598-018-27190-x
https://doi.org/10.1038/srep36162
https://doi.org/10.1182/blood-2013-03-489732
https://doi.org/10.1128/MCB.16.8.4273
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Giri et al. Beta Cell Extracellular Vesicles Diversity

of extracellular heat-shock protein 90α. Immunology. (2017) 151:198–

210. doi: 10.1111/imm.12723

55. Roggli E, Gattesco S, Caille D, Briet C, Boitard C, Meda P, et al. Changes

in MicroRNA expression contribute to pancreatic beta-cell dysfunction

in prediabetic NOD mice. Diabetes. (2012) 61:1742–51. doi: 10.2337/

db11-1086

56. Donath MY, Størling J, Berchtold LA, Billestrup N, Mandrup-Poulsen T.

Cytokines and beta-cell biology: from concept to clinical translation. Endocr

Rev. (2008) 29:334–50. doi: 10.1210/er.2007-0033

57. Turpin D, Truchetet ME, Faustin B, Augusto JF, Contin-Bordes C, Brisson A,

et al. Role of extracellular vesicles in autoimmune diseases. Autoimmun Rev.

(2016) 15:174–83. doi: 10.1016/j.autrev.2015.11.004

58. O’Neill CP, Gilligan KE, Dwyer RM. Role of extracellular vesicles (EVs)

in cell stress response and resistance to cancer therapy. Cancers. (2019)

11:136. doi: 10.3390/cancers11020136

59. Vives-Pi M, Rodriguez-Fernandez S, Pujol-Autonell I. How apoptotic beta-

cells direct immune response to tolerance or to autoimmune diabetes: a

review. Apoptosis. (2015) 20:263–72. doi: 10.1007/s10495-015-1090-8

60. Caruso S, Poon IKH. Apoptotic cell-derived extracellular vesicles: more than

just debris. Front Immunol. (2018) 9:1486. doi: 10.3389/fimmu.2018.01486

61. Doran AC, Yurdagul A, Tabas I. Efferocytosis in health and disease. Nat Rev

Immunol. (2019) 20:254–67. doi: 10.1038/s41577-019-0240-6

62. Ward MG, Li G, Hao M. Apoptotic β-cells induce macrophage

reprogramming under diabetic conditions. J Biol Chem. (2018)

293:16160–73. doi: 10.1074/jbc.RA118.004565

63. Kasela S, Kisand K, Tserel L, Kaleviste E, Remm A, Fischer K, et al.

Pathogenic implications for autoimmune mechanisms derived by

comparative eQTL analysis of CD4+ versus CD8+ T cells. PLoS Genet.

(2017) 13:e1006643. doi: 10.1371/journal.pgen.1006643

64. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper JD, Erlich HA, et al.

Genome-wide association study and meta-analysis find that over 40 loci affect

risk of type 1 diabetes. Nat Genet. (2009) 41:703–7. doi: 10.1038/ng.381

65. Bergholdt R, Brorsson C, Palleja A, Berchtold LA, Fløyel T, Bang-

Berthelsen CH, et al. Identification of novel type 1 diabetes candidate genes

by integrating genome-wide association data, protein-protein interactions,

and human pancreatic islet gene expression. Diabetes. (2012) 61:954–

62. doi: 10.2337/db11-1263

66. Wang R, Han G, Wang J, Chen G, Xu R, Wang L, et al. The pathogenic

role of interleukin-27 in autoimmune diabetes. Cell Mol Life Sci. (2008)

65:3851–60. doi: 10.1007/s00018-008-8540-1

67. Ciecko AE, Foda B, Barr JY, Ramanathan S, Atkinson MA, Serreze

DV, et al. Interleukin-27 is essential for type 1 diabetes development

and sjögren syndrome-like inflammation. Cell Rep. (2019) 29:3073–

86.e5. doi: 10.1016/j.celrep.2019.11.010

68. Lv LL, Feng Y, Wen Y, Wu WJ, Ni HF, Li ZL, et al. Exosomal

CCL2 from tubular epithelial cells is critical for albumin-

induced tubulointerstitial inflammation. J Am Soc Nephrol. (2018)

29:919–35. doi: 10.1681/ASN.2017050523

69. Chirackal RS, Jayachandran M, Wang X, Edeh S, Haskic Z, Perinpam M,

et al. Urinary extracellular vesicle-associated MCP-1 and NGAL derived

from specific nephron segments differ between calcium oxalate stone

formers and controls. Am J Physiol Renal Physiol. (2019) 317:F1475–

82. doi: 10.1152/ajprenal.00515.2018

70. Piemonti L, Leone BE, Nano R, Saccani A, Monti P, Maffi P, et al. Human

pancreatic islets produce and secrete MCP-1/CCL2: relevance in human islet

transplantation. Diabetes. (2002) 51:55–65. doi: 10.2337/diabetes.51.1.55

71. Baker MS, Chen X, Rotramel A, Nelson J, Kaufman DB.

Proinflammatory cytokines induce NF-kappaB-dependent/NO-independent

chemokine gene expression in MIN6 beta cells. J Surg Res. (2003)

110:295–303. doi: 10.1016/S0022-4804(03)00027-1

72. Weaver JR, Holman TR, Imai Y, Jadhav A, Kenyon V, Maloney DJ, et al.

Integration of pro-inflammatory cytokines, 12-lipoxygenase and NOX-1 in

pancreatic islet beta cell dysfunction. Mol Cell Endocrinol. (2012) 358:88–

95. doi: 10.1016/j.mce.2012.03.004

73. Marzorati S, Antonioli B, Nano R, Maffi P, Piemonti L, Giliola C,

et al. Culture medium modulates proinflammatory conditions of human

pancreatic islets before transplantation. Am J Transplant. (2006) 6:2791–

5. doi: 10.1111/j.1600-6143.2006.01512.x

74. Citro A, Valle A, Cantarelli E, Mercalli A, Pellegrini S, Liberati D, et al.

CXCR1/2 inhibition blocks and reverses type 1 diabetes in mice. Diabetes.

(2015) 64:1329–40. doi: 10.2337/db14-0443

75. Guay C, Kruit JK, Rome S, Menoud V, Mulder NL, Jurdzinski A, et al.

Lymphocyte-derived exosomal MicroRNAs promote pancreatic beta cell

death and may contribute to type 1 diabetes development. Cell Metab. (2019)

29:348–61.e6. doi: 10.1016/j.cmet.2018.09.011

76. Ramanathan S, Shenoda BB, Lin Z, Alexander GM, Huppert A,

Sacan A, et al. Inflammation potentiates miR-939 expression and

packaging into small extracellular vesicles. J Extracell Vesicles. (2019)

8:1650595. doi: 10.1080/20013078.2019.1650595

77. Dive C, Gregory CD, Phipps DJ, Evans DL, Milner AE, Wyllie AH. Analysis

and discrimination of necrosis and apoptosis (programmed cell death) by

multiparameter flow cytometry. Biochim Biophys Acta. (1992) 1133:275–

85. doi: 10.1016/0167-4889(92)90048-G

78. Lai CP, Mardini O, Ericsson M, Prabhakar S, Maguire C, Chen JW, et al.

Dynamic biodistribution of extracellular vesicles in vivo using a multimodal

imaging reporter. ACS Nano. (2014) 8:483–94. doi: 10.1021/nn404945r

79. Srinivasan S, Vannberg FO, Dixon JB. Lymphatic transport of exosomes as a

rapid route of information dissemination to the lymph node. Sci Rep. (2016)

6:24436. doi: 10.1038/srep24436

80. Yu G, Jung H, Kang YY, Mok H. Comparative evaluation of cell-

and serum-derived exosomes to deliver immune stimulators to lymph

nodes. Biomaterials. (2018) 162:71–81. doi: 10.1016/j.biomaterials.2018.

02.003

81. Hood JL. The association of exosomes with lymph nodes. Semin Cell Dev Biol.

(2017) 67:29–38. doi: 10.1016/j.semcdb.2016.12.002

82. Giri KR, de Beaurepaire L, Jegou D, Lavy M, Mosser M, Dupont A,

et al. Molecular and functional diversity of distinct subpopultions of

extracellular vesicles from stressed beta cells: implications for autoimmunity.

bioRxiv (2020). doi: 10.1101/2020.03.26.003145

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Giri, de Beaurepaire, Jegou, Lavy, Mosser, Dupont, Fleurisson,

Dubreil, Collot, Van Endert, Bach, Mignot and Bosch. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 18 September 2020 | Volume 11 | Article 181450

https://doi.org/10.1111/imm.12723
https://doi.org/10.2337/db11-1086
https://doi.org/10.1210/er.2007-0033
https://doi.org/10.1016/j.autrev.2015.11.004
https://doi.org/10.3390/cancers11020136
https://doi.org/10.1007/s10495-015-1090-8
https://doi.org/10.3389/fimmu.2018.01486
https://doi.org/10.1038/s41577-019-0240-6
https://doi.org/10.1074/jbc.RA118.004565
https://doi.org/10.1371/journal.pgen.1006643
https://doi.org/10.1038/ng.381
https://doi.org/10.2337/db11-1263
https://doi.org/10.1007/s00018-008-8540-1
https://doi.org/10.1016/j.celrep.2019.11.010
https://doi.org/10.1681/ASN.2017050523
https://doi.org/10.1152/ajprenal.00515.2018
https://doi.org/10.2337/diabetes.51.1.55
https://doi.org/10.1016/S0022-4804(03)00027-1
https://doi.org/10.1016/j.mce.2012.03.004
https://doi.org/10.1111/j.1600-6143.2006.01512.x
https://doi.org/10.2337/db14-0443
https://doi.org/10.1016/j.cmet.2018.09.011
https://doi.org/10.1080/20013078.2019.1650595
https://doi.org/10.1016/0167-4889(92)90048-G
https://doi.org/10.1021/nn404945r
https://doi.org/10.1038/srep24436
https://doi.org/10.1016/j.biomaterials.2018.02.003
https://doi.org/10.1016/j.semcdb.2016.12.002
https://doi.org/10.1101/2020.03.26.003145
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 14 October 2020

doi: 10.3389/fimmu.2020.585282

Frontiers in Immunology | www.frontiersin.org 1 October 2020 | Volume 11 | Article 585282

Edited by:

Winston Patrick Kuo,

Harvard University, United States

Reviewed by:

Fang Hu,

Central South University, China

David S. Gyori,

Semmelweis University, Hungary

*Correspondence:

Meike J. Saul

saul@bio.tu-darmstadt.de

Specialty section:

This article was submitted to

Autoimmune and Autoinflammatory

Disorders,

a section of the journal

Frontiers in Immunology

Received: 20 July 2020

Accepted: 08 September 2020

Published: 14 October 2020

Citation:

Hegewald AB, Breitwieser K,

Ottinger SM, Mobarrez F,

Korotkova M, Rethi B, Jakobsson P-J,

Catrina AI, Wähämaa H and Saul MJ

(2020) Extracellular miR-574-5p

Induces Osteoclast Differentiation via

TLR 7/8 in Rheumatoid Arthritis.

Front. Immunol. 11:585282.

doi: 10.3389/fimmu.2020.585282

Extracellular miR-574-5p Induces
Osteoclast Differentiation via TLR 7/8
in Rheumatoid Arthritis
Anett B. Hegewald 1, Kai Breitwieser 1, Sarah M. Ottinger 1, Fariborz Mobarrez 2,

Marina Korotkova 2, Bence Rethi 2, Per-Johan Jakobsson 2, Anca I. Catrina 2,

Heidi Wähämaa 2 and Meike J. Saul 1,3*

1Department of Biology, Technische Universität Darmstadt, Darmstadt, Germany, 2 Rheumatology Unit, Department of

Medicine, Solna, Karolinska Institutet, Karolinska University Hospital, Stockholm, Sweden, 3 Institute of Pharmaceutical

Chemistry, Goethe Universität Frankfurt, Frankfurt, Germany

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by synovial

inflammation and joint destruction. Cell-derived small extracellular vesicles (sEV) mediate

cell-to-cell communication in the synovial microenvironment by carrying microRNAs

(miRs), a class of small non-coding RNAs. Herein, we report that sEV from synovial

fluid promote osteoclast differentiation which is attributed to high levels of extracellular

miR-574-5p. Moreover, we demonstrate for the first time that enhanced osteoclast

maturation is mediated by Toll-like receptor (TLR) 7/8 signaling which is activated by

miR-574-5p binding. This is a novel mechanism by which sEV and miRs contribute to

RA pathogenesis and indicate that pharmacological inhibition of extracellular miR-574-5p

might offer new therapeutic strategies to protect osteoclast-mediated bone destruction

in RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is one of the most common systemic autoimmune diseases,
characterized by synovial inflammation and the destruction of cartilage and bone (1). The
pathogenesis of RA is a consequence of a complex interplay between genetic and environmental
risk factors, which lead to the loss of immunological tolerance and the activation of innate and
adaptive immune responses. Increased osteoclast (OC) differentiation and activation distrupts bone
homeostasis in the course of RA (2) by altering the delicate coupling mechanisms between bone
formation and resorption (3, 4).

The synovial fluid of affected joints contain high amounts of extracellular vesicles (EV) (5).
These are membrane vesicles of endocytic origin that are actively secreted by almost all cell types
into biofluids (6) and may play an important role in the pathogenesis of RA (7). A subpopulation of
EV, termed small extracellular vesicles (sEV, 50–200 nm in diameter) (8), are involved in cell-to-cell
communication in the microenvironment of arthritic joints (9). Among other biologically active
substances, sEV contain microRNAs (miRs), a class of small non-coding RNAs (10). MiRs bind in
a sequence specific manner to their target messenger RNA (mRNA) and repress gene expression
(11, 12). In addition to this, miRs can also activate gene expression by acting as decoys to RNA-
binding proteins, thus antagonizing their functions (13, 14). Recently, an alternative function of
extracellular miRs has been described, based on their ability to induce innate immune responses.
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It was shown that sEV delivered miR-29b and miR-21 can bind
and activate toll-like receptor 7/8 (TLR7/8) in human lung cancer
(15). However, the detailed mechanism of TLR7/8 activation by
miRs is not fully understood and the pathological consequences
of this pathway have not been analyzed in RA.

In this study we demonstrate that sEV isolated from
the synovial fluid of RA patients significantly enhanced the
differentiation of OCs in vitro. Moreover, we were able
to attribute this effect to sEV delivered miR-574-5p, which
significantly increased osteoclastogenesis by activating TLR7/8
signaling. Overall, this study indentified extracellular miR-574-
5p as a critical mediator in the pathogeneis of RA and indictes
it as a promising new target for RNA therapeutics against
bone destruction.

MATERIALS AND METHODS

Cell Lines and Cell Culture Conditions
The human embryonal kidney cell line (HEK 293) (DMSZ,
ACC 035) and HeLa (DMSZ, ACC57) cells were cultured in
Dulbecco’s modified Eagle medium (DMEM, Life Technologies,
ThermoFisher Scientific, Waltham, USA) with 10% (v/v)
heat-inactivated fetal bovine serum (FBS, Life Technologies,

ThermoFisher Scientific, Waltham, USA), 100 U/ml penicillin,
100µg/ml streptomycin and 1mM sodium pyruvate (PAA the
Cell Culture Company, Cölbe, GER). Synovial fibroblasts (SFs)
of RA patients were cultured as described previously (16). This
study was approved by the Institutional Ethical Committee
(Solna, Stockholm, Sweden ethical number 2009/1262-31/3)
and is in compliance with all ethical standards and patients’
consent according to the Declaration of Helsinki. Cell culture
was carried out in a humidified atmosphere of 5% CO2 at 37

◦C.
SFs were seeded at a density of 5 × 104 cells/well in 24-well
plates and cultured in DMEM-medium supplemented with EV-
free FBS (Gibco, Life Technologies, ThermoFisher Scientific,
Waltham, USA), 100 U/ml penicillin 100µg/ml streptomycin
and 1mM sodium pyruvate for 24 h before they were stimulated
with 10 ng/ml ml interleukin (IL)-1β (Sigma-Aldrich, Darmstadt,
GER) or tumor necrosis factor α (TNF α) (Immuno Tools,
Friesoythe, GER) for further 24 h.

sEV Purification
One milliliter of cell culture supernatant, 500 µl of 1:2 diluted
serum (with phosphate buffered saline, PBS, Sigma-Aldrich,
Darmstadt, GER) or synovial fluid from RA patients were
centrifuged at 2,000 xg at room temperature for 20min. The
synovial fluid was pre-treated with hyaluronidase (1,500 U/ml;
Sigma-Aldrich, Darmstadt, GER) for 15min at 37◦C, before
sEV were isolated. The supernatant was centrifuged at 21,000
xg in 1.5ml polypropylene tubes (Beckman Coulter, Brea,
USA) at 4◦C for 60min in a L7-65 ultracentrifuge using
rotor 70.1.Ti (Beckman Coulter, Brea, USA) to remove large
membrane vesicles. The supernatant was transferred in a new
polypropylene tube and centrifuged at 100,000 xg at 4◦C for
60min. The supernatant was discarded. The remaining pellet was
resuspended in PBS. Quantity of purified sEV was determined on
protein level via UV-Vis spectroscopy to ensure treatment with

equal amounts of sEV between sEV-treatment experiments. SEV
were used directly or stored at 4◦C for not longer than 1 week.

Transmission Electron Microscopy (TEM)
SEV from human serum, HEK 293 cell culture supernatant or
synovial fluid were purified and resuspended in PBS. A drop
of purified EV was placed on parafilm and a formvar carbon
coated nickel grid (Plano, Wetzlar, GER) was placed on top
of the drop for 30–60min. The samples were fixed with 2%
paraformaldehyde (Carl Roth, Karlsruhe, GER) for 10min and
washed three times with MQ. SEV were examined using a Zeiss
EM109 electron microscope.

FACS Analysis
Samples containing sEV were thawed in a water bath for
∼5min at 37◦C. After a short vortex, 20 µl of sample were
incubated for 20min in the dark with anti-CD63 FITC (abcam,
Cambridge, UK). All samples were measured by flow cytometry
on a Beckman Gallios instrument (Beckman Coulter, Brea,
USA). Thresholds were set to side scatter in order to increase
instrument sensitivity and measurements were performed for
60 s. SEV are presented as number of events positive for CD63,
minus background noise which was determined using sEV-
free buffers (PBS). Conjugate isotype-matched immunoglobulin
(FITC) with no reactivity against human antigens was used as
negative control.

Western Blotting
Twenty to thirty microgram of purified sEV were lysed in
radioimmunoprecipitation assay buffer (RIPA), consisting
of 50mM Tris-Cl pH 7.4 (Sigma-Aldrich, Darmstadt, GER),
150mM NaCl (Sigma-Aldrich, Darmstadt, GER), 1% NP40
(Sigma-Aldrich, Darmstadt, GER), 0.25% Na-deoxycholate
(Sigma-Aldrich, Darmstadt, GER), 1mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich, Darmstadt, GER), EDTA-free protease
inhibitor (Roche, Basel, CHE). SEV concentration was
determined using the NanoDrop ND-1000 spectrophotometer
(Thermo Fischer Scientific, Waltham, USA) with absorbance at
280 nm. Western blot analysis was performed according to (17).
The membranes were incubated with primary antibodies that
recognize CD63, CD9, CD81 and Heat shock protein 70 (Hsp70)
(all purchased from System Biosciences, Palo Alto, USA).
Membranes then were incubated with infrared dye conjugated
secondary antibodies (IRDye R©, LI-COR R© Bioscience, Lincoln,
USA) for 45min at room temperature. Visualization was
carried out using Odyssey Infrared Imaging System (LI-COR R©

Biosciences, Lincoln, USA).

Overexpression of miR-574-5p in sEV
The XMIRXpress Lenti system (System Biosciences, Palo Alto,
USA) was used to overexpress the level of miR-574-5p in sEV
(miR-574-5p oe). As negative control (XMIRXP-NT), which
inherits a scrambled control, was also purchased by System
Biosciences. Twenty-four hours prior to transfection HEK 293
cells were seeded at a density of 7× 105 cells/well in a 6-well plate.
Two microgram of either negative control or miR-574-5p oe
plasmid were transiently transfected using Lipofectamine 2000 R©
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(Invitrogen, Karlsruhe, GER). Supernatants were harvested for
sEV isolation after 16 h. The overexpression efficiency was
analyzed by RT-qPCR.

RNA Extraction
Total RNA from synovial fibroblasts was extracted using
miRNeasy Mini Kit (Qiagen, Hilden, GER) according to the
manufacturer’s instructions. Residual DNA was removed by on-
column DNAse digestion using RNase-Free DNase Set (Qiagen,
Hilden, GER). Total RNA from purified sEV was isolated using
the phenol/guanidinium thiocyanate (GTC)-based extraction
method according to (18). 200 nM of a non-human synthetic cel-
miR-39-3p (5′-UCACCGGGUGUAAAUCAGCUUG-3′, Sigma
Aldrich, Darmstadt, GER) was added as internal standard to
compensate for technical and methodical variations.

Real-time Quantitative PCR (RT-qPCR)
Intracellular and the extracellular miR quantification were
performed using RT-qPCR analysis according to (14, 18).
qRT-PCR was performed using the following primer: for miR-
16-5p (MS0031493), miR-146a-5p (MS00003535), miR-155-5p
(MS00031486), miR-574-5p (MS00043617, all from Qiagen,
Hilden, GER). For intracellular miR quantification snRNA U6
was used as endogenous control primer (MS00033740, Qiagen,

Hilden, GER) and as control for extracellular normalization
we used cel-miR-39-3p (MS00019789, Qiagen, Hilden,
GER). According to (14), different mRNA transcripts were
analyzed. The following primer pairs were used: Interferon
α (IFNα-fwd: 5′-GCAAGCCCAGAAGTATCTGC-3′; IFNα-
rev: 5′-CTTGACTTGCAGCTGAGCAC-3′), Interleukin
23 (IL-23-fwd: 5′-GTTCCCCATATCCAGTGTGG-3′; IL-
23-rev: 5′-AAAAATCAGACCCTGGTGGA-3′), TNFα
(TNFα_fwd: 5′- CCCAGGGACCTCTCTCTAATC-3′;
TNFα_rev: 5′- ATGGGCTACAGGCTTGTCACT-3′), IL-
1β (IL1-β-fwd: 5′-ACAGATGAAGTGCTCCTTCCA-3′;
IL1-β-rev: 5′-GTCGGAGATTCGTAGCTGGAT-3′) or IL-8
(IL-8-fwd: 5′-AGCTCTGTGTGAAGGTGCAG-3′; IL-8-rev;
5′-TGGGGTGGAAAGGTTTGGAG-3′). In all experiments
β-Actin (Actin-fwd: 5′-CGGGACCTGACTGACTAC-3′; Actin-
rev: 5′-CTTCTCCTTAATGTCACGCACG-3′) was used as
endogenous control to normalize variations in cDNA quantities
in different samples.

Live Cell Imaging
Purified sEV were labeled with lipophillic tracer 3,3′-
Dioctadecyloxacarbocy-anine perchlorate (DiO, Sigma-Aldrich,
Darmstadt, GER) for 15min at 37◦C and applied to CD14+

monocytes or HeLa cells which were stained with 5µg/ml
Hoechst 33258 (Sigma-Aldrich, Darmstadt, GER) for 30min.
Pictures were taken every 10min. Confocal images were acquired
using an UltraVIEW VoX spinning disk system (PerkinElmer,
Waltham, USA) mounted on a Nikon TI microscope (Nikon,
Minato, Japan) and equipped with a climate chamber (37◦C, 5%
CO2, 60% humidity). Images were taken at 1µm Z increments
and acquired with a cooled 14-bit EMCCD camera (1,000 ×

1,000 pixel frame transfer EMCCD, 30 fps at full frame 1 × 1

binning 35 MHz readout, 8× 8µm pixel size) using Volocity 6.3
(PerkinElmer, Waltham, USA).

RNase and TritonX 100 Treatment of sEV
Isolated miR-574-5p oe sEV were treated either with 0.05 mg/ml
RNase A (Qiagen, Hilden, GER) for 20min at 37◦C or with
1% TritonX 100 (Carl Roth, Karlsruhe, GER) for 10min at RT
and 0.05 mg/ml RNase A for 20min at 37◦C in combination.
After RNA extraction, the amount of miR-574-5p was analyzed
by RT-qPCR.

Osteoclast Differentiation
Monocytes were isolated from blood donor buffy coats using
Ficoll-PaqueTM Plus (GE Healthcare, Chicago, USA) separation
and CD14+ monocytes were selected using CD14 beads
(MiltenyiBiotec, Bergisch-Gladbach, GER) according to the
manufacturer’s instructions. 1 × 105 cells/well were seeded in
a 96-well plate in DMEM and differentiated into macrophages
using 25 ng/ml macrophage colony-stimulating factor (M-CSF,
Peprotech, Rocky Hill, USA) for 3 days. 50% of the culture
medium was changed every 3 days and cells were further
matured into OCs by medium supplements of 10 ng/mL
M-CSF and 5 ng/mL Receptor Activator of NF-κB Ligand
(RANKL, R&D Systems,Minneapolis, USA). The number of OCs
was assessed using tartrate-resistant acid phosphatase (TRAP)
staining (leucocyte acid phosphatase kit 387A, Sigma-Aldrich,
Darmstadt, GER). Number of OCs was counted using a light
microscope. TRAP+ cells with at least or more than three nuclei
were considered as being OCs. Each biological replicate has four
technical replicates.

Stimulation of CD14+ Monocytes
CD14+ monocytes were isolated and seeded at a density
of 1 × 105 cells/well in a 96-well plate and stimulated as
indicated with purified EV or Resiquimod - R848 (Invivogen,
San Diego, USA), diluted in Tris-EDTA (TE) buffer. Cells
were additionally treated with 200 nM of the TLR7/8 inhibitor
ODN 2088 Control (2087) (MiltenyiBiotec, Bergisch-Gladbach,
GER), diluted in TE buffer, 30min prior to stimulation with
EV or R848 at indicated experiments. Furthermore, cells
were treated either with 5 or 50 nM of synthetic miR-574-5p
(Sigma-Aldrich, Darmstadt, Germany) together with or without
1µg/ml Lipofectamine R© 2000 (Thermo Fisher Scientific,
Waltham, USA).

Cytokine mRNA Analysis
CD14+ monocytes were isolated and seeded at a density of
1 × 106 cells/well in a 12-well plate and stimulated either
with 1µg/ml purified scrambled control or miR-574-5p oe sEV
or 10 ng/ml R848 for 4 h. For experiments with the TLR7/8
inhibitor ODN 2088 Control (2087), cells were treated with
200 nM inhibitor 30min prior to stimulation with sEV or R848
positive control. The mRNA level of each cytokine was analyzed
by RT-qPCR.

Microscale Thermophoresis (MST)
The Cyanine5-labeled hsa-miR-574-5p (5′-
UGAGUGUGUGUGUGUGAGUGUGU [Cyanine5]-3′,
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Sigma-Aldrich, Darmstadt, GER) was adjusted to 100 nM
with PBS (pH7.4, Thermo Fisher Scientific, Waltham, USA)
supplemented with 0.05%Tween 20 (NanoTemper Technologies,
München, GER). A series of 16 1:2 dilutions was prepared with
recombinant human TLR8 (H00051311_G01, Abnova, Taiwan)
using the protein storage buffer (25mM Tris-HCl pH 8.2%
Glycerin), producing ligand concentrations ranging from 20.4
pM to 668 nM. For the measurement, each ligand dilution
was mixed with one volume of labeled hsa-miR-574-5p
which leads to a final concentration of hsa-miR-574-5p of
50 nM and final ligand concentrations ranging from 10.4
pM to 334 nM. After 5min incubation, the samples were
loaded into Monolith NT.115 Standard Treated Capillaries
(NanoTemper Technologies, München, GER). Instrument
parameters were adjusted to 60% LED power and 40% MST
power. A negative control was performed using Cy5-labeled hsa-
miR-16 (5′-UAGCAGCACGUAAAUAUUGGCG[Cyanine5]-3′,
Sigma-Aldrich, Darmstadt, GER) with a final concentration
of 50 nM and a final TLR8 concentration ranging from
6.36 pM to 209 nM. Instrument parameters were adjusted
to 20% LED power and 60% MST power. Data of three
independently measurements were analyzed (MO.Affinity
Analysis software version 2.1.3, NanoTemper Technologies,
München, GER) using the signal from an MST-on
time of 1.5 s.

Immunofluorescence
1 × 106 CD14+ cells were seeded on poly-L-lysine (Sigma-
Aldrich, Darmstadt, GER) coated glass coverslips (12mm,
Neolab, Heidelberg, GER) allowed to settle for 24 h. Cells
were fixed with 4% formaldehyde (FA, Carl Roth, Karlsruhe,
GER) for 10min. After washing 3 times for 3min with PBS,
cells were permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich, Darmstadt, GER) in PBS for 10min. Subsequently,
cells were blocked with 4% BSA (Sigma-Aldrich, Darmstadt,
GER) in PBS for 20min. The primary antibodies against
TLR7 (MA5-16247, Invitrogen, ThermoFisher Scientific,
Waltham, USA) or TLR8 (PA5-20056, ThermoFisher Scientific,
Waltham, USA) were diluted 1:50 (TLR7) or 1:100 (TLR8) in
blocking solution and incubated for 1 h at room temperature.
Afterwards, cells were washed with 0.01% Tween20 (Carl
Roth, Karlsruhe, GER) in PBS 3 times for 5min and incubated
either with secondary antibody goat anti-mouse IgG (Alexa
Fluor R© 594, ab150116, abcam, Cambridge, UK) diluted
1:500 for TLR7 or goat anti rabbit IgG (Alexa Fluor R© 488,
111-454-144, JacksonImmunoResearch, Ely, UK) in blocking
solution for 45min at room temperature. Finally, cells were
washed with 0.01% Tween20 (Carl Roth, Karlsruhe, GER) in
PBS and counterstained with 4′,6-diamidine-2′-phenylindole
dihydrochloride (DAPI, Sigma-Aldrich, Darmstadt, GER) for
5min and mounted in 1,4-Diazabicyclo[2.2.2]octane (DABCO,
Sigma-Aldrich, Darmstadt, GER). Fluorescence microscopy
was carried out using a Zeiss Axiovert 200 microscope. Images
were taken with Plan-Apochromat 100x/NA 1.4 (pixel size
XY = 66 nm) oil immersion objective and a Zeiss AxioCam
mRM camera.

Fuorescences in-situ Hybridization of
miR-574-5p
2.5 × 105 CD14+ monocytes were seeded on 12mm glass
coverslips in a 24-well plate and differentiated into M2-like
macrophages by addition M-CSF to a final concentration of
25 ng/ml and further cultivation for 3 days.

Cells were fixed in formaldehyde (4% in PBS, 10min at room
temperature) followed by Trition X-100 permeabilization (0.5%
in PBS, 10min at room temperature), samples were washed
three times with PBS containing 0.01 % Tween20, respectively.
Coverslips where then placed at 37◦C for 30min covered with
1x miR ISH buffer (Qiagen, Hilden, GER, Cat No./ID: 339450)
for prehybridization. Coverslips where then transferred into a
hybridization chamber and covered with double DIG labeled
anti miR-574-5p probe (Qiagen, Hilden, GER, 100 nM in 1x
miR ISH buffer). Hybridization was carried out at 54◦C for 1 h.
Samples were transferred into a humidified staining chamber and
washed twice with 54◦C warm 2x SSC buffer (20x SSC stock
solution, Invitrogen Karlsruhe, GER). Blocking was performed
with 2% BSA (in PBS, 20min at room temperature). Antigen
detection was performed over night at 4◦C. Anti-miR-574-5p
DIG probe was detected by rabbit anti-DIG antibodies (Thermo
Fisher Scientific, Waltham, USA, 9H27L19, 1 ng/ml final, diluted
in blocking buffer) and TLR8 was detected by mouse anti-TLR8
antibodies (Thermo Fisher Scientific, Waltham, USA, 44C143,
1 ng/ml final, diluted in blocking buffer). Samples were washed
three times with PBS containing 0.01% Tween20. Primary
antibodies where detected using donkey anti-rabbit AlexaFluor
594 conjugated antibodies (abcam, Cambridge, UK, ab150080,
5 ng/ml final, diluted in blocking buffer) and donkey anti-mouse
AlexaFluor 488 conjugated antibodies (abcam, Cambridge, UK,
ab150105, 5 ng/ml final, diluted in blocking buffer) for 1 h at
room temperature. Samples were washed again three times with
PBS containing 0.01% Tween20. Nuclei where counterstained
using DAPI (Sigma-Aldrich, Darmstadt, GER, 1µg/ml, 10min
at room temperature). Samples were washed once with water and
mounted using Mowiol (Sigma Aldrich, Darmstadt, GER).

Statistics
Results are presented as mean+ SEM or± SD. Statistical analysis
was carried out using Student’s unpaired t-test (two-tailed) or
one-way ANOVA with turkey post-test using GraphPad Prism
6.0. Differences were considered as significant for p < 0.05
(indicated as ∗ for p < 0.05, ∗∗ for p < 0.01, ∗∗∗ for p < 0.001 and
∗∗∗∗ for p < 0.0001). Dixon’s test was performed as outlier test.

RESULTS

Isolation of sEV From Synovial Fluid of RA
Patients
We isolated sEV from the synovial fluid of RA patients
positive for anti-citrullinated protein antibodies (ACPA+), which
is associated with a more aggressive RA disease course and
enhanced bone resorption (19). The vesicles were isolated using
differential ultracentrifugation (Supplementary Figure 1A). The
morphology and the size of the isolated vesicles were determined
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FIGURE 1 | Characterization of small extracellular vesicles (sEV). sEV were isolated by differential ultracentrifugation from serum, synovial fluid and HEK 293 cell

supernatants. (A) Transmission electron microscopy (TEM), scale bar 200 nm. (B) Western blot analysis of CD9, Hsp70, CD63, and CD81 (N = 3). Blots and TEM

pictures are shown from one representative experiment. (C) Schematic diagram of osteoclast (OC) differentiation. Cells were stimulated with sEV either at the

monocyte stage (day 1) or the M2-like macrophage stage (day 3) as indicated by the arrows (D,E) Tartrate-resistant acid phosphatase (TRAP) staining of mature OCs

obtained from CD14+ monocytes and cultured in presence of sEV derived from synovial fluid of two ACPA+ RA patients (1, 2, or 4µg/ml). sEV were added to (D)

CD14+ monocytes and to (E) M2-like macrophages. Multinucleated cells with three or more nuclei that were stained with a purple color were considered as OCs. The

relative changes are given as mean + SEM (N = 4), t-test **p < 0.01, ***p < 0.001, scale bar 50µm. Representative images of TRAP positive cells are shown. (F,G)

sEV miR level of miR-574-5p,−16-5p,−155-5p, and−146a-5p isolated from 500 µl serum (F) or 500 µl synovial fluid (G) from three RA patients. Before sEV isolation,

synovial fluid was pre-treated with hyaluronidase (1,500 U/ml) for 15min at 37◦C. MiR levels were determined by RT-qPCR and normalized to the spike-in control

cel-miR-39-3p (200 nM). Data are shown as the mean + SEM (N = 3). *p < 0.05.
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by TEM, showing that the isolated population had the typical
vesicular morphology and sEV size, ranging from 50 to 150 nm
(Figure 1A). Using Western blotting, we were able to detect
specific sEV surface protein markers such as CD63, CD9, Hsp70,
and CD81 in sEV lysates (Figure 1B) (8).

sEV Derived From Synovial Fluid of RA
Patients Induce Osteoclastogenesis
We next investigated whether sEV isolated from the synovial
fluid of ACPA+ RA patients influence osteoclastogenesis. CD14+

monocytes were separated from peripheral blood mononuclear
cells of healthy donors and stimulated with recombinant
human M-CSF, RANKL (20) in combination with different
concentrations of sEV (Figure 1C). In order to assess whether
there were time- and maturation stage-related differences, both
freshly isolated CD14+ monocytes and M2-like macrophages
(21) were treated with sEV (Figures 1D,E). After 9–12 days, cells
were fixed and stained for the OC marker TRAP. We observed a
significant dose-dependent increase (about 30%) in OC numbers,

when the sEV were applied to monocytes (Figure 1D). A similar
increase was observed, when macrophages, a later stage of
OC differentiation, were treated with sEV (Figure 1E). These
results suggest that the content of sEV derived from the
synovial fluid of RA patients may contribute to an increased OC
differentiation process.

Synovial Fluid Derived sEV Contain High
Levels of miR-574-5p
It is known that miRs are selectively packaged in extracellular
vesicles (22) and modulate inflammation and OC formation (23).
Therefore, we selected four different miRs (hsa-miR-146a-5p,
miR-155-5p, miR-16-5p and miR-574-5p) which previously have
been associated with inflammation and/or osteoclastogenesis (14,
24–28). RT-qPCR was performed to analyze the level of each
miR in sEV isolated from synovial fluid and in the corresponding
serum samples from three RA patients. In contrast to miR-146a-
5p, miR-16-5p and miR-155-5p, high levels of miR-574-5p were
detected in sEV isolated from synovial fluid and serum samples.

FIGURE 2 | Comparison of miR-574-5p, 16-5p, 155-5p, and 146a-5p levels in RA synovial fibroblasts (SFs). SFs from RA patients were cultured in sEV-depleted cell

culture medium for 24 h. Medium was replaced by sEV-depleted cell culture medium supplemented with either 10 ng/ml IL-1β, 10 ng/ml TNFα or both for 24 h. MiR

levels were determined by RT-qPCR. (A) Intracellular miR levels were normalized to snRNA U6 endogenous control. Data are shown as mean + SEM (N = 10), t-test

**p < 0.01. (B) MiR content in sEV derived from 1ml cell supernatant was determined by RT-qPCR normalized to the spike-in control cel-miR-39-3p (200 nM). Data is

shown as the mean + SEM of (N = 9). The results of (C) intracellular and (D) extracellular miR-574-5p were additionally evaluated with respect to patient

characteristics. Therefore, miR-574-5p levels of SFs cells derived from ACPA− RA patients (N = 5) or RA patients (N = 4) were normalized to the mean of ACPA−

patients. The relative changes are shown as the mean + SEM. *p < 0.05.
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FIGURE 3 | Effect of sEV delivered miR-574-5p on OC differentiation. (A) HEK 293 cells were transfected with scrambled control (ScrC) or over expressed

miR-574-5p (miR-574-5p oe) XMIRXpress construct. The sEV miR-574-5p level was analyzed by RT-qPCR and normalized to the spike-in control cel-miR-39-3p

(200 nM). Relative changes to ScrC control are presented as the mean + SEM (N = 4), t-test *p < 0.05. (B) miR-574-5p oe sEV were treated with 0.05 mg/ml RNase

(Continued)
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FIGURE 3 | A with and without 1% TritonX. MiR-574-5p level was determined by RT-qPCR and normalized to the spike-in control cel-miR-39-3p. Relative changes to

untreated sEV (w/o) are shown as the mean + SEM (N = 3), t-test **p < 0.01. (C) Purified miR-574-5p oe sEV were labeled with lipophilic tracer

3,3′-dioctadecyloxacarbocy-anine perchlorate (DiO) and added to CD14+ monocytes, which were stained with 5µg/ml Hoechst 33258. Images were taken every

10min, scale bar 10µm. (D–F) TRAP staining of mature OCs obtained from CD14+ monocytes. The cells were cultured in presence of 1µg/ml ScrC or miR-574-5p

oe sEV, which were added at (D) monocyte stage, (E) M2-like macrophage stage or (F) pre-osteoclast stage. TRAP-positive cells with three or more nuclei were

considered as OCs. The relative changes normalized to untreated control cells are given as mean + SEM (D,E) (N = 6) and (F) (N = 3), one-way ANOVA **p < 0.01,

***p < 0.001, ****p < 0.001, scale bar 50µm.

Notably, miR-146a was only detected once in sEV isolated from
synovial fluid, while the same miR was consistently present in
serum-derived sEV (Figures 1F,G).

Synovial Fibroblasts as Cellular Source of
sEV Derived miR-574-5p
SFs play a crucial role in the pathogenesis of RA (29, 30).
We therefore analyzed intracellular and corresponding sEV
levels of miR-574-5p released from RA derived SFs using
RT-qPCR and compared those to the levels of miR-146a-
5p,−155-5p and−16-5p. In order to mimic the inflammatory
environment of the inflamed joint, we stimulated SFs with
10 ng/ml IL-1β or 10 ng/ml TNFα alone or in combination for
24 h (Figures 2A,B). We observed that miR-155-5p, miR-16-5p,
or miR-574-5p levels did not change significantly in response
to IL-1β or TNFα stimulation. MiR-146a-5p was included in
our experiments as a positive control. This miR has been
reported to be strongly induced by IL-1β stimulation which our
experiments also confirmed (31). TNFα stimulation alone had
no influence on miR-146a-5p expression (Figure 2A). We next
isolated sEV from SF cell culture supernatants and performed
RT-qPCR. Very low levels of miR-155-5p or no miR-146a-5p
were found in sEV regardless of stimulation. In contrast, high
amounts of miR-16-5p and miR-574-5p were detected in the
sEV purified from both cytokine stimulated and unstimulated
SFs (Figure 2B), indicating that SFs are competent to secrete
miR-574-5p containing sEV in RA joints. In concordance with
a recent publication (32), we observed a slight but significant
increase in the number of sEV in response to both IL-1β and
TNFα stimulation (Supplementary Figures 1B,C).

Our next step was to compare intra- and extracellular miR-
574-5p levels with regard to patients’ ACPA status. No significant
differences were evident comparing the intracellular expression
ofmiR-574-5p in unstimulated SFs (Figure 2C). Contrary, higher
concentrations ofmiR-574-5p were observed in sEV generated by
SFs from ACPA+ compared to ACPA− patients (Figure 2D).

However, the extracellular level of miR-574-5p was
significantly higher in sEV derived from unstimulated SFs
from ACPA+ RA patients compared to SFs isolated from ACPA−

patients (Figure 2D).

Overexpression of miR-574-5p in sEV
To assess whether the elevated miR-574-5p level in sEV
had an influence on osteoclastogenesis, we established a miR
overexpression system in HEK 293 cells that enhanced miR-
574-5p loading into sEV (miR-574-5p oe sEV). For control
experiments, we used sEV loaded with a scrambled miR (ScrC
sEV). Comparing oe sEVwith ScrC sEV (Figure 3A), we detected
a ∼15-fold increase of miR-574-5p in the oe sEV. A RNase

protection experiment was performed by treating the sEV with
RNase alone or together with a detergent to determine if miR-
574-5p was loaded into the sEV or if it was only attached to the
sEV surface (33). The miR-574-5p was protected from RNase I
digestion unless detergent was added to disrupt the membrane
(Figure 3B). Therefore, we conclude that at least the majority
of miR-574-5p is selectively loaded into the oe sEV. Finally, we
could show that these sEV are taken up by cells like monocytes
(Figure 3C) and HeLa cells (Supplementary Figure 1D), using
confocal microscopic live cell imaging.

sEV With High miR-574-5p Levels Induce
Osteoclastogenesis
In order to investigate the role of sEV derived miR-574-5p during
osteoclastogenesis, we added either 1µg/ml miR-574-5p oe sEV
or ScrC sEV at different time points during OC differentiation
(Figures 3D–F). After ∼12 days of differentiation, the cells were
TRAP-stained and the number of OCs was counted.

When sEV were added at the stage of monocytes, a significant
upregulation of OC numbers was observed in response to
miR-574-5p oe sEV compared to ScrC sEV or untreated
control (Figure 3D). We observed comparable results, when
the engineered sEV were added at the stage of macrophages
(Figure 3E). No significant changes in OC numbers were found
when sEV were added to pre-OCs, neither with the addition of
control or miR-574-5p oe sEV (Figure 3F). These results suggest
that the effect of extracellular miR-574-5p strongly depends on
the maturation stage of the cells during OC differentiation.

Increased Osteoclast Differentiation by
miR-574-5p Is Mediated by TLR7/8
First hints indicating that miR-574-5p represents a novel TLR7/8
agonist (34) were based on its sequence homology to RNA33,
a well-known TLR7/8 ligand (35) (Figure 4A). To validate a
direct interaction between miR-574-5p and TLR8, MST (36)
was performed using Cy5-labeled miR-574-5p and commercially
available human recombinant TLR8.We observed strong binding
of miR-574-5p to TLR8 with a dissociation constant (KD) of 30.8
± 5.24 nM (Figures 4B,C). As negative control we used miR-
16-5p, a randomly chosen natural miR that contains no binding
sequence for TLR8 (Figure 4A), which shows no binding capacity
in MST analysis (Figures 4B,C).

We next investigated whether the increasedOC differentiation
was due to the activation of TLR7/8. During OC differentiation,
all cell types were stained positively for TLR7/8 expression
(Supplementary Figures 2A,B). Furthermore, occasional
colocalization between miR-574-5p and TLR8 was observed
in M2-like macrophages (Supplementary Figures 2C,D).
Therefore, we isolated and stimulated monocytes and
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FIGURE 4 | Increased OC differentiation by sEV-delivered miR-574-5p is mediated by TLR7/8 activation (A) Comparison of sequence homologies of miR-574-5p and

miR-16-5p to RNA33. (B,C) In microscale thermophoresis (MST) affinity assay of miR-574-5p to human recombinant TLR8, 50 nM of Cy5-labeled miR-574-5p and

334 nM−10.2 pM of non-labeled TLR8 were used. As negative control, 50 nM of Cy5-labeled hsa-miR-16-5p with 209 nM−6.36 pM of TLR8 were used. After a short

(Continued)
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FIGURE 4 | incubation, samples were loaded into Monolith NT.115 Standard Treated Capillaries and the MST measurement was performed (B) Dose response curve

reveals a KD of 30.8 ± 5.24 nM for the interaction of miR-574-5p and TLR8. Data are shown as ± SD (N = 3). (C) MST traces shown for miR-574-5p or miR-16-5p

and TLR8. An MST-on time of 1.5 s was used for analysis. (D–G) TRAP-positive OCs obtained from CD14+ monocytes cultured in presence of (D,E) 1µg/ml ScrC- or

miR-574-5p oe sEV together with 200 nM TLR7/8 inhibitor ODN 2087 or (F,G) 10–1,000 ng/ml - TLR7/8 ligand R848 added either at (D/F) monocyte stage or (E/G)

M2-like macrophage stage. TRAP-positive cells with three or more nuclei were considered as OCs. The relative changes normalized to untreated control cells are

given as mean + SEM (N = 4), one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.

macrophages with miR-574-5p oe sEV or ScrC sEV
together with 200 nM of the TLR7/8 inhibitor ODN 2087.
As expected, the miR-574-5p-mediated effect was completely
blocked by the addition of the inhibitor (Figures 4D,E;
Supplementary Figures 3A,B). As a control experiment we used
R848, a known TLR7/8 ligand (37, 38), which was added to the
monocytes and macrophages instead of sEV at a concentration
of 10 ng/ml in the same experimental setup. As previously
with miR-574-5p oe sEV, a significant increase of OC numbers
was observed (Figures 4F,G; Supplementary Figures 3C,D)
that was blocked using TLR7/8 inhibitor. No increase in
osteoclastogenesis was observed, when pre-OCs were stimulated
with the TLR7/8 agonist (Supplementary Figure 3E). This
result was consistent with the results with miR-574-5p oe sEV
or ScrC sEV (Figure 3F). Notably, we observed an increase
in OC differentiation, when monocytes or macrophages were
stimulated with the TLR7/8 ligand R4848. While the agonist led
to an increase inOCnumbers at low doses, the opposite effect was
observed at higher R848 concentrations. The number of OCs was
drastically reduced, when cells were treated with 1µg/ml R848
at all differentiation time points. The same negative effect was
observed when 100 ng/ml of R848 were added to macrophages
and pre-OCs (Figures 4F,G; Supplementary Figure 3E). In
summary, our results strongly suggest that the increase in
OC differentiation by sEV derived miR-574-5p is mediated by
TLR7/8 activation.

sEV Delivered miR-574-5p Induces IFNα

and IL-23 mRNA in CD14+-monocytes via
TLR7/8 Activation
We next aimed to understand which cytokines were increased
by sEV with high miR-574-5p levels. Therefore, we stimulated
CD14+ monocytes either with 4µg/ml of sEV isolated from
the synovial fluid of ACPA+ RA patients or with 1µg/ml
of miR-574-5p oe sEV or ScrC sEV for 4 h. Total RNA was
isolated and the mRNA levels of different TLR7/8 target genes
such as IL-23, IL-8, INFα, IL-1β, and TNFα were analyzed
(Figure 5; Supplementary Figure 4). These cytokines are known
to influence OC differentiation (39). We observed no changes
in IL-23 mRNA levels, while IFNα mRNA levels increased
about ∼3-fold, when cells were treated with sEV isolated from
synovial fluid (Figures 5A,B). When stimulating the monocytes
with miR-574-5p oe sEV, we observed significant 2- and 5-
fold inductions of IL-23 and IFNα mRNA, respectively, while
ScrC sEV had no effect (Figures 5C,D). The induction of IL-
23 and IFNα was reversed by additional application of the
TLR7/8 inhibitor. Comparable results were obtained when
monocytes were stimulated with 10 ng/ml of the TLR7/8 ligand
R848 (Figures 5E,F). In contrast to IL-23 and IFNα, the

mRNA levels of TNFα, IL-1β, and IL-8 were not significantly
affected by sEV isolated from the synovial fluid of RA patients
(Supplementary Figures 4A–C), miR-574-5p oe sEV or R848
(Supplementary Figures 4D–I).

DISCUSSION

sEV were identified as a key factor in cell-to-cell communication
through transfer of miRs (10, 22). A better understanding of
their physiological function in the synovial microenvironment of
RA patients is essential for the development of novel treatment
strategies. While previous studies have shown that extracellular
vesicles play an important role in the pathogenesis of RA (40),
the molecular mechanism and their impact on bone resorption
needs to be further elucidated. Our study shows for the first
time that sEV isolated from synovial fluid of RA patients caused
an increased OC differentiation, which we attribute to high
abundance of miR-574-5p in the sEV.

Different cell types in the joint microenvironment can
contribute to aggressive cartilage and bone resorption (1). In
particular, activated SFs strongly induce osteoclast formation
(29, 30). We identified SFs as a cellular source of sEV with
high miR-574-5p content. Despite the low number of patient-
derived synovial fibroblasts, we observed higher levels of miR-
574-5p in the sEV derived fromACPA+ compared to ACPA− RA
patients. Since ACPA positivity is associated with a more severe
and aggressive course of RA (19, 41), it is intriguing to propose
that miR-574-5p might play a role in ACPA+ RA. However, it is
for future studies to identify the source of high miR-574-5p levels
in ACPA+ RA patients and to investigate the potential impact of
ACPAs on miR-574-5p secretion into sEV.

In order to perform functional assays, we established an
overexpression system in which sEV were loaded with high
amounts of miR-574-5p. We demonstrated that miR-574-5p oe
sEV were taken up by cells and were physiologically active.
CD14+ monocytes and M2-like macrophages were stimulated
withmiR-574-5p oe sEV and significant changes inOC formation
were observed compared to controls. No changes were observed
when the same sEV were applied to pre-OCs, indicating that only
a certain progenitor cell stage is responsive to extracellular miR-
574-5p. Although all cell types show TLR7/8 expression, it can
be speculated that certain downstream proteins are induced in
pre-OCs which negatively regulate TLR signaling in response to
miR-574-5p stimulation (42).

Furthermore, it suggests that the sEV delivered miR-574-5p
might have immune-modulating functions. miRs have proven
to be regulators in immune response (43) via binding to TLRs
(15, 44, 45). sEV-delivered miR-let-7b is able to transform
human- and mouse naive monocytes into inflammatory M1-
like macrophages by activating TLR7 (44). This highlights the
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FIGURE 5 | Effect of sEV-delivered miR-574-5p on IL-23 and IFNα mRNA levels. CD-14+ monocytes were stimulated with (A,B) 4µg/ml sEV isolated from synovial

fluid of ACPA+ RA patients or (C,D) 1µg/ml of ScrC or miR-574-5p oe sEV and 200 nM ODN 2087. Cells were harvested after 4 h of incubation and total RNA was

extracted. Quantification of (A,C) IL-23 and (B,D) IFNα mRNA levels using RT-qPCR. (E,F) CD14+ monocytes were stimulated with 10 ng/µl R848 and 200 nM of

ODN 2087 for 4 h. Total RNA was extracted, and RT-qPCR was performed to quantify (E) IL-23 and (F) IFNα mRNA level. β-Actin was used as endogenous control.

Relative changes normalized to untreated controls are given as + SEM (N = 4), one-way ANOVA, *p < 0.05.
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importance of extracellular miRs in cell-to-cell communication
and their impact on chronic inflammatory diseases. However,
the mechanisms of extracellular miR release and their effects on
target cells are not fully understood.

In our experimental setup, we demonstrated that miR-574-
5p induces osteoclastogenesis only when loaded into sEV.
Synthetic liposomal vehicles or synthetic miRs alone had
no effect on osteoclastogenesis (Supplementary Figures 5A,B).
These findings are in agreement with current understanding that
vesicle-associated miRs are important players in the cell-to-cell
communication, while free miRs may only represent cell by-
products without physiological impact. We can speculate that
sEV uptake depends on proteins and glycoproteins expressed
on the surface of the vesicle as well as on the surface of the
target cell (46). Furthermore, Fabbri et al., demonstrated that
extracellular vesicle-delivered miR-21 and−29a bind to human
TLR8 and trigger downstream to NF-κB activation in the context
of non-small cell lung cancer (15). Since miR-574-5p has a high
sequence analogy to the TLR7/8 ligand RNA33 and induced
phosphorylation of the p65 subunits of NF-κB (15, 34, 35), we
asked whether miR-574-5p might act as direct TLR7/8 ligand
and increases OC differentiation by TLR7/8 activation. With
the results of our MST binding test and our experiments using
the TLR7/8 inhibitor ODN 2087 and the agonist R848, we
could show that miR-574-5p binds to the receptor and thus
mediates increased OC formation via TLR7/8. However, our
results seem to contradict a previous study by Miyamoto et al.,
which reports a decrease in OC formation in response to R848
stimulation (47). This inconsistency could be explained by slight
experimental differences such as the R848 concentration and the
cell types used to analyze the OCmaturation process. Our results
indicate that sEV delivered miR-574-5p has the highest influence
on osteoclastogenesis at monocyte and M2-like macrophage
stages compared to the pre-OC stage. This is probably due to
the binding of miR-574-5p to TLR7/8 whose expression level
is reduced during the monocyte differentiation process (48).
In addition, our results are supported by findings of Salvi
et al., who showed that extracellular miR-574-5p can promote
production of IFNα by inducing human TLR7 activation in
human plasmacytoid dendritic cells (34). In fact, we observed
similar results when we treated monocytes with miR-574-5p
oe sEV stimulation or TLR7/8 ligand R848. In both cases,
we observed an increase in IFNα and IL-23 mRNA levels.
Extracellular miR-574-5p can therefore be considered as a new
immune-modulating mediator which strongly influences bone
resorption in RA via its function as TLR7/8 ligand.

Additionally, it has recently been shown that an elevated
intracellular miR-574-5p expression is directly associated with
an enhanced synthesis of prostaglandin E2 (14), an important
pro-inflammatory lipid mediator which mediates inflammation
in RA (49). This newly discovered link between miR-574-
5p, inflammation and OC-mediated bone resorption offers the
opportunity to develop new RNA-therapeutics. Inhibitors against
miR-574-5p would address simultaneously its intracellular
function as a regulator of prostaglandin synthesis and its
endosomal function as TLR7/8 ligand, which would inhibit bone
resorption in arthritis disease such as RA.
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Type 1 diabetes mellitus (T1DM) is a complex autoimmune disorder that mainly affects
children and adolescents. The elevated blood glucose level of patients with T1DM results
from absolute insulin deficiency and leads to hyperglycemia and the development of life-
threatening diabetic complications. Although great efforts have been made to elucidate
the pathogenesis of this disease, the precise underlying mechanisms are still obscure.
Emerging evidence indicates that small extracellular vesicles, namely, exosomes, take part
in intercellular communication and regulate interorgan crosstalk. More importantly, many
findings suggest that exosomes and their cargo are associated with the development of
T1DM. Therefore, a deeper understanding of exosomes is beneficial for further elucidating
the pathogenic process of T1DM. Exosomes are promising biomarkers for evaluating the
risk of developingty T1DM, monitoring the disease state and predicting related
complications because their number and composition can reflect the status of their
parent cells. Additionally, since exosomes are natural carriers of functional proteins, RNA
and DNA, they can be used as therapeutic tools to deliver these molecules and drugs. In
this review, we briefly introduce the current understanding of exosomes. Next, we focus
on the relationship between exosomes and T1DM from three perspectives, i.e., the
pathogenic role of exosomes in T1DM, exosomes as novel biomarkers of T1DM and
exosomes as therapeutic tools for T1DM.

Keywords: type 1 diabetes mellitus, exosomes, biomarkers, microRNAs, therapy
INTRODUCTION

Type 1 diabetes mellitus (T1DM) is an autoimmune disorder characterized by beta-cell dysfunction
and death caused by autoreactive T cells, an absolute lack of insulin, and elevated blood glucose
levels (1–3). Persistent hyperglycemia leads to the development of life-threatening diabetes-
associated complications such as blindness, stroke, kidney diseases, and heart diseases, thus
decreasing the quality of life of patients and imposing a considerable economic burden on
society and individuals.

Currently, it is widely accepted that a combination of genetic and environmental factors
contribute to an increased risk of T1DM (4–6). Although substantial research efforts have been
made to elucidate the pathophysiology of T1DM, the exact underlying mechanisms are still largely
org November 2020 | Volume 11 | Article 593348165
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unknown. For example, the critical initial triggering events that
result in infiltration of T lymphocytes and pancreatic islet
autoimmunity, which are important in early identification of
T1DM and effective prevention of further islet deterioration,
have not been revealed. Because the pathogenic mechanisms are
obscure, most patients with T1DM rely on life-long exogenous
insulin administration, which only alleviates symptoms. Today,
the most commonly used biomarkers of T1DM are human
leukocyte antigen (HLA) genes and islet autoantibodies.
However, these biomarkers do not fully meet current needs.
The ideal biomarkers should be objective indicators of disease
condition that can be measured accurately and reproducibly,
should identify disease stage and progression and should assess
the outcome of therapies.

Exosomes, which are small vesicles carrying bioactive
molecules such as DNA, RNA, and proteins, have emerged as
important mediators of cellular and interorgan communication.
Evidence shows that exosomes may be involved in the loss of
tolerance towards islet cells and take part in islet autoimmunity
(7). Therefore, a better understanding of exosomes may provide
novel insight into the onset and development of T1DM. In
addition, studies have indicated that the number and
composition of exosomes can reflect the physical and
pathological status of their cells of origin, which means that
monitoring exosomes can be helpful for disease diagnosis.
Therapeutically, exosomes have the potential to be exploited as
novel treatment agents and drug delivery vectors. Therefore,
more comprehensive knowledge of exosomes may not only help
reveal the underlying pathogenic mechanisms of T1DM but also
provide valuable targets for use as disease biomarkers and
therapeutic tools.
EXTRACELLULAR VESICLES
AND EXOSOMES

In recent years, in addition to cytokines, chemokines and
hormones, a new group of modulators called extracellular
vesicles (EVs) that can regulate cell-to-cell communication
have emerged (8). EVs are a group of heterogeneous
lipid bilayer-enclosed structures that are secreted into the
extracellular milieu by multiple types of cells. These small
membrane-bound structures can be released by almost all cell
types in response to endogenous and exogenous stimulation (9).
According to their biogenesis, size, content and biological
function, EVs can be mainly classified as exosomes (EXOs),
apoptotic bodies and microvesicles (MVs) (10–12). However,
given the consensus has not been reached on specific markers of
EV subtypes and the fact that distinguishing the biogenesis
pathway of EVs remains extremely difficult, MISEV 2018
(Minimal information for studies of extracellular vesicles 2018)
recommended authors to use operational terms for EV subtypes
that refer to physical characteristics of EVs, biochemical
compositions, and description of conditions or cell of origin
(13). But in this review, we adopt the description used by
reference literature for the sake of convenience in the recital.
Frontiers in Immunology | www.frontiersin.org 266
Exosomes, which range from 30 to 200 nm in diameter, are
present in various kinds of biological fluids, such as serum,
cerebral spinal fluid, saliva, urine, pleural effusion or ascites, and
breast milk (14–16). They can mediate intercellular
communication via cargo molecules. The cargo delivered by
EXOs includes DNA, RNA (miRNA, tRNA, mRNA, rRNA),
proteins and lipids (8, 17). Because the cargo of EXOs can reflect
the status of their cells of origin, monitoring and repurposing
these nanovesicles can be useful for the diagnosis and therapy of
many diseases, including type 1 diabetes mellitus (T1DM). EXOs
are formed through endosomal networks, and they thus bear
specific markers such as tetraspanins (CD9, CD63, and CD81),
heat shock proteins (HSP70), and the Rab family proteins
Tsg101 and Alix (18, 19). The biogenesis of EXOs can be
divided into three stages: (1) the invagination of early
endosomes, which engulfs content from the cytoplasm; (2) the
formation of multivesicular bodies (MVBs) via inward budding
of the endosomal membrane; and (3) the fusion of MVBs with
the plasma membrane and secretion of exosomes (20). The
biogenesis of EXOs is strictly regulated by multiple factors,
such as the cell type (14), contact inhibition (21, 22), cell
culture (23), Ca2+ (24), and hypoxia (25). More importantly,
many pathological states, such as cancer (26, 27), diabetes (28),
and neuronal degradation (29, 30), affect the yield and content of
exosomes, making it theoretically feasible to apply exosomes for
the diagnosis and treatment of diseases. Upon release, these
exosomes can induce biological responses of recipient cells via a
range of processes, including protein-protein interactions on the
cell surface or entry into the cytosol of recipient cells through
endocytosis and fusion with the plasma membrane (28).
Compared with exosomes, the biogenesis of the MVs (50–
2,000 nm in size) is far less learned. In general, the formation
of MVs is resulted from dynamic interplay between phospholipid
redistribution and cytoskeletal protein contraction, which is
distinct from the biogenesis of exosomes (31). Also, the cargo
of MVs tends to be highly enriched for specific proteins which
are different from exosomes. For example, a study indicated that
the MVs secreted by melanoma cells are enriched for B1
intergrin receptors (32). On the other hand, transferrin
receptors, which are highly detected in exosomes, are missing
in MVs (33). Unlike exosomes and MVs are produced during
normal cellular process, the formation of apoptotic bodies (500–
4000 nm in size) is associated with programmed cell death. This
process is characterized by condensation of the nuclear
chromatin, membrane blebbing, and the cellular content
enclosed by apoptotic bodies (34). Most apoptotic bodies will
be eliminated by macrophages locally (35).

Given the emerging roles of exosomes in multiple
physiological and pathogenic processes, extensive effort has
been applied to further understand exosomes and improve
their isolation methods. A variety of technologies, including
ultracentrifugation, affinity-based capture technology, filtration,
chromatography, precipitation, and microfluidics, have been
developed to isolate EXOs. However, given that the size of
EXOs is extremely small, isolation is very challenging, and all
these techniques have their own limitations (14). Therefore, it is
November 2020 | Volume 11 | Article 593348
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imperative to develop or advance new or existing methods to
isolate exosomes.
THE PATHOGENESIS OF T1DM

The pathogenesis of T1DM is associated with a complex
interplay between genetic and environmental factors. However,
the early triggering events of T1DM are still largely unknown. It
is of particular importance to elucidate the factors that lead to
beta-cell-specific T cell intolerance; these factors may include
genetics, exogenous infection, endogenous superantigens,
physiological stress events, and noninfectious environmental
elements (36). In nonobese diabetic (NOD) mice, an excellent
animal model representing human T1DM, the breakdown of
tolerance to pancreatic islet self-antigens occurs spontaneously in
early life. Before lymphocyte infiltration, physiological
abnormalities of the islets, including vascular pathology,
increased endoplasmic reticulum (ER) stress, and enhanced
expression of inflammatory cytokines, are present in the
pancreas in NOD mice (37, 38). These events may lead to
beta-cell dysfunction and death, thus leading to the release of
autoantigens and the activation of specific autoreactive T cells.

In addition, some reports show that stromal cells, rather than
endocrine cells, might be critical factors inducing local
inflammatory responses and subsequent islet autoimmunity.
For example, peri-islet Schwann cells have been proposed as
early targets involved in the initial peri-insulitis, and a specific
Frontiers in Immunology | www.frontiersin.org 367
population of T cells targeting Schwann cell antigens has been
identified (39, 40). However, given that these cells do not express
candidate antigens of T1DM and some lymphocyte-infiltrated
islets do not undergo the peri-insulitis stage, it can be speculated
that Schwann cells are not the only contributor. Additionally,
islet endothelial cells (IECs) are associated with early triggering
events of T1DM because they may facilitate the infiltration of
autoreactive T cells into islets (41). Moreover, it has been
reported that lymphatic vessel endothelial cells are also
involved in islet inflammatory responses (42). It is more likely
that both beta-cells and stromal cells contribute to early
triggering events. Interestingly, some findings have indicated
that exosomes can mediate communication between different cell
types within the islets and have immunostimulatory as well as
immunomodulatory properties, suggesting that they might serve
as early agents inducing the initial events of T1DM (43).
THE POTENTIAL ROLE OF EXOSOMES
IN T1DM

Emerging evidence has indicated that exosomes, which possess
immunoregulatory functions, may participate in the initiation
and development of autoimmune diabetes (Figure 1) (28, 44).
On the one hand, islet-derived exosomes can activate the
immune system and lead to autoimmune responses (Table 1)
(53). At present, the exact mechanisms by which intracellular
autoantigens are initially detected by the immune system and
FIGURE 1 | Exosomes participate in the pathological process of T1DM. Beta cell-derived exosomes that contain islet autoantigens and specific miRNAs can
activate the immune system. In return, immune cell-derived exosomes can induce beta-cell dysfunction and apoptosis, eventually leading to T1DM. In addition,
exosomes can deliver biological information between beta-cells, and horizontal message transfer can coordinate beta-cell activity. Additionally, some studies have
shown that exosomes may serve as mediators between insulin-producing beta cells and stromal cells and are associated with the revascularization process after
islet transplantation.
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presented to autoimmune T cells have not been fully elucidated
in the pathogenesis of T1DM. Intriguingly, a recent finding
indicates that rat and human pancreatic islets can release
exosomes containing beta-cell autoantigens that belong to
intracellular membrane proteins, including glutamic acid
decarboxylase 65 (GAD65), islet-associated protein 2 (IA-2)
and proinsulin, and released exosomes can be taken up by
dendritic cells and lead to cell activation (45). Moreover, the
anchoring of GAD65 to exosome-mimetic liposomes, whose size
and lipid composition is similar to islet exosomes, can enhance
antigen presentation and T cell activation in individuals
susceptible to T1DM (45). In addition, a previous study
indicated that mouse MIN6 insulinoma cells can release
exosomes that express GAD65 (50). These studies indicated
that exosomes might be important agents in the development
of T1DM. However, there are some problems remained to be
clarified. For example, because the findings are drawn based on
in vitro experiments, in vivo studies are necessary. In addition,
apoptotic beta-cells can also release autoantigens which can be
taken by APCs in pancreatic lymph nodes and activate
autoimmune responses. So whether exosomes are primary
drivers in the initiation of autoimmune responses against
pancreatic beta cells or rather are secondary contributors in
the development of T1DM needs further investigation. But given
the secretion of exosomes is a positive process and can occur
before beta-cell destruction, they are seemed to play more critical
role in the initiation of autoimmune responses.

Moreover, exosomes are closely associated with physiological
islet abnormalities prior to lymphocytic infiltration, including
increased ER stress in beta-cells and enhanced expression of
proinflammatory cytokines. In vitro research indicates cytokine-
induced ER stress can lead to increased exosome secretion by islet
cells and subsequently increased exosomal proteins such as the
chaperones calreticulin, ORP150 and Gp96, which can induce
immune responses via enhanced phagocytosis and adjuvant
capacity (45, 54, 55). The increased secretion of exosomes
during ER stress may be explained by two theories. First, given
their role in intercellular communication, the upregulation of
exosomes may deliver ER stress conditions to neighboring cells.
Second, exosomes may serve as vehicles for the disposal of
unneeded cell material in response to ER stress to regain
homeostasis. Another in vitro study indicated that exosomes
Frontiers in Immunology | www.frontiersin.org 468
containing miR-29b released from beta-cells can stimulate the
secretion of IFN-a, IL-10, and IL-6 by splenocytes from NOD
mice (48). Also, in vitro study indicates that the mouse
insulinoma-derived microparticles also exert a strong adjuvant
effect to induce the secretion of inflammatory cytokines,
including IL-6 and TNF-a, via a MyD88-dependent pathway.
In vivo experiments indicate that immunization with insulinoma-
derived exosomes can cause insulitis in nonobese diabetes-
resistant mouse models and that EXO-reactive Th1 cells and
marginal zone-like B cells are detected in prediabetic NOD female
mice (50, 51). Additionally, islet-derived mesenchymal stem cells
(MSCs) can release highly immunostimulatory exosomes that can
cause T cell-mediated destruction of the pancreatic islets in NOD
mice (7). All these findings suggest that abnormal release of
exosomes may trigger early inflammation and autoimmunity in
the islets. However, whether these phenomena exist in human
body and play a role in physiological process await
further investigation.

On the other hand, exosomes derived from the immune
system may lead to dysfunction and death of beta-cells (Table
1). A recent study indicated that exosomes containing specific
miRNAs, including miR-142-3p/5p and miR-155, released by T
cells can trigger apoptosis and chemokine gene expression in islet
beta-cells of NOD mice (52). These chemokines, including Ccl2,
Ccl7, and Cxcl10, are involved in the recruitment of immune
cells and the promotion of beta-cell death in response to
autoimmune attack. But because human T1DM has some
distinct features compared to NOD mice, future studies need
to clarify the adoptability in human body. Moreover, another
study indicated that plasma-derived exosomes from patients
with T1DM exhibit deregulated miRNAs and that these
miRNAs are involved in the progression of T1DM (56).
Subsequent functional analysis demonstrated that human islets
coincubated with exosomes from T1DM patients showed
decreased insulin output in the second phase in response to
glucose stimulation. This finding suggests that exosomes and
their content may serve as a new communication mediator
between the immune system and insulin-producing beta-cells.

In addition, exosomes can deliver biological information
between pancreatic beta-cells. One study indicated that the
miRNA content of exosomes originating from beta-cells is
regulated by inflammatory mediators, and incubation with
November 2020 | Volume 11 | Article 593348
TABLE 1 | Summary of findings on exosomes and T1DM.

Experimental subjects Findings References

Rats and humans Exosomes released from the pancreatic islets contain beta-cell autoantigens and can activate adaptive immune responses (45)
MIN6B1 cells Exosomal miRNA transfer regulates the activity of beta-cells and transduces apoptotic signals (46)
NOD mice Exosomes released from islet-derived MSCs can trigger autoimmune responses in NOD mice (7)
INS-1 cells NCDase-containing exosomes released by INS-1 cells inhibit beta-cell apoptosis induced by high levels of inflammatory

cytokines
(47)

MIN6 and NOD mice Exosomes containing miR-29b released from beta-cells modulate innate and adaptive immune responses (48)
NHI6F Tu28 Pancreatic beta-cells shed membrane-derived microvesicles (49)
MIN6 and NOD mice Insulinoma-released exosomes can activate autoreactive T cells in NOD mice (50)
MIN6 and NOD mice Insulinoma-released exosomes can activate autoreactive marginal zone-like B cells in prediabetic NOD mice (51)
Human islets and NOD
mice

Exosomal miRNAs derived from T lymphocytes promote pancreatic beta-cell death (52)
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these cytokine-induced exosomes leads to naïve beta-cell
apoptosis (46). This finding provides a novel potential
communication mode to coordinate the activity of beta-cells in
addition to direct cell-to-cell contact and the release of signaling
molecules with autocrine and paracrine functions (57, 58).
Moreover, another study indicated that low-dose cytokines can
stimulate the secretion of exosomes carrying neutral ceramidase
(NCDase) from INS cells and that these NCDase-containing
exosomes can inhibit apoptosis induced by proinflammatory
cytokines at a high concentration. Similarly, NCDase packaged
in exosomes secreted from beta-cells can ameliorate palmitate-
induced apoptosis in INS-1 cells (59). Although this discovery is
more strongly associated with T2DM, it also suggests that
horizontal message transfer between beta-cells via exosomes
does exist and may play an important role in the pathological
process of the pancreatic islets. However, all these findings are
drawn based on cell experiments, in vivo studies are required to
elucidate whether this mechanism also exists in physiological
conditions and evaluate the relative contribution in mediating
lateral communication between beta cells.

Notably, given that almost all cell types can secrete exosomes,
there must be other pathogenic mechanisms apart from the
communication mode mentioned above in the development of
T1DM. For example, studies have shown that compared with
those from healthy controls, breast milk-derived exosomes from
mothers with T1DM contain different levels of miRNAs, and
pathway analysis indicates that these miRNAs are involved in the
modulation of the infant immune system (60). However,
whether this increases the risk of T1DM in infants is unknown.

In conclusion, based on current knowledge, exosomes may
play a critical role in the onset and development of T1DM by
delivering biological information, at least between beta-cells as
well as between the pancreatic islets and the immune system.
Previous studies have demonstrated that a complex network
formed by exosomes may collectively contribute to the onset of
T1DM, but how much of a role exosomes can play remains
further research.

Besides T1DM, exosomes also play a role in other
autoimmune diseases, including rheumatoid arthritis, systemic
lupus erythematosus, and Sjogren’s syndrome (61). It is not
surprising because exosomes can be secreted by almost all cell
types and has multiple biological functions, such as intercellular
as well as interorgan communication and modulation of immune
responses. In fact, exosomes may have broader effects on
regulating physiological and pathological processes due to their
universality and versatility.
EXOSOMES AS NOVEL BIOMARKERS
OF T1DM

Before the manifestation of clinical symptoms, the underlying
autoimmune changes of T1DM occur, and this symptomless
period offers a great opportunity to predict and prevent disease
progression (62). However, suitable biomarkers to identify and
stratify the high-risk population and to evaluate the efficacy of
Frontiers in Immunology | www.frontiersin.org 569
intervention measures have not been developed, as the existing
biomarkers often mark the late stage of T1DM when almost 90%
of beta-cells have been lost. Currently, the combination of
susceptible genes and islet autoantibodies is the most useful
biomarker to predict T1DM risk (63). Previous studies have
identified more than 50 candidate loci; a minority of genes
(HLA) have large effects, but a majority of these genes have
small effects (2). HLA genes confer the greatest risk for the
development of T1DM, and the HLA-DR (DR3/4) and HLA-DQ
(DQ8) genotypes are mostly used to predict the risk of
developing islet autoimmunity (64, 65). Furthermore,
combined evaluations of other risk genes with smaller effect
sizes than HLA do remarkably improve sensitivity and specificity
for the identification of high-risk individuals. However, a study
indicated that 90% of individuals identified through genetic
markers never displayed autoimmunity, and less than 50% of
cases were identified by a combination of genetic markers (66).

The appearance of autoantibodies usually precedes the
clinical manifestation of T1DM by months to years (67). The
major circulating autoantibodies against beta-cell peptides and
proteins include GAD65, IA-2, insulin, and zinc transporter 8
(ZnT8) (68–71). Although there is no evidence that these
autoantibodies contribute to the pathogenesis of T1DM
directly, it has been accepted that they are hallmarks of
T1DM (65). At present, autoantibodies are used as biomarkers
of T1DM in the clinic, and positivity for multiple autoantibodies
is associated with a higher risk of T1DM regardless of family
history (63). In fact, children positive for two or more
autoantibodies almost inevitably develop diabetes. However,
there are some limitations regarding the clinical application of
these markers (67). For example, given that the time from
seroconversion to diagnosis can span from weeks to decades,
other biomarkers are needed before and after seroconversion. In
addition, some patients never display these autoantibodies at
diagnosis, and a subset of autoantibody-positive individuals will
not develop clinical diabetes (72).

Currently, exosomes are viewed as potential biomarkers for
diagnosing disorders such as tumors because the molecular cargo
of exosomes can reflect the cell type and status of their releasing
cells (15, 73). Furthermore, exosomes have additional advantages
compared with traditional diagnostic methods, including (1)
secretion in easily accessible biological fluids, such as urine and
blood; (2) the ability to be preserved for a relatively long time at
−80°C due to their stability; and (3) enhanced molecular stability
in protease- and nuclease-controlled environments (43).

In the context of T1DM, previous studies have indicated that
pathophysiological conditions in the pancreatic islets affect the
composition of exosomes originating from beta-cells (Table 2)
(46, 49). Profiling of exosomal RNAs derived from human islets
with T1DM has demonstrated that RNAs are differentially
expressed in cells subjected to treatment with proinflammatory
cytokines compared to those without cytokine treatment, and
these differentially expressed RNAs are associated with insulin
secretion, necrosis, apoptosis, and calcium signalling (74). This
study applying ex vivo stress model not only provides a
comprehensive map of exosomal RNA from human pancreatic
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islets, but also can pin down the source of these circulating
molecules. Among all the components, exosomal miRNAs are
particularly attractive for developing novel biomarkers of T1DM
(84). Global profiling analysis applying beta-cell lines and
pancreatic islets has revealed that a subset of miRNAs is
preferentially secreted in exosomes, while others are prone to
be retained in cells (46, 85). Moreover, an in vitro study indicated
that the miR-21-5p cargo inside EVs is increased in response to
inflammatory cytokines and has promise as a future biomarker
of T1DM (86). Subsequent research indicates that miR-21-5p
from serum is increased in children with new-onset T1DM
compared with healthy children, and interestingly, the total
serum miR-21-5p is decreased among diabetic individuals,
which proves the cargo within EVs is packed selectively (86).
Future study should focus on identifying EV specific proteins
that facilitate enrichment for EVs originated from beta-cell. With
more practical significance, another study performed plasma-
derived exosome characterization and reported a distinct
miRNA signature in patients with long-duration T1DM, with
seven differentially expressed miRNAs compared with healthy
controls (56). However, the mean duration of diabetic
participants in this study is 25.3 years, which weakens the
potential diagnostic value of identified exosomal RNA. In the
context of T1DM, exosomes have also been identified as
biomarkers of diabetic complications, including nephropathy
(78, 80, 82, 83) and retinopathy (87), and may be used for
noninvasive monitoring of islet transplantation outcome (76).
EXOSOMES AS THERAPEUTIC TOOLS
FOR T1DM

Nowadays, most patients with T1DM rely on life-long insulin
administration, which can only relieve symptoms. According to
existing knowledge about T1DM, the curable strategies lie in re-
establishing immune tolerance, annihilate islet-reactive
lymphocytes, and supplement the depleted beta-cells. Seeing that
exosomes not only play a role in immune stimulation, but also in
immune tolerance, they are emerging as an alternative tool to
induce and rebuild auto-tolerance. Also, some stem cell-derived
Frontiers in Immunology | www.frontiersin.org 670
exosomes have been reported to protect beta-cell from autoimmune
attack, slow disease progression, and improve the survival of
transplanted islets.

The Advantages of Exosomes as
Therapeutic Tool
Given that exosomes can exert biological effects on target cells,
they are viewed as potential therapeutic agents (Table 3). Both in
vitro and in vivo studies indicate that exosomes can transfer
bioactive molecules between cells (101, 102). As a therapeutic
delivery route for functional molecules, including RNA, DNA,
and proteins, or synthetic drugs, exosomes can prevent cargo
decomposition. For example, the clinical application of nucleic
acids as drugs has been impeded because they are easily
degraded. However, this problem can be solved by packaging
RNAs and their mimics inside exosomes. A study indicated that
two miRNAs, miR-106b-5p, and miR-222-3p, contribute to bone
morrow transplantation (BMT)-induced beta-cell regeneration
in mouse models of insulin-deficient diabetes, which may lead to
the development of new therapeutic tools for diabetes (90). In
addition to protecting the cargo from enzymatic degradation, the
use of exosomes as therapeutic vectors has some other
advantages, including (1) the ability to be isolated from
patients themselves to avoid an immune rejection response; (2)
a widespread distribution due to their liposolubility and ability to
cross the intact blood-brain barrier; (3) the ability to be modified
to target specific cell types by carrying special surface proteins or
receptors; and (4) a relatively long half-life in the body (44,
103–105).

Stem Cell-Derived Exosomes and T1DM
Mesenchymal stem cells (MSCs), which can be also defined as
multipotent stromal cells, possess self-renewal ability and can
differentiate into other tissues. MSCs are capable to remodel the
injured and inflammatory tissues and maintain homeostasis of
microenvironment by directly differentiating into required cell
types or secreting bioactive and soluble factors. In addition, some
evidences indicate MSCs can suppress excessive immune
response, such as activation of T cells and B cells, via their
paracrine ability (106, 107). These immune regulatory
TABLE 2 | Summary of findings on exosomes as biomarkers of T1DM.

Experimental
subjects

Findings References

Humans Exosomal miRNAs may serve as potential circulating biomarkers of T1DM (74)
Humans Analysis of plasma-derived exosome miRNAs as novel diagnostic tools for T1DM (56)
Humans Circulating transplant islet-specific exosomes may be a novel diagnostic tool for recurrent autoimmune T1DM after islet transplantation (75)
Humans and
mice

Transplanted islet-derived exosomal miRNAs as biomarkers for monitoring immune rejection (76)

Humans Urinary excretion of AQP2 and AQP5 via exosomes as biomarkers for T1DM nephropathy (77)
Humans Urinary podocyte EVs may serve as early biomarkers of glomerular injury in T1DM (78)
Humans High levels of exosomal cytokines and angiogenic factors in plasma may serve as biomarkers of diabetic ocular complications (79)
Humans Increased cystatin B and altered protease profiles in urinary EVs may serve as biomarkers of kidney damage in T1DM (80)
Rats Decreased urinary exosomal regucalcin may serve as a biomarker of diabetic kidney disease (81)
Humans Urinary exosomal miR-145 may serve as a biomarker of T1DM with diabetic nephropathy (82)
Humans The WT1 protein in urinary exosomes may be an early noninvasive marker of diabetic nephropathy in T1DM (83)
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characteristic of MSCs has been studied for the treatment of
autoimmune disorders, such as T1DM, multiple sclerosis
and inflammatory bowel disease (108). Though MSC therapy
has great therapeutic potential for multiple diseases, it still has
several critical limitations, such as high cost, low reproducibility,
and safety issues. Inspiringly, EVs, including exosomes, seem to
mirror biophysical characteristics of parent cells and convey the
cell functions. Some studies have indicated that the protective
paracrine effects of MSCs are at least partially mediated by EVs,
that is, EVs have homologous anti-inflammatory and
regenerative effects as MSCs (109).

To date, accumulated research suggests that stem cell-derived
exosomes possess congenital therapeutic potential and might
protect pancreatic beta-cells from autoimmune assault, thus
ameliorating disease progression (105, 110). It has been
reported that exosomes isolated from menstrual blood-derived
MSCs enhance beta-cell regeneration and insulin secretion
through the pancreatic and duodenal homeobox 1 pathway in
rat models of T1DM (91). However, there is no significant
impact on non-fasting blood glucose observed, indicating the
increased insulin might still be below the normal level. Therefore,
further investigation focused on identifying administration dose
and duration of therapy of exosomes may be necessary.
Additionally, a recent study indicated that streptozotocin
(STZ)-induced diabetic rats treated with exosomes derived
from MSCs display lower blood glucose levels and higher
plasma insulin levels, indicating the regeneration of insulin-
producing beta-cells (92). Histopathological examination also
proved that there is an increase in the size and number of beta-
cells with decreasing fibrosis and inflammation of the islets.
Moreover, in comparison with their parent cells, MSC-derived
exosomes showed superior therapeutic and regenerative results
(92). In fact, some researchers have stated that exosomes can be
used as an alternative to whole stem cell therapies because they
are safer, faster, and easier to inject, with more efficient outcomes
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and longer storage times than stem cells (92, 111). However,
more research may be needed to elucidate the reason why
exosomes encompass greater regenerative ability than MSCs
themselves, and which substances inside exosomes actually
function. In addition to enhancing beta-cell regeneration and
function, MSC-derived exosomes also have immunomodulatory
effects (112–114). In vitro studies demonstrate that EVs derived
from bone marrow MSCs induce regulatory dendritic cells and
inhibit the proinflammatory responses of T cells against the
GAD antigen in patients with T1DM (88, 115). In vivo
experiments indicated that exosomes derived from adipose
tissue-derived MSCs exert protective effects on STZ-induced
T1DM mice by increasing the population of regulatory T cells
and their products without increasing the proliferation index of
lymphocytes (89). All these findings suggest that EVs can mimic
the immunoregulatory properties of MSCs and better
understanding of involved mechanisms will benefit cell-free
therapeutic application.

Stem Cell-Derived Exosomes and T1DM
Complications
Moreover, some animal experiments have indicated that
exosomes can also ameliorate diabetic complications (99, 116).
Rat bone marrow MSC-derived exosomes can improve cognitive
impairment in STZ-induced diabetic mice by repairing damaged
neurons and astrocytes, thus reversing dysfunction (98).
Although this study shows the exosomes released from MSCs
boost impaired neuronal functions, the involved specific proteins
or RNA are not identified. Another study showed that exosomal
miR-let7c derived from MSCs attenuated kidney injury by
preventing renal fibrosis in C57BL/6J mice, which are
susceptible to diet-induced obesity and T2DM, with unilateral
ureteral obstruction (100). An in vivo study indicated that
exosomes released by human urine-derived stem cells can
prevent podocyte apoptosis and promote cell survival as well
TABLE 3 | Summary of findings on exosomes as a potential therapeutic strategy for T1DM.

Experimental subjects Findings References

Human MSCs and PBMCs MSC-derived MVs inhibit inflammatory T cell responses in the islets via induction of regulatory dendritic cells in T1DM (88)
STZ-induced mouse model of
T1DM

Exosomes released by adipose tissue-derived MSCs exert immunomodulatory effects upon T cells and ameliorate
clinical symptoms of T1DM

(89)

Human pancreatic islets Islet-derived EVs are involved in beta cell-endothelium cross-talk and the neoangiogenesis process and may benefit
engraftment of transplanted islets

(85)

Mouse model of insulin-deficient
diabetes

Exosomal miR-106b and miR-222 derived from transplanted bone morrow promote beta-cell proliferation and
ameliorate hyperglycemia

(90)

STZ-induced rat model of T1DM Stem cell-derived exosomes may regenerate beta-cells through the Pdx-1 pathway (91)
STZ-induced rat model of T1DM Exosomes derived from MSCs exert therapeutic and regenerative effects upon the pancreatic islets (92)
Rat model of diabetic
nephropathy

Exosomes released by human urine-derived stem cells prevent kidney injury in rats with T1DM (93)

STZ-induced rat model of T1DM Adipose tissue-derived MSC exosomes improve erectile function in diabetic rats (94)
Rat model of T1DM Exosomal miR-145 released by bone morrow stromal cells exerts neurorestorative effects in diabetic rats with stroke (95)
STZ-induced diabetic rat model Exosomes released by human endothelial progenitor cells promote cutaneous wound healing in diabetes (96)
NOD scid gamma mouse model MSC-derived exosomes improve islet transplantation by enhancing islet function and inhibiting immune rejection (97)
STZ-induced diabetic mouse
model

Exosomes released by bone morrow MSCs improve diabetes-induced cognitive impairment (98)

Transgenic mouse model Hsp20-engineered exosomes may be a potential therapeutic agent for diabetic cardiomyopathy (99)
C57BL/6J mouse model Exosomal miRNA let7c derived from MSCs attenuates renal fibrosis in diabetes (100)
Rat model of T1DM Exosomes derived from human urine-derived stem cells prevent T1DM kidney complications (93)
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as vascular regeneration in rats with T1DM (93). Future studies
to clarify the underlying mechanisms and pathways of exosomes
on preventing diabetic kidney impairment are necessary.
Additionally, exosomes isolated from human endothelial
progenitor cells can facilitate cutaneous wound healing by
promoting angiogenic activity and vascular endothelial
function in diabetic rats and mice (96, 117). Similarly, future
research should focus on determining the exact components
within exosomes contributing to wound healing of diabetic
patients before clinical use. In addition to biomolecule delivery,
exosomes can also be applied to deliver synthetic drugs, such as
curcumin, that can ameliorate neurovascular dysfunction after
stroke in T1DM (43). In conclusion, the animal studies
mentioned above indicate that stem cell-derived exosomes
have great potential to treat T1DM and diabetic complications
and further investigation should elucidate their clinical value in
patients with T1DM. However, it should be considered that
exosomes could still allow existing tumors to invade the immune
system because they can promote cell survival, stimulate
angiogenesis, and modulate immunity, although they exhibit a
greatly decreased risk of carcinogenesis and maldifferentiation
compared with MSCs (118, 119).

Exosomes and Islets Transplantation
Encouragingly, some research suggests that exosomes might
promote the survival of transplanted pancreatic islets and enhance
the efficiency of this treatment (120). The cross-talk between
endothelial cells and beta-cells is critical for islet transplantation
because it is associated with the revascularization process. In vitro
experiments indicate that human islet-derived exosomes carrying
angio-miRNAs can be captured by intraislet endothelial cells and
favor angiogenesis and engraftment (85). Further studies
should focus on evaluating whether they can be applied in
inhibiting ischemia-reperfusion injury in solid organ and cell
transplantation. It has also been reported that MVs released from
endothelial progenitor cells can activate an angiogenic program
and sustain vascularization in SCID (severe combined
immunodeficient) mice, which lack both T and B lymphocytes
(121). Furthermore, islet-derived exosomes have been observed to
induce the expression of proangiogenic and antiapoptotic factors and
inhibit antiangiogenic and proapoptotic molecules in islet
endothelial cells (85). In addition to promoting revascularization,
exosomes can improve islet transplantation through
immunomodulatory effects. A study indicated that MSC-derived
exosomes can improve islet transplantation by enhancing regulatory
T cell function and inhibiting peripheral blood mononuclear cell
(PBMC) proliferation (97). For safety concerns, the dose of factors
inside exosomes needs to be accurately investigated. In summary, in
the context of islet transplantation, exosomes may represent an
exciting new therapy not only for the improvement of
revascularization but also for the induction of transplant tolerance.

There are several practical problems that should be taken into
consideration before any clinical use. First, the cell origin of
exosomes affects their distribution, suggesting organotropic
characteristics (104, 122). Therefore, modification of the
exosome membrane may increase binding to specially targeted
cells. Moreover, the route of administration, including
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intraperitoneal or intramuscular administration, can decrease
the accumulation of exosomes in the liver, potentially leading to
a higher concentration in target organs, such as the pancreas
(122). Finally, the timing and clearance pattern of exosomes
should be investigated. Studies show that macrophage-depleted
mice display slower disappearance of injected exosomes,
suggesting that macrophages may be associated with exosome
clearance (123).
CHALLENGES AND PROSPECTS

In the past few decades, exosomes have shown great potential in
development of autoimmune diseases, including T1DM.
However, their basic and applied research is still in the early
stage, and many challenges must be overcome. First, in all studies
associated with exosomes, the isolation, purification and
identification process is the first and the most important step.
Nowadays, the most effective technique to get exosomes is
differential ultracentrifugation, which cannot obtain exosomes
with 100% purity. Exosomes in most T1DM studies actually
represent mixed EV populations, mainly including exosomes and
MVs. Therefore, the further research should focus on developing
the specific markers to distinguish different subtypes of EVs. In
addition, one issue in the application of exosomes for diagnostic
markers is process portability, so unified methodologies for the
isolation, purification, and characterization of exosomes should
be generated before translation to clinical practice. Moreover,
exosomes isolated from biofluids such as blood derive from
multiple different tissues and organs. However, no clear surface
markers have been identified for exosomes from different cell
types. In the context of T1DM, the abnormality of both
pancreatic islets and immune system contributes to its
pathological process and many kinds of cells take part in its
onset and development. Thus, developing approaches to
determined origination of exosomes will be beneficial to clarify
their functions in T1DM and reveal the underlying mechanisms
of this disease. Finally, exosomes have shown “double-edged
sword” characteristic, not only promoting, but also suppressing
diseases progression, such as tumors (124). Therefore,
identifying exosomes subgroups on the basis of their functions
is equally critical.
CONCLUSION

Currently, the treatment of T1DM and its related complications
is associated with an enormous economic burden for both
society and individuals. Early identification of high-risk
individuals do not catch T1DM is critical to implement timely
preventive measures and avoid or delay disease exacerbation.
Additionally, more comprehensive knowledge of the
pathophysiological process will help us treat the root cause of
diabetes rather than relieving its symptoms only. For the past few
years, EVs, especially exosomes, have emerged as important
agents mediating intercellular communication. Exosomes take
November 2020 | Volume 11 | Article 593348

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pang et al. Exosomes and T1DM
part in not only physiological processes in the body but also
pathological conditions. Accumulated evidence has shown that
they are involved in the onset and development of diabetes and
that disease conditions alter the number and cargo of exosomes.
Therefore, a better understanding of exosomes will help us reveal
the underlying pathogenic mechanisms of T1DM, provide novel
biomarkers for diagnosis, and lead to the development of new
therapeutic strategies.
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The results of recent studies have shown that granulocytic-myeloid derived suppressor
cells (G-MDSCs) can secrete exosomes that transport various biologically active
molecules with regulatory effects on immune cells. However, their roles in autoimmune
diseases such as rheumatoid arthritis remain to be further elucidated. In the present study,
we investigated the influence of exosomes from G-MDSCs on the humoral immune
response in murine collagen-induced arthritis (CIA). G-MDSCs exosomes-treated mice
showed lower arthritis index values and decreased inflammatory cell infiltration. Treatment
with G-MDSCs exosomes promoted splenic B cells to secrete IL-10 both in vivo and in
vitro. In addition, a decrease in the proportion of plasma cells and follicular helper T cells
was observed in drainage lymph nodes from G-MDSCs exosomes-treated mice.
Moreover, lower serum levels of IgG were detected in G-MDSCs exosomes-treated
mice, indicating an alteration of the humoral environment. Mechanistic studies showed
that exosomal prostaglandin E2 (PGE2) produced by G-MDSCs upregulated the
phosphorylation levels of GSK-3b and CREB, which play a key role in the production of
IL-10+ B cells. Taken together, our findings demonstrated that G-MDSC exosomal PGE2
attenuates CIA in mice by promoting the generation of IL-10+ Breg cells.

Keywords: granulocytic myeloid-derived suppressor cells, exosomes, prostaglandin E2, collagen-induced arthritis,
IL-10+ Breg cells
INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic inflammation
in the synovium. Collagen-induced arthritis (CIA) is a well-established experimental model of human
RA in mice, which exhibit severe swelling of the paws, synovial hyperplasia and joint ankylosis after
type II collagen immunization (1–3). These phenomena are the result of the infiltration of
lymphocytes into the synovium and the production of collagen-specific IgG autoantibodies by B
org November 2020 | Volume 11 | Article 588500177
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cells (4). Recently, a new subset of B cells termed regulatory B cells
(Breg cells) were identified that can secrete interleukin-10 (IL-10)
to inhibit the production of proinflammatory cytokines and
restrain excessive immune responses (5, 6). The adoptive
transfer of Breg cells has been reported to suppress the
development of arthritis (7). Additionally, B cell-derived IL-10 is
necessary for protecting NOD mice from Type 1 diabetes (T1D),
as the infusion of NOD-IL-10−/− B cells has no effect on disease
improvement (8). Therefore, the use of Breg cells may be an
effective means of treating RA in the future.

Myeloid derived suppressor cells (MDSCs) are heterogeneous
immature myeloid cells that possess a strong ability to suppress
immune responses (9, 10). According to their morphological
characteristics and the expression of Gr-1, murine MDSCs are divided
into two major populations: granulocytic MDSCs (G-MDSCs) and
monocyticMDSCs(M-MDSCs)(11,12).Bothcell typescanexpandand
accumulate under pathological conditions, including tumor formation,
inflammationandpathogen infection (13,14). Inaddition these cells can
express immuno-suppressive factors such as arginase-1 (Arg-1),
inducible nitric oxide synthase (iNOS), transforming growth
factor-b (TGF-b) and cyclooxygenase-2 (COX-2) (15). COX2 is
an inducible enzyme that can be activated in variety of cells under
specific conditions (16). As COX2 can convert arachidonic acid
(AA) into prostaglandin E2 (PGE2), the level of PGE2 is typically
used as an indicator of COX2 activity (17). PGE2 is a
proinflammatory mediator produced by cancer and myeloid cells
that acts on G-protein-coupled receptors (18, 19). MDSCs have
been reported to express high levels ofCOX2and are amajor source
of PGE2. This positive feedback loop between PGE2 and COX2
plays important role in the function and stability of MDSCs (20,
21). Studies have shown that PGE2 can regulate Th2-mediated
cytokine spectrum, especially with respect to promoting IL-10
production (22, 23). PGE2 can also exert anti-inflammatory
activities on macrophages and dendritic cells (24, 25). These
effects are highly correlated with the inhibition of glycogen
synthesis kinase 3 (GSK3) induced by PGE2. GSK3 is a
ubiquitous serine/threonine kinase that has been shown to be a
convergence point for many signaling pathways, with GSK3 being
able tophosphorylateover50substrates to regulate cellular function
(26). Furthermore, the effective use of GSK3 inhibitors to treat CIA
has been reported due to their ability to alleviate joint swelling and
eliminate histologically graded damage (27).

Exosomes are nanosized vesicles produced by multivesicular
bodies (MVBs) that harbor multiple membrane proteins, such as
CD9, CD81, andCD63 (28). Smallmolecules, such aswater-soluble
proteins, nucleic acids, and lipids can be transported from donor to
recipient cells through exosomes, allowing for the exchange of
substances and information between donor and recipient cells (29).
Exosomes exhibit better stability than the parent cells in the
treatment of diseases. Furthermore, studies have shown that the
exosomes of immature DCs treated with immunoregulatory
Abbreviations: G-MDSCs, granulocytic-myeloid derived suppressor cells; RA,
rheumatoid arthritis; CIA, collagen-induced arthritis; CII, type II collagen; IL-10,
interleukin-10; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2; glycogen
synthesis kinase-3b, GSK-3b; CREB, cAMP response element binding protein;
Breg, regulatory B cells; Tfh, follicular helper T.
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cytokines can inhibit inflammation and alleviate the course of
CIA in the rat footpad model of delayed hypersensitivity (30).
Therefore, exosomesmay be used in potential therapies for arthritis
and other autoimmune diseases in the future (31).

In the present study, we showed that G-MDSCs exosomes
(G-exo) could attenuate the disease process of murine CIA.
Furthermore, G-exo could promote IL-10+ Breg cell generation
in vivo and in vitro, which was primarily associated with
exosomal PGE2. Taken together, the results of the present
study demonstrated that G-MDSC exosomes are a potentially
novel mediator for the treatment of CIA mice.
MATERIALS AND METHODS

Mice
DBA1/J mice (8–10 weeks old, male) were purchased from the
Shanghai Laboratory Animal Center (Shanghai, China), and
C57BL/6 mice (6–8 weeks, male) were purchased from the
Jiangsu University Animal Center (Zhengjiang, China). All
animal experiments performed in the present study were
approved by the Jiangsu University Animal Ethics and
Experimentation Committee.

Induction and Assessment of Arthritis
Briefly, the DBA1/J mice were immunized by injecting 100 mg of
emulsions that were acquired by bovine type II collagen (CII;
Chondrex, WA, USA) emulsified with an equal volume of
complete Freund’s adjuvant (CFA, Sigma-Aldrich, St. Louis, MO,
USA).Onday 21, themice received a secondary immunizationwith
a booster emulsion prepared with CII and incomplete Freund’s
adjuvant near the primary injection site. To determine the effects of
the G-exo treatment, mice received 100 mg of G-exo on days 18 and
24 after the first immunization. From day 21 on, mice were scored
for signs of arthritis every 3 days. Each paw was evaluated and
scored individually using a 0 to 4 scoring system as previously
described (27).

Histopathologic Examination
Mice were sacrificed on day 42, and murine joint tissue
specimens were obtained and fixed in 10% phosphate-buffered
formalin for 3 days. Tissue sections (4-mm-thick) were stained
with H&E to examine morphological features and perform
histologic arthritis scoring.

Isolation of G-MDSCs
Tumor –bearing mice were established with the Lewis lung
adenocarcinoma cell line. G-MDSCs were harvested from
mouse spleens using G-MDSC isolation kits (Miltenyi Biotec,
Cologne, DE) according to the manufacturer’s protocol. The
purity was evaluated by measuring the expression of Ly-6G and
CD11b via flow cytometry (FCM).

Extraction and Identification of Exosomes
G-MDSCs were first cultured in plates (in R1640 medium
supplemented with 10% fetal bovine serum ultracentrifuged at
100,000g for 16 h at 4°C) at 37°C under an atmosphere with 5%
November 2020 | Volume 11 | Article 588500
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CO2. After 16 h, the culture supernatant was obtained. Subsequently,
the cultures were centrifuged to remove debris as follows: 500 × g for
10 min at 4°C, 1,000g for 10 min and 10,000g for 30 min. Then, the
supernatants were filtered through 0.22-mm pore filters (Millipore,
Billerica, MA, USA). Exosomes were precipitated using an exosome
extraction kit (SystemBiosciences, Palo Alto, CA, USA), dissolved in
PBS and then stored at −80°C. During the purification of celecoxib-
treatedG-exo, theG-MDSCs used to extract exosomeswere cultured
in the presence of graded doses of celecoxib (Pfizer Inc., La Jolla, CA,
USA). Subsequently, the purified G-exo were fixed and examined by
transmission microscopy (Tecnai-12; Philips, Amsterdam,
Netherlands) as previously described. The protein concentrations
were determined by using a Micro BCA protein assay kit (Beijing
ComWin Biotech, Beijing, China). In this study, we also prepared
neutrophil-derived exo (Neu exo), which served as control for G-
MDSC exo. The concentration and size distribution of the G-exo
were measured via nanoparticle tracking analysis (NTA). The
expression of the exosomal marker CD63, CD9, and the negative
marker calnexin was measured by Western blot analysis.

Isolation and In Vitro Culturing of B Cells
For in vitro experiments, CD19+ B cells were isolated from spleens
usingmouseCD19microbeads (MiltenyiBiotec).Then,B cellswere
cultured in medium supplemented with 10 µg/ml LPS (Sigma-
Aldrich) alone or together with G-exo.

Exosomes Labeling and Uptake
Exosomes were labeled with PKH67 (Sigma-Aldrich) according
to manufacturer’s instructions. Isolated B cells were first
incubated with labeled exosomes for 6 h before being washed
with exosome-depleted FBS and then pelleted by centrifugation
for 5 min in 400 × g. The pelleted cells were then resuspended,
after which red fluorescent dye PE (Bio-legend) was added to the
cell suspension for 4 min. Subsequently, the reaction was stopped
by the addition of an equivalent volume of exosome-depleted
FBS, after which the cells were washed with PBS, fixed with 4%
paraformaldehyde for 15 min, and then mounted with Hoechst
nuclear stain.

Flow Cytometry Analysis
Single cell suspensions were immunostained with various
combinations of fluorescent dye-conjugated antibodies against the
following proteins: CD19, CD4, CXCR5, PD-1, CD138, and B220
(eBioscience, San Diego, CA, USA). For intracellular cytokine
staining, single cell suspensions were simulated with 50 ng/ml of
phorbol myristate acetate (Sigma-Aldrich), 1 µg/ml of ionomycin
(Enzo, Farmingdale,NY,USA) and2 µg/ml ofmonensin (Enzo) for
5h. Then, the anti-IL-10mAb (eBioscience) used to for intracellular
staining of IL-10 according to the manufacturer’s instructions, and
the stained cells were analyzed by flow cytometry using a FACS
Calibur instrument (BD Biosciences, San Jose, CA, USA).

Quantitative Reverse Transcription PCR
(RT-qPCR)
To assess gene expression in B cells, we first extracted total RNA
from samples using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Then, cDNA was synthesized with a ReverTraAce qPCR
Frontiers in Immunology | www.frontiersin.org 379
RT kit (Toyobo, Osaka, Japan). The expression of IL-10 was
assessed using the cDNA samples for RT-qPCR analysis based
on SYBR green detection method (Bio-Rad, Hercules, USA).The
sequences of the primers used are as follows: IL-10, 5-GGTTG
CCAAGCCTTATCGGA-3 (forward), 5-ACCTGCTCCACTG
CCTTGCT-3 (reverse).

ELISA
The levels of total IgG in murine serum samples and IL-10 in
culture supernatant were measured using ELISA Ready SET-Go
kits (eBioscience) following the manufacturer’s protocol. The
concentration of prostaglandin E2 (PGE2) was assessed using a
Prostaglandin E2 ELISA Kit-Monoclonal (Cayman Chemical,
Ann Arbor, MI) following the manufacturer’s instructions. This
assay is based on the competit ion between PGE2-
acetylcholinesterase conjugate for a limited amount of PGE2
monoclonal antibody. PGE2 was quantified using the equation
obtained from the standard curve plot. Chick collagen type 2 was
coated on the plate overnight at 4°C. The plates were washed with
0.05% Tween-20 in PBS and then blocked with 5% BSA for 1 h.
Then the plates were washed for three times and added into
diluted serum. The plates were incubated at 37°C for 1 h.
Subquently, the plates were washed and added with HRP-
labeled lgG antibodies. Finally, OPD peroxidase substrate was
added into plates. The absorbance was measured at 450 nm.

Western Blot Analysis
Proteins extracted from cells were prepared as described previously.
Then, the lysates were separated by 12% SDS-PAGE and transferred
onto immobilon polyvinylidene difluoride (PVDF) membranes
(Bio-Rad), which were then blocked with 5% BSA in Tris-
buffered saline with Tween 20. The membranes were then
incubated with specific rabbit antibodies against phosphorylated
(p)-GSK-3b (Santa Cruz Biotechnology, Texas, USA), total (t)-
GSK-3b (Wanleibio, Shenyang, China), phosphorylated (p)-cAMP
response element binding protein (CREB) (Wanleibio, Shenyang,
China) and total (t)-CREB (Wanleibio, Shenyang, China) followed
by an incubation with the secondary HRP-conjugated goat anti-
rabbit IgG (CST, Danvers, MA, USA) according to manufacturer’s
protocol. Finally, chemiluminescent detection reagent (Champion
Chemical, CA, USA) was used to visualize the bands on the
PVDF membranes.

Statistical Analysis
All data were analyzed with a two-tailed Student’s t-test or one-
way ANOVA using SPSS 16.0. When the p value was less than
0.05, differences were considered statistically significant.
RESULTS

Extraction and Identification
of G-MDSCs Exosomes
G-MDSCs were isolated from the spleens and analyzed by flow
cytometry. The results showed that the G-MDSC purity was
greater than 95%, which met the needs for follow-up
experiments (Figure 1A). Subsequently, G-exo were extracted
November 2020 | Volume 11 | Article 588500

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wu et al. G-MDSC Exosomal PGE2 Ameliorates CIA
by differential centrifugation followed by the use of an exosome
extraction kit according to the manufacturer’s instructions. To
identify the specific proteins expressed on exosomes,
the extracted G-exo were evaluated by Western blot analysis.
The results showed that CD63 was expressed in G-exo, whereas
calnexin was not detected (Figure 1B). Further characterization
by transmission electron microscopy and nanoparticle
tracking analysis (NTA) indicated that the exosomes were
saucer-like bilayer membrane vesicles with a particle size
distribution peak of 99.6 nm (Figures 1C, D).

G-MDSCs Exosomes Attenuate
the Development of CIA in Mice
To test whether G-exo can attenuate murine CIA, DBA1/J mice
were administered an i.p. injection of G-exo (100 mg/mouse/
injection) on days 18 and 24 after the first immunization. We
observed that G-exo-treated mice were less susceptible to CIA
than mice in the control group. First, the arthritis onset and
disease progression were analyzed. As shown in Figure 2B, the
mean arthritis index of G-exo-treated mice was lower than that
observed in control mice. Although there was no significantly
difference, CIA group mice had been completely suffered at 33
days, while mice treated with G-exo did not become fully ill until
Frontiers in Immunology | www.frontiersin.org 480
39 days (Figure 2C). Second, the swelling caused by collagen
stimulation in paws was strikingly reduced by G-exo treatment,
while this change was not observed in the control group mice
(Figure 2D). Third, histologic hind paw examinations revealed
that substantial inflammatory cells infiltrated the articular cavity
of control mice, which was accompanied by synovial cell
proliferation and injury of the articular cartilage. In contrast,
G-exo-treated arthritic mice showed significant improvement in
the joint injury (Figure 2E). Furthermore, markedly lower levels
of total IgG and anti CII antibodies were observed in the serum
samples of G-exo-treated mice compared to that observed in the
control mice (Figures 2F, G). Taken together, these results
suggested that G-exo can attenuate collagen-induced arthritis,
indicating their potential therapeutic effect.

G-MDSCs Exosomes Increase the
Proportion of IL-10+ B Cells but Decrease
That of Plasma Cells and Follicular Helper
T Cells in CIA
Considering the effect of G-exo on CIA mice described above, we
next assessed whether G-exo treatment may have regulate the
humoral immune response in arthritic mice. As shown in
Figure 3A, the proportions of IL-10+ B cells in the spleens and
A

B D

C

FIGURE 1 | Extraction and identification of G-exo. (A) G-MDSCs were sorted from mouse spleens using immunomagnetic beads. The expression of Ly-6G and
CD11b was analyzed by flow cytometry. (B) The expression of CD63, CD9 and calnexin was assessed by Western blot analysis. (C) Representative transmission
electron micrograph of G-exo (scale bar = 200 nm). (D) Particle size distribution of G-exo analyzed by nanoparticle tracking analysis (NTA). The presented data are
from one of three independent experiments.
November 2020 | Volume 11 | Article 588500

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wu et al. G-MDSC Exosomal PGE2 Ameliorates CIA
drainage lymph nodes (dLNs) of arthritic mice treated with G-
exo were increased compared with that observed in control mice.
The level of mRNA IL-10 was also upregulated in the spleens and
dLNs in G-exo-treated CIA mice (Figure 3B). In addition,
further results revealed that mice treated with G-exo had a
decreased proportion of B220-CD138+ plasma cells in the
dLNs, while no significant difference was observed in the
spleens (Figure 3C). The proportion of CD4+CXCR5+PD-1+

follicular helper T (Tfh) cells was decreased in the spleens and
dLNs of arthritic mice treated with G-exo (Figure 3D). Thus, our
data indicated that G-exo promoted IL-10+ B cells generation but
inhibited Tfh and plasma cells, which may contribute to the
remission of arthritis.

G-MDSCs Exosomes Promote the
Generation of IL-10–Producing B Cells
In Vitro
Based on the regulatory effect of G-exo on arthritic mice, we
examined the role of G-exo in B cells in vitro. Splenic B cells were
first cocultured with PKH-67–tagged G-exo for 6 h. Subsequently,
the membranes of cultured B cells were stained with PE dye. As
shown in Figure 4A, the images revealed that G-exo could be
taken up by B cells, as determined by confocal microscopy
analysis. Next, B cells were cultured with LPS (10 mg/ml), G-exo
(30 mg/ml), or with a combination of LPS and different
concentrations of G-exo for 48 h. IL-10–producing B cells were
analyzed by FCM, and the combination (32) of G-exo and LPS was
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observed to increase the proportion of IL-10–producing B cells in
vitro (Figure 4B). These results further confirmed that the level of
IL-10 mRNA expression was increased by the combination
treatment of G-exo and LPS (Figure 4C). These findings
confirmed that G-exo promoted the production of IL-10–
producing B cells in vitro.

Exosomal Prostaglandin E2 Produced
by G-MDSCs Is Key for the Production
of IL-10–Producing B Cells
G-MDSCs were cultured in medium alone or with graded doses of
celecoxib, a COX-2 inhibitor, for 16 h. First, the celecoxib was shown
to have no effect on the number and viability of G-MDSCs
(Supplemental Figure 1). The results showed that celecoxib could
effectively reduce the expression of COX-2 in a dose-dependent
manner (Figures 5A, B). As COX-2 is a biosynthetic enzyme
involved in the synthesis of PGE2, the levels of PGE2 in the MDSC
supernatant and exosomes in the celecoxib treatment group
were significantly lower than that observed in control or dimethyl
sulfoxide (DMSO) groups, indicating that celecoxib reduced the
level of PGE2 in G-MDSC exosomes (Figures 5C, D). As shown in
Figure 5E, G-exo treatedwith celecoxib could no longer promote IL-
10productionbyBcells in thepresenceofLPS.This resultwas further
confirmed by the levels of IL-10 being downregulated in G-exo
treated with celecoxib group (Figure 5F).

The GSK3 signaling pathway has been reported to regulate IL-10
expression, and PGE2 treatment leads to GSK-3b phosphorylation
A B

D

E F G

C

FIGURE 2 | G-exo attenuate collagen-induced arthritis in mice. (A) DBA1/J mice were immunized with CII/CFA on day 0 and boosted with CII/IFA on day 21. The treatment
groups were intravenously injected with 100 mg of G-exo (CIA+G-exo) or phosphate buffered saline (control CIA) on days of 18 and 24. (B) The mean arthritis index was
assessed once every three days after day 21 for the G-exo-treated or control mice according to the criteria for evaluation. (C) Incidence was assessed once every three days
after day 21 for the G-exo-treated or control mice. (D) Images of hind paws and forepaws of the G-exo-treated or control mice. (E) Hind paws obtained from G-exo-treated
or control mice were analyzed by H&E histologic examination. (F) Serum levels of total IgG were measured by ELISA. (G) Serum anti-CII antibody levels were measured by
ELISA. Bar graphs show the means ± SD, *P < 0.05; **P < 0.01; ***P < 0.001; ns indicates no significance, (n = 6).
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(28, 29). Therefore, we tested the activation of GSK-3b signaling
molecules in B cells treated with G-exo or G-exo treated with
celecoxib. We observed that G-exo upregulated GSK-3b
phosphorylation at Ser9 and CREB at Ser133 in B cells, while GSK-
3b andCREBphosphorylationwas not significantly altered inG-exo
treatedwith celecoxib (Figures 5G–I). Thesefindings suggest thatG-
MDSC exosomal PGE2 may promote IL-10 production by B cells,
which may involve the GSK-3b signal pathway (Figure 6).
DISCUSSION

In recent years, most studies established the prominent role of
MDSCs in the regulation of immune responses during
Frontiers in Immunology | www.frontiersin.org 682
autoimmune pathology. Park et al. showed that adoptive
transfer of MDSCs could decrease the number of Th1 and Th17
cells, both of which were widely considered as the important
mediators in the pathogenesis of RA. However, they also found
that transfer with MDSCs increased the number of Treg cells in
spleen of CIA mice (32). Considering the types of MDSCs, sources
of MDSCs and cell dose of MDSCs used in adoptive transfer, the
exactly regulatory effect of MDSCs on various effector CD4+ T
cells populations in the CIA pathogenesis remains to be further
researched. In addition, the effect of MDSCs on B cells is unclear.
Exosomes are a type of membrane vesicle that can be transported
to target cells, affecting the behavior and activity of the recipient
cells. Zoller et al. have reported the immunomodulatory effect of
MDSCs derived exosomes in mouse model of autoimmune
A B

D

C

FIGURE 3 | G-exo increase IL-10+ B cells but decreases the proportion of plasma cells and follicular helper T cells in CIA. (A) Proportions of interleukin-10 (IL-10)–producing B cells in
drainage lymph nodes (dLNs) and spleens fromCIAmice treated with G-exo (CIA+G-exo) or control mice (CIA) were analyzed by FCM. (B) The level of IL-10 mRNA in dLNs (up) and
spleens (down) was determined by RT-qPCR. (C) The proportion of B220-CD138+ plasma cells in dLNs and spleens was analyzed by FCM. (D) The proportion of CD4+CXCR5+PD-
1+ follicular helper T cells in dLNs and spleens was analyzed by FCM. Bar graphs show themeans ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ns indicates no significance.
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alopecia areata (33). Wang et al. also showed that G-exo could be
used as a therapeutic approach because these exosomes could
reduce DSS-induced-colitis (34). Our previous studies have
already shown that the therapeutic effect of G-exo on CIA mice
was by inhibiting the differentiation of Th1 and Th17 cells (35).
Therefore, we further explored the role of G-exo on B cells in CIA
mice. In the current study, the administration of G-exo indeed
improved joint injury and slowed the disease process in CIA mice,
and we noticed the decreased level of antibody in G-exo treated
CIA mice. However, Crook et al. reported that PMN-MDSCs had
no effect on B cell response but MO-MDSCs inhibited B cell
proliferation and antibody production via iNOS and PGE2 in a
contact-dependent manner (36). On the one hand, the reason for
this discrepancy is due to the different sources of MDSCs, because
G-MDSCs used in this experiment were isolated from tumor-
bearing mice while MDSCs used in Crooks’ experiment were
isolated from CIA mice. On the other hand, it is attributed to
different ways of action. In addition, we also discovered that G-exo
could influence the frequency of plasma cells and Tfh cells. For the
first time, we demonstrated that G-exo could reduce the
proportion of Tfh cells in spleen and draining lymph nodes.
Majority studies focused on the changes of Tfh cells in spleen of
Frontiers in Immunology | www.frontiersin.org 783
mice. However, MDSCs derived exosomes were more enriched in
draining lymph nodes cells and were retained in skin-infiltrating
leukocytes of AA mice for up to 48 h after tail vein injection (33).
In view of the characteristic of MDSCs derived exosomes, it
was essential to detect the effect of exosomes on lymph node
cells in some autoimmune diseases. Over the past decade,
B10 cells have been described as a functional subtype of
immunosuppressive Bregs in the B cell population, characterized
by the production of IL-10 in humans or mice. Park et al. reported
MDSCs induced the expansion of regulatory B cells and
ameliorated systemic lupus erythematosus severity in mice (37).
Similarly, we also found G-exo could not only upregulate the
proportion of IL-10–producing B cells in CIAmice but also induce
IL-10+ B cells in vitro. As previous studies reported, adoptive
transfer of regulatory B cells into CIA models could ameliorate
disease severity. Thus, our experiments provided a potential
pathway of action for G-exo in the therapeutic treatment of
CIA. However, the spleen was the predominant reservoir of B10
cells in mice. B10 cells and B10 precursor cells were rare within the
lymph nodes and peripheral blood (38). Another guess had been
put forward that immature B cells firstly differentiated into
transitional B cells through Toll-like receptor, cytokines
A

B C

FIGURE 4 | G-exo promote the generation of IL-10+ B cells in vitro. (A) Representative confocal microscopy images of B cells treated with PKH-67 (green)-tagged
G-exo for 6 h. Cells were stained with the PE-anti CD19 mAb for the membrane. (B) Splenic B cells were cultured with LPS (10 mg/ml), G-exo (30 mg/ml), or with a
combination of LPS and different concentrations of G-exo for 48 h. IL-10–producing B cells were analyzed by FCM. (C) Levels of IL-10 mRNA were determined by
RT-qPCR. Bar graphs show the means ± SD. *P < 0.05. The presented data are from one of three independent experiments.
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stimulation and CD40 activations. Then, the transitional B cells
differentiated into Breg cells (39). This suggests that Breg cell
development is no longer limited to the spleen. Hence, the origin
of B10 cells needs to be further researched.

Many previous studies have shown the biological effects of PGE2
and other cAMP-increasing substances on the cytokine profiles of
macrophages and dendritic cells, which resulted in the suppression
of inflammatory cytokines and enhanced levels of the anti-
inflammatory cytokine IL-10 (40, 41). COX-2 is a key enzyme of
PGE2 synthesis, and celecoxib is a selective COX-2 inhibitor.
Therefore, celecoxib was chosen to inhibit the expression of
Frontiers in Immunology | www.frontiersin.org 884
PGE2 in G-MDSCs. We observed that G-exo contained a high
concentration of PGE2, and treatment with celecoxib
downregulated the level of PGE2 in G-exo. Interestingly, when
PGE2 in G-exo was blocked by celecoxib, the ability of G-exo to
induce IL-10+ Breg cells was inhibited, suggesting that PGE2 is key
factor for IL-10+ Breg cell generation. Majority studies implied that
the levels of PGE2 were higher in serum and synovial of arthritis
patients and mice. However, Frolov et al. reported that PGE2 acted
as important negative regulators in collagen antibody induced
arthritis(CAIA) (42). Another study also showed that PGD2
prevent CIA from joint inflammation and destruction (43). Thus,
A B D
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FIGURE 5 | G-MDSC exosomal PGE2 promotes IL-10+ B cells(A) COX-2 expression in G-MDSCs was detected after treatment with the COX-2 inhibitor celecoxib.
(B) The ratio of COX2 and GAPDH in each group was statistically analyzed. (C) The level of PGE2 in the G-MDSC culture supernatant treated with celecoxib was
detected by ELISA. (D) The level of PGE2 in the G-exo treated with celecoxib was detected by ELISA. (E) IL-10–producing B cells after treatment with celecoxib-
treated G-exo in the present of LPS were analyzed by flow cytometry. (F) The level of IL-10 in culture supernatant after treatment with celecoxib-treated G-exo was
detected by ELISA. (G) The p-GSK-3b, T-GSK-3b, p-CREB, and T-CREB were detected by Western blot analysis. (H) The ratio of p-CREB and T-CREB in each
group was statistically analyzed. (I) The ratio of p-GSK-3b and T-GSK-3b in each group was statistically analyzed. Bar graphs show the means ± SD. *P < 0.05;
**P < 0.01; ***P < 0.001; ns: indicates no significance.
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our experiment aimed to imply that despite PGE2 were enriched in
articular tissue or serum during the development of CIA, they could
also play anti-inflammatory role in this process.

It has also been reported that PGE2 together with TLR agonists
can promote the production of IL-10 inmacrophages by activating
the CREB-regulated transcriptional coactivator (44). Furthermore,
in the PI3K/AKT pathway, AKT attenuates the activity of GSK3 by
phosphorylation, which regulates the function of CREB (45). To
elucidate a possible molecular mechanism by which G-MDSC
exosomal PGE2 promotes Breg generation, we examined the levels
of the signaling molecules GSK-3b and CREB. In the present
study, we observed that G-exo enhanced the phosphorylation of
GSK-3b at Ser9 and CREB at Ser133 in B cells, and the
phosphorylation decreased when G-MDSC exosomal PEG2 was
blocked by celecoxib. This finding suggests that the role of G-exo
on Breg cells is mediated by the GSK-3b pathway. However, we
did not observe the phenotype of IL-10–producing B cells in our
studies, which are consistently characterized by the unique
phenotype CD1dhiCD5+ (46). In this study, 100 mg G-exo was
injected into mice via the tail vein, which was consistent with most
studies. It is still to be further explored if the therapeutic effect will
increase with the amount of G-exo. However, Smyth et al. found
that Balb/Cmice were injected intravenously with 400 mg 4T1 cell-
derived exosomes, and the mice rapidly developed dyspnea (47).
Thus, the application of exosomes in clinical treatment is still
limited by the dose, mode and toxicity of exosomes (48). But as
shown, we believe it could still better complement the therapeutic
effect of G-exo on CIA. Moreover, previous studies have shown
that exosomes could be taken up by B cells, while PGE2 played a
role by recognizing EP receptors on target cells, raising the
question of whether PGE2 regulates the expression of PI3K by
direct or indirect means.

In summary, we identified G-MDSCs derived exosomes as a
potential mediator in the treatment of CIAmice. G-MDSCs derived
exosomes mediate high levels of PGE2, subsequently promoting the
generation of Breg cells with immunosuppressive function. These
data further improve our understanding of the application of G-
MDSCs derived exosomes in autoimmune arthritis.
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Olfactory ecto-mesenchymal stem cells (OE-MSCs) are a novel population of resident
stem cells in the olfactory lamina propria with strong immunosuppressive function.
Exosomes released by MSCs are considered to carry various mRNAs, microRNAs and
proteins from cells and function as an extension of MSCs. However, it remains unclear
whether exosomes derived from OE-MSCs (OE-MSCs-Exos) possess any
immunoregulatory functions. In this study, we found that OE-MSCs-Exos possessed
strong suppressive function in CD4+T cell proliferation, accompanied by reduced IL-17,
IFN-g and enhanced TGF-b, IL-10 secreted by T cells. In experimental colitis mice,
treatment of OE-MSCs-Exos markedly alleviated the severity of disease, and Th1/Th17
subpopulations were remarkably reduced whereas Treg cells were increased after OE-
MSCs-Exos treatment. Mechanistically, OE-MSCs-Exos were demonstrated to inhibit the
differentiation of Th1 and Th17 cells, but promote the induction of Treg cells in vitro. Taken
together, our findings identified a novel function of OE-MSCs-Exos in regulating T-cell
responses, indicating that OE-MSCs-Exos may represent a new cell-free therapy for the
treatment of IBD and other inflammatory diseases.

Keywords: exosome, inflammatory bowel disease, immunoregulation, T cells, olfactory ecto-mesenchymal
stem cells
INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic, relapsing, and remitting inflammatory disorder of
intestinal tract, including Crohn’s disease and ulcerative colitis. The incidence of IBD has increased
worldwide and challenges the public health (1). It has been acknowledged that the long-term
chronic inflammation in the intestine can cause abscesses, fistulas, extraintestinal manifestations,
and even colitis-associated cancer (2). Currently, the etiology of IBD is associated with the genetics,
gut microbiota, immune responses, and the environmental factors (3). The aberrant immune
responses are demonstrated to be closely associated with the chronic inflammation in IBD.
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Accumulated studies have implied multiple adaptive immune
cells are involved in the pathogenesis of IBD, including Th1,
Th17 and regulatory T cells (Tregs) (4). To date, those traditional
drugs, such as antibiotics, corticosteroids, and immunosuppressive
agents, can only offer temporary remission but may result in the
several side effects, including psoriasis, hypersensitivity, and drug-
induced cytotoxicity (2). Thereafter, exploring novel alternative
therapies for IBD is necessary.

Mesenchymal stem cells (MSCs) is a population of stromal cells
with the capacity of self-renewal and multipotent differentiation
potential. The immunomodulatory and anti-inflammatory
properties of MSCs have provided powerful competition for MSCs
in the cellular-based therapy for a variety of immune-mediated
disorders, including autoimmune diseases and inflammatory
diseases (5). In recent years, MSC-based therapeutic intervention
has emerged as a promising strategy for the treatment of IBD in clinic
trails (6, 7). However, the transplantation of MSCs has some
shortcomings, such as the unstable phenotype from the different
batches, cellular rejection, high costs in storage, transport, and
recovery. Additionally, the transplanted MSCs can be modified in
vivo by the complicated environment, leading to the invalid or
unwanted effect in patients (8). Considering these drawbacks in the
cell-based therapy, a novel cell-free therapy, MSC-secreted
extracellular vesicles (EVs), including microvesicles and exosomes,
have recently emerged as a powerful tool in the treatment of various
diseases, suchasdegenerativediseases, graft-versus-hostdiseases, and
inflammatory diseases (9–12). Exosomes are nano-sized EVs (40–
100nmindiameter) that possess remarkable physiological properties
and originate via the inward budding of the membrane of late
endosomes (13). Current researches indicate that exosomes derived
from MSCs (MSC-Exos) mediate cell-cell micro-communication
and transport paracrine factors during tissue repair and immune
regulation, thus efficiently enhancing the therapeutic potency of
MSCs in several diseases (14–18).

Olfactory ecto-mesenchymal stem cells (OE-MSCs) is a new
type of stem cells resident in the olfactory lamina propria. As a
population of stem cells, OE-MSCs possess the capability of self-
renewal, high proliferation rate andmultiple lineage differentiation
potential (19, 20). Our previous data have identified that OE-
MSCs exhibited powerful immunomodulation capacity and
ameliorated the severity of murine collagen-induced arthritis via
regulating T cell responses (21). However, our exploration further
showed that the immunosuppressive function of OE-MSCs could
be down-regulated by IL-17, indicating the endogenous
inflammatory microenvironment could modify the transplanted
cells and impair the therapeutic potential of OE-MSCs in clinical
application (22). Therefore, as a novel cell-free therapy, OE-MSCs-
derived exosomes (OE-MSCs-Exos) are supposed to provide
multiple advantages over cell-based treatment, and might
possess great therapeutic potential in inflammatory diseases.

In this study, we investigated the immunomodulatory
function of OE-MSCs-Exos in regulating T-cell responses. We
found that OE-MSCs-Exos exerted their immunosuppressive
capacity via inhibiting Th1 and Th17 cell differentiation and
promoting regulatory T (Treg) cell induction. By using the
experimental colitis mouse model, OE-MSCs-Exos were
Frontiers in Immunology | www.frontiersin.org 289
demonstrated to alleviate the disease severity, accompanied by
decreased Th1/Th17 cell responses and increased Treg cells in
vivo. Thus, our findings identified the capacity of OE-MSCs-Exos
in regulating T-cell functions, indicating that OE-MSCs-Exos
may present an effective therapeutic tool for the treatment
of IBD.
MATERIALS AND METHODS

Mice
Male C57BL/6 mice at 6–8-week old were purchased from
Experimental Animal Center of Yangzhou University. Mice
were housed in a specific pathogen-free animal facility, and all
the experiments were approved by the Committee on the Use of
Live Animals in Research and Teaching of Jiangsu University.
Isolation and Culture of OE-MSCs
OE-MSCs were isolated from the nasal cavity of C57BL/6 mice as
we previously described (21). Briefly, the olfactory epithelium
tissue was cut into small pieces and cultured in flasks with the
medium DMEM/F-12 supplemented with 15% fetal calf serum)
(Gibco) for 7 days. After removing the non-adherent cells, the
remaining cells were trypsinized and further expanded for
3 passages.

Osteogenic and Adipogenic
Differentiation Assay
Osteogenic and adipogenic differentiation of OE-MSCs was
analyzed as we previously described (21). For osteogenic
induction, OE-MSCs were cultured in osteogenic induction
medium for 3 weeks, and then the osteogenic differentiation
was detected by alizarin red (Cyagen) staining. For adipogenic
differentiation, OE-MSCs were cultured in adipogenic
differentiation medium (Cyagen) for 14 days, and then cells
were stained with oil red O (Cyagen).

Isolation of OE-MSCs-Exos
OE-MSCs were cultured in the medium with exosomes-depleted
FBS for 48 h, and the supernatants were collected to extract
exosomes by ultracentrifuged method. Exosomes were purified
from the supernatants by differential centrifugation to remove
cells and debris, and then the supernatants were ultracentrifuged
at 100,000 g for 60 min at 4°C. After removing the supernatants,
the exosomal pellets were washed in PBS and centrifuged at
100,000 g for another 60 min at 4°C, and then resuspended in
PBS and stored at -80°C. The protein concentration of OE-
MSCs-Exos was quantified using a micro-BCA protein assay kit.

Electron Microscopy
The transmission electron microscopy (TEM) analysis was
performed as we previously described (23). Briefly, OE-MSCs-
Exos suspension were fixed in 4% paraformaldehyde at 4°C for
60 min. Then, the exosomal pellets were applied to a formvar-
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coated grid and negatively stained with 3% aqueous
phosphotungstic acid. The TEM sample imaging was
performed using transmission electron microscopy (Tecnai-
12, Philips).

For scanning electron microscopy (SEM), exosomes were
fixed with 3.7% glutaraldehyde and then dehydrated with
ethanol. Sections were left to dry at room temperature for 24 h
and then analyzed by SEM.

Nanoparticle Tracking Analysis
The sizes of OE-MSCs-Exos were measured by NTA using a
ZetaView PMX 110 (Particle Metrix) and analyzed by the
software ZetaView 8.04.02.

Western Blotting Analysis
Proteins extracted from the exosomes were separated by 12% SDS-
PAGE, then transferred onto Immobilon polyvinylidene
membranes (Bio-Rad) and probed with antibodies against CD9,
CD63 and calnexin (Abcam) followed by chemiluminescent
detection (Champion Chemical).

Flow Cytometric Analysis
For surface markers, MSCs were collected to stain with relevant
fluorochrome-conjugated monoclonal antibodies (mAbs): anti-
mouse CD29, CD90, CD44, CD34, CD45, and CD11b from
eBioscience. Lymph nodes were isolated from mice and ground
in culture medium. The suspensions were filtered through 70-
mm cell strainers. For intracellular cytokine staining, single cell
suspensions were stimulated with PMA (Sigma-Aldrich, 50 ng/
ml), ionomycin (Enzo, 1 mg/ml), and monensin (Enzo, 2 mg/ml).
After 5 h, cells were stained with anti-CD4 mAb (eBioscience),
fixed, permeabilized, and stained with anti-IFN-g or IL-17 mAbs
(eBioscience) according to the Intracellular Staining Kit
(Invitrogen, Carlsbad, CA) instructions. For Treg cells staining,
anti-CD4, anti-CD25, and anti-Foxp3 mAbs (eBioscience) were
performed following Foxp3 Staining Buffer Set (eBioscience)
protocols. Flow cytometry was performed using the BD
FACSCanto II (Becton Dickinson) and data were analyzed
using FlowJo software (Becton Dickinson) (24).

T Cell Suppression Assay
Mouse CD4+ T cells were sorted from wild-type mice using
CD4+T cell microbeads (Miltenyi Biotec), and the purity of
CD4+T cells was >95%. The isolated CD4+ T cells labeled with
carboxyfluorescein succinimidyl ester (CFSE, 5 mM; Invitrogen)
were treated with or without OE-MSCs-Exos in the presence of
anti-CD3 and anti-CD28 mAbs (eBioscience) for 72 h. CFSE
fluorescence intensity was analyzed to determine the
proliferation of CD4+ T cells by flow cytometry.

Enzyme-Linked Immunosorbent Assay
Concentrations IFN-g, IL-17, TGF-b, and IL-10 in the
supernatants were detected by sandwich ELISA (eBioscience).
All Assays were performed according to the manufacturer’s
instructions. Briefly, samples were incubated in 96-well plates
pre-coated with the capture antibody for 2 h at room
temperature, followed by incubation of biotin-conjugated
Frontiers in Immunology | www.frontiersin.org 390
detection antibody for 1 h. After washing, HRP Streptavidin
was added and incubated for 30 min. Then, plates were washed
and the TMB substrate was added. After 30 min, stop solution
was added and absorbance was measured at 450 nm using a
microplate reader (Biotek Winooski).

DSS-Induced Experimental Colitis
Male C57BL/6 mice were subjected to 2.5% DSS treatment from
day 0 to day 4, followed by water treatment from day 4 to 7 to
induce the colitis. Mice were intravenously administered with
PBS or exosomes (60 µg/mouse) on days 2 and 4 after DSS
drinking. Weight loss, stool consistency and rectal bleeding were
monitored daily for 7 days and scored separately on scales of 0–4.
The disease activity index (DAI) was calculated according to the
average values of the three values. Colons were isolated and the
lengths were measured. For the histological assessment, colons
were fixed in 10% formalin solution, paraffin-embedded, sections
and then stained with hematoxylin and eosin (H & E), the
histological scoring was determined with a combined score for
tissue damage (score, 0–3) and inflammatory cell infiltration
(score, 0–3) as described previously (25).

Induction of T Cell Subsets
Naïve CD4+ T cells were isolated using CD4+CD62L+T Cell
Isolation Kit II (Miltenyi Biotec). Naïve CD4+ T cells were
cultured in a 24-well plate precoated with anti-CD3 (1 mg/ml)
and anti-CD28 (1 mg/ml) mAbs under Th1, Th17, and Treg cell
induction conditions for 3 days. Cytokines for T cell subset
differentiation are as follows: Th1, IL-12 (5 ng/ml) and anti-IL-4
mAb (10 mg/ml); Th17, TGF-b (3 ng/ml), IL-6 (20 ng/ml), IL-23
(20 ng/ml), anti-IL-4 mAb (10 mg/ml) and IFN-g mAb (10 mg/
ml); Treg, TGF-b (2.5 ng/ml).

Statistical Analysis
The statistical significance was determined by the Student’s t test or
one-way, ANOVA. All analyses were performed using SPSS 16.0
software. P values <0.05 were considered statistically significant.
RESULTS

Characterization of OE-MSCs-Secreted
Exosomes
OE-MSCs-Exos were isolated from the supernatants of OE-
MSCs by ultracentrifugation method. Before the extraction of
exosomes, the characteristics of OE-MSCs were identified.
Several surface phenotypic markers were analyzed in OE-
MSCs. As shown in Figure 1A, expression of CD29, CD90,
and CD44 was positive on OE-MSCs, while CD34, CD45, and
CD11b were negative. Furthermore, two neural stem cells-related
markers, nestin and vimentin, were also expressed in OE-MSCs
(Figure 1B). Likewise, OE-MSCs possessed the capacity to
differentiate into adipocytes and osteocytes under indicated
conditions (Figure 1C). All these data suggest that OE-MSCs
display typical characteristics of MSCs and have been
successfully purified.
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Next, characteristics of exosomes were analyzed in OE-MSCs-
Exos. Western blot analysis showed the isolated OE-MSCs-Exos
displayed typical phenotypic features of Exos, they expressed CD63
and CD9, but not calnexin (Figure 1D). OE-MSCs-Exos exhibited
a typical spheroidal shape surrounded by a double-layermembrane
(Figures 1E, F), and the size distribution was also consistent with
the exosomes (Figure 1G). Together, these data indicate the
successful isolation and purification of OE-MSCs-Exos.

OE-MSCs-Exos Display Potent
Immunosuppressive Effect on CD4+T Cells
To investigate whether OE-MSCs-Exos possess any
immunosuppressive function, CD4+ T cells were stimulated
with anti-CD3 mAb and anti-CD28 mAb in the presence of
different concentrations of OE-MSCs-Exos. As shown in Figure
2A, the proliferation of CD4+T cells was inhibited in a dose-
Frontiers in Immunology | www.frontiersin.org 491
dependent manner. Moreover, levels of IFN-g and IL-17 were
reduced in the supernatant of OE-MSCs-Exos treated group, but
the concentrations of several of suppressive cytokines, such as
TGF-b and IL-10, were significantly increased (Figure 2B).

Adoptive Transfer of OE-MSCs-Exos
Attenuates the Severity of
DSS-Induced Colitis
To evaluate the potential protective effect of OE-MSCs-Exos in
DSS-induced IBD, OE-MSCs-Exos were administered to mice on
days 2 and 4 after the colitis induction (Figure 3A). As shown in
Figure 3B, the colons of the control group were obviously
shortened and contracted when compared to the naïve mouse,
whereas OE-MSCs-Exos treatment significantly increased the
colon length and ameliorated the inflammation. Simultaneously,
mice in the control group displayed remarkably elevated disease
A B

D E

F G

C

FIGURE 1 | Identification of OE-MSCs and exosomes released from OE-MSCs. (A) Immunophenotypes of OE-MSCs were detected by flow cytometry, including
CD29, CD90, CD44, CD34, CD45, and CD11b. (B) Expression of vimentin and nestin (red) in OE-MSCs was detected by immunofluorescence with corresponding
antibodies (original magnification ×200, bar = 30 mm). (C) OE-MSCs were cultured in osteogenic/adipocytes induction medium for 2/3 weeks, and the induced cells
were then stained with oil red O/alizarin red, respectively (original magnification ×200, bar = 30 mm). (D) Western blot analysis was used to detect the CD9, CD63,
and calnexin in OE-MSCs-Exos and OE-MSCs. (E, F) Representative SEM (E) (bar = 500nm) and TEM (F) (bar = 200 nm) micrographs of OE-MSCs-Exos. (G) Size
profile of OE-MSCs-Exos was analyzed by NTA. Results are representative of three independent experiments.
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activity index (DAI). However, after the intravenous injection of
OE-MSCs-Exos, the disease activity of mice was significantly
decreased (Figure 3C). Furthermore, the histological examination
showed that OE-MSCs-Exos treatment effectively retained the
integral structure of the colon, with the reduced crypt loss, less
lymphocytic infiltration, and lower histological scores when
compared with the control group (Figures 3D, E).

OE-MSCs-Exos Reduced Th1/Th17
Responses and Enhanced Treg Expansion
in Murine Experimental Colitis
It has been acknowledged that Th1 and Th17 play important
roles in the pathogenesis of IBD, and Treg cells exert potential
anti-inflammatory function to protect against the development
of IBD (26). Thereafter, the proportions of Th1, Th17, and Treg
cells were analyzed in mice with experimental colitis from
different groups. As shown in Figures 4A, B, the IBD mice
displayed significant increased Th1 and Th17 cell responses
when compared to the naïve mice. After the treatment of OE-
MSCs-Exos, the percentages of Th1 and Th17 cells in mesenteric
lymph nodes (MLNs) were remarkably reduced. Simultaneously,
the frequency of Treg cells in MLNs was obviously enhanced
after OE-MSCs-Exos administration (Figure 4C). Together, OE-
MSCs-Exos can efficiently inhibit Th1 and Th17 cells and
increase Treg cells in experimental colitis.
Frontiers in Immunology | www.frontiersin.org 592
OE-MSCs-Exos Inhibit the Differentiation
of Th1/Th17 Cells but Promote
the Treg Induction
Having observed the modulation of OE-MSCs-Exos in Th1, Th17,
and Treg cells in vivo, we next established the differentiation
system of Th1, Th17, and Treg in vitro, and evaluated whether
OE-MSCs-Exos could affect the differentiation of these Th subsets
directly, thus revealing the underlying mechanism of OE-MSCs-
Exos in treating experimental colitis. As expected, under the Th1,
Th17, and Treg differentiation conditions, OE-MSCs-Exos
treatment could significantly inhibit the differentiation of Th1
and Th17 cells (Figures 5A, B), but promote the differentiation of
Treg cells in a dose dependent manner (Figure 5C).
DISCUSSION

In this study, we first showed the typical MSCs phenotypic
markers on OE-MSCs, and the capability of differentiating into
osteocytes and adipocytes further confirmed they were of stem
cell property. Moreover, the same as OE-MSCs, exosomes
released by OE-MSCs were also demonstrated to possess
immunosuppressive function, presented as the inhibition of
CD4+ T cell proliferation, decreased IFN-g, IL-17, and
A

B

FIGURE 2 | OE-MSCs-Exos suppress the CD4+T cell proliferation in vitro. (A) CFSE-labeled CD4+T cells were treated with OE-MSCs-Exos (30, 60, 90 mg/ml) under
CD3 and CD28 stimulation. After 72 h, the T cell proliferation was determined by flow cytometric analysis of CFSE dilution. (B) Levels of IFN-g, IL-17, TGF-b, and IL-
10 were measured by ELISA in the supernatants of CD4+T cells with or without OE-MSCs-Exos (90 mg) and the lysis supernatant of OE-MSCs-Exos. Data are
shown as mean ± SD from three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.
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enhanced TGF-b, IL-10. Afterwards, adoptive transfer of OE-
MSCs-Exos exhibited obvious therapeutic effect in the
experimental colitis mice, both Th1 and Th17 cell responses
were suppressed while Treg cells were expanded after OE-MSCs-
Frontiers in Immunology | www.frontiersin.org 693
Exos treatment. Furthermore, the in vitro data clarified that OE-
MSCs-Exos could directly inhibit the differentiation of Th1/Th17
cells whereas promote the Treg induction. Taken together, OE-
MSCs-Exos exerted their immunoregulation and effectively
A

B

D

E

C

FIGURE 3 | OE-MSCs-Exos protect against the murine experimental colitis. (A) Graphic scheme of DSS-induced colitis induction and OE-MSCs-Exos
administration. C57BL/6 mice were subjected to 2.5% DSS in the drinking water for 4 days, followed by water treatment from day 4 to 7. OE-MSCs-Exos (60 mg/
mouse) were i.v. injected into the mice on days 2 and 4 (n = 6/group). (B) Mice were sacrificed on day 8, the length of colons was measured. (C) DAI scores were
evaluated and recorded everyday. (D, E) The histopathological detection of the colon sections was analyzed by H&E staining (E), and the histopathological scores
were determined (D). Original magnification ×100 (upper, bar = 150 mm), ×200 (lower, bar = 50 mm). Data are shown as mean ± SD from three independent
experiments. ***p < 0.001, **p < 0.01, *p < 0.05.
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alleviated the disease severity in experimental colitis via
regulating T cell responses.

MSCs have been reported to be found in various tissues, such
as bone marrow, muscle, adipose, umbilical cord, placenta and so
on (27, 28). Despite the sources are different, MSCs mostly share
a similar characteristic phenotype. As we shown, OE-MSCs was a
population of stem cells originate from olfactory lamina propria,
possessing the typical characteristics of stem cells. Due to the
immunosuppressive function of MSCs, they have been widely
applicated in various autoimmune diseases and inflammatory
diseases. Our previous data have demonstrated that OE-MSCs
displayed stronger immunosuppressive capacity than BM-MSCs
in regulating T cell responses (21). Recent years, exosomes
released by MSCs have emerged as a novel and powerful
secretory component of MSCs and aroused great interest.
MSCs exert their immunologic properties mainly by paracrine
pathway, and exosomes are supposed to be an essential manner
in the process (29). Thus, the immunoregulation and anti‐
Frontiers in Immunology | www.frontiersin.org 794
inflammatory properties of MSCs are possibly found in MSC-
derived exosomes. Indeed, several studies have identified the
immunomodulatory properties of MSC-derived exosomes in
vitro and animal models (16, 29, 30). In our study, exosomes
derived from OE-MSCs were demonstrated to possess
immunosuppressive function in regulating CD4+ T cell
proliferation, and levels of inflammatory cytokines IL-17 and
IFN-g in OE-MSCs-Exos-treated supernatant were decreased,
while the inhibitory cytokines TGF-b and IL-10 were increased,
suggesting OE-MSCs-Exos might exert their immunoregulation
function by suppressing the effector T cells and enhancing
regulatory T cells.

MSC-Exos-based therapy is more than a compensation for
MSC-based treatment. Exosomes have several potential
advantages over the corresponding MSCs: first, the smaller size
of exosomes can improve the therapeutic delivery to the desired
sites by reducing the entrapment in capillaries after systemic
administration. Also, the small size and less complicated
A

B

C

FIGURE 4 | OE-MSCs-Exos reduce Th1/Th17 cells and expand Tregs in experimental colitis. C57BL/6 mice were subjected to 2.5% DSS in the drinking water for 4
days, followed by water treatment from day 4 to 7, and OE-MSCs-Exos (60 mg/mouse) were i.v. injected into the mice on days 2 and 4. Mice were sacrificed on day
8 (n = 6/group). (A–C) Proportions of Th1 (A), Th17 (B), and Treg (C) cells in MLNs were measured in each group by FCM. Data are shown as mean ± SD from
three independent experiments. ***p < 0.001, **p < 0.01.
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structure are relatively easier for storage and production. Second,
due to their acellular status, exosomes will have lower side effects
and other risks induced by cells, such as less vascular obstructive
propensity. In addition, the acellular status will protect exosomes
from being modified by the in vivo environment, thus showing
higher stability compared to cells. Besides, the properties of non-
oncogenicity, immunosilence and tissue-specific homing allow
MSC-Exos to be an ideal therapeutic tool in a variety of diseases
(12, 29), including IBD. Although the etiology of IBD is unclear,
dysregulated immune responses have been considered to be
involved in the pathogenesis of IBD. In patients with IBD,
percentages of effector T helper (Th) subsets, including Th1
and Th17 cell populations, were significantly increased in
peripheral circulation. However, the proportion of Treg cells
was showed to decrease (31, 32). The imbalance of effector
Th cells and Tregs is supposed to be an essential element
in the development of IBD. MSCs are known to regulate
both innate and adaptive immune responses via secreting
Frontiers in Immunology | www.frontiersin.org 895
immunomodulatory factors and control the inflammation in
IBD. As we previously reported, OE-MSCs possess several
advantages when compared to BM-MSCs. Nasal lamina propria
is the tissue easily to harvest andOE-MSCs can used for autologous
transplantation. Furthermore, OE-MSCs exhibited higher
proliferation profile and stronger suppressive capacity than BM-
MSCs (20, 21, 33). Accumulating evidence have clarified exosomes
can carry various mRNAs, microRNAs, and proteins from MSCs,
and function as an extension of MSC’s biological role. Thus,
considering the above advantages, exosomes released by OE-
MSCs may serve as a potential cell-free therapy for IBD. As
expected, adoptively transfer of OE-MSCs-Exos could efficiently
ameliorate the severity of mice with experimental colitis, presented
as reduced disease activity, less lymphocytic infiltration.
Concurrently, Th1 and Th17 subpopulations were remarkably
reduced whereas Treg cell increased in MLNs after OE-MSCs-
Exos treatment. Mechanistically, OE-MSCs-Exos were
demonstrated to inhibit the differentiation of Th1 and Th17 cells,
A

B

C

FIGURE 5 | OE-MSCs-Exos suppress Th1 and Th17 induction while promote Treg differentiation. (A–C) 1×106/ml naïve CD4+ T cells were purified from the spleen
of C57BL/6 mice and cultured for 72 h in the presence of anti-CD3 and anti-CD28 mAbs under Th1 (A), Th17 (B), or Treg (C) differentiation conditions, respectively.
Different concentrations of OE-MSCs-Exos (30, 60, 90 mg/ml) were added into each differentiation system. Frequencies of Th1, Th2, and Th17 cells were detected
by FCM. Data are shown as mean ± SD from three independent experiments. ***p < 0.001, *p < 0.05.
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but promote the induction of Treg cells in vitro. It has been
acknowledged that MSCs-Exos can carry various regulatory
molecules, such as IL-10, TGF-b, PGE2, IDO, PD-L1, and Gal-1
(34). However, the possible molecular mechanism for OE-MSCs-
Exos to regulate the differentiation of T cell subsets still needs
further exploration.

In summary, we have identified the immunoregulatory
property of exosomes derived from OE-MSCs. Furthermore,
OE-MSCs-Exos could exert their immunomodulation capacity
to ameliorate disease severity in IBD mice, mainly by regulating
Th-cell immune responses. These findings suggest that OE-
MSCs-Exos represent a novel potential cell-free therapy for
targeting inflammatory diseases.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material; further inquiries can be
directed to the corresponding author.
Frontiers in Immunology | www.frontiersin.org 996
ETHICS STATEMENT

The animal study was reviewed and approved by Committee on the
Use of LiveAnimals inResearch andTeachingof JiangsuUniversity.

AUTHOR CONTRIBUTIONS

JT performed the experiments, analyzed the data, and wrote the
paper. QZ, YZ, QB, and ZS performed the experiments. YH, HX,
and KY analyzed the data. SW and KR designed the study and
wrote the paper. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 81971542, 81701612), Natural
Science Foundation of Jiangsu (Grant Nos. BK20170563,
BK20190242), Summit of the Six Top Talents Program of
Jiangsu Province (Grant No. 2017-YY-006), and Research
Project of Jiangsu Commission of Health (Grant No. K2019019).
12. Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived exosomes as
REFERENCES

1. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al.
Worldwide incidence and prevalence of inflammatory bowel disease in the
21st century: a systematic review of population-based studies. Lancet (2018)
390(10114):2769–78. doi: 10.1016/S0140-6736(17)32448-0

2. Neurath M. Current and emerging therapeutic targets for IBD. Nat Rev
Gastroenterol Hepatol (2017) 14(11):688. doi: 10.1038/nrgastro.2017.138

3. Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev
Gastroenterol Hepatol (2015) 12(12):720–7. doi: 10.1038/nrgastro.2015.150

4. de Souza HS, Fiocchi C. Immunopathogenesis of IBD: current state of the art.
Nat Rev Gastroenterol Hepatol (2016) 13(1):13–27. doi: 10.1038/
nrgastro.2015.186

5. Shi Y,Wang Y, Li Q, Liu K, Hou J, Shao C, et al. Immunoregulatory mechanisms
of mesenchymal stem and stromal cells in inflammatory diseases. Nat Rev
Nephrol (2018) 14(8):493–507. doi: 10.1038/s41581-018-0023-5

6. Panes J, Garcia-Olmo D, Van Assche G, Colombel JF, Reinisch W, Baumgart
DC, et al. Expanded allogeneic adipose-derived mesenchymal stem cells
(Cx601) for complex perianal fistulas in Crohn’s disease: a phase 3
randomised, double-blind controlled trial. Lancet (2016) 388(10051):1281–
90. doi: 10.1016/S0140-6736(16)31203-X

7. Forbes GM, SturmMJ, Leong RW, SparrowMP, Segarajasingam D, Cummins
AG, et al. A phase 2 study of allogeneic mesenchymal stromal cells for luminal
Crohn’s disease refractory to biologic therapy. Clin Gastroenterol Hepatol
(2014) 12(1):64–71. doi: 10.1016/j.cgh.2013.06.021

8. Wang Y, Chen X, Cao W, Shi Y. Plasticity of mesenchymal stem cells in
immunomodulation: pathological and therapeutic implications. Nat Immunol
(2014) 15(11):1009–16. doi: 10.1038/ni.3002

9. Phinney DG, Di Giuseppe M, Njah J, Sala E, Shiva S, St Croix CM, et al.
Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and
shuttle microRNAs. Nat Commun (2015) 6:8472. doi: 10.1038/ncomms9472

10. Riazifar M, Mohammadi MR, Pone EJ, Yeri A, Lasser C, Segaliny AI, et al.
Stem Cell-Derived Exosomes as Nanotherapeutics for Autoimmune and
Neurodegenerative Disorders. ACS Nano (2019) 13(6):6670–88.
doi: 10.1021/acsnano.9b01004

11. Zhang B, Yin Y, Lai RC, Tan SS, Choo AB, Lim SK. Mesenchymal stem cells
secrete immunologically active exosomes. Stem Cells Dev (2014) 23(11):1233–
44. doi: 10.1089/scd.2013.0479
a new therapeutic strategy for liver diseases. Exp Mol Med (2017) 49(6):e346.
doi: 10.1038/emm.2017.63

13. Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and
function. Nat Rev Immunol (2002) 2(8):569–79. doi: 10.1038/nri855

14. Kim DK, Nishida H, An SY, Shetty AK, Bartosh TJ, Prockop DJ.
Chromatographically isolated CD63+CD81+ extracellular vesicles from
mesenchymal stromal cells rescue cognitive impairments after TBI. Proc
Natl Acad Sci U.S.A. (2016) 113(1):170–5. doi: 10.1073/pnas.1522297113

15. Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for
Cell-Free Therapy. Stem Cells (2017) 35(4):851–8. doi: 10.1002/stem.2575

16. Cosenza S, Toupet K, Maumus M, Luz-Crawford P, Blanc-Brude O,
Jorgensen C, et al. Mesenchymal stem cells-derived exosomes are more
immunosuppressive than microparticles in inflammatory arthritis.
Theranostics (2018) 8(5):1399–410. doi: 10.7150/thno.21072

17. Sun Y, Shi H, Yin S, Ji C, Zhang X, Zhang B, et al. Human Mesenchymal Stem
Cell Derived Exosomes Alleviate Type 2 Diabetes Mellitus by Reversing
Peripheral Insulin Resistance and Relieving beta-Cell Destruction. ACS
Nano (2018) 12(8):7613–28. doi: 10.1021/acsnano.7b07643

18. Yao X, Wei W, Wang X, Chenglin L, Bjorklund M, Ouyang H. Stem cell
derived exosomes: microRNA therapy for age-related musculoskeletal
disorders. Biomaterials (2019) 224:119492. doi: 10.1016/j.biomaterials.2019.
119492

19. Nivet E, Vignes M, Girard SD, Pierrisnard C, Baril N, Deveze A, et al.
Engraftment of human nasal olfactory stem cells restores neuroplasticity in
mice with hippocampal lesions. J Clin Invest (2011) 121(7):2808–20.
doi: 10.1172/JCI44489

20. Delorme B, Nivet E, Gaillard J, Haupl T, Ringe J, Deveze A, et al. The human
nose harbors a niche of olfactory ectomesenchymal stem cells displaying
neurogenic and osteogenic properties. Stem Cells Dev (2010) 19(6):853–66.
doi: 10.1089/scd.2009.0267

21. Rui K, Zhang Z, Tian J, Lin X, Wang X, Ma J, et al. Olfactory ecto-
mesenchymal stem cells possess immunoregulatory function and suppress
autoimmune arthritis. Cell Mol Immunol (2016) 13(3):401–8. doi: 10.18632/
oncotarget.10261

22. Tian J, Rui K, Tang X, Wang W, Ma J, Tian X, et al. IL-17 down-regulates the
immunosuppressive capacity of olfactory ecto-mesenchymal stem cells in
murine collagen-induced arthritis. Oncotarget (2016) 7(28):42953–62. doi:
10.18632/oncotarget.10261
December 2020 | Volume 11 | Article 598322

https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1038/nrgastro.2017.138
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1038/s41581-018-0023-5
https://doi.org/10.1016/S0140-6736(16)31203-X
https://doi.org/10.1016/j.cgh.2013.06.021
https://doi.org/10.1038/ni.3002
https://doi.org/10.1038/ncomms9472
https://doi.org/10.1021/acsnano.9b01004
https://doi.org/10.1089/scd.2013.0479
https://doi.org/10.1038/emm.2017.63
https://doi.org/10.1038/nri855
https://doi.org/10.1073/pnas.1522297113
https://doi.org/10.1002/stem.2575
https://doi.org/10.7150/thno.21072
https://doi.org/10.1021/acsnano.7b07643
https://doi.org/10.1016/j.biomaterials.2019.119492
https://doi.org/10.1016/j.biomaterials.2019.119492
https://doi.org/10.1172/JCI44489
https://doi.org/10.1089/scd.2009.0267
https://doi.org/10.18632/oncotarget.10261
https://doi.org/10.18632/oncotarget.10261
https://doi.org/10.18632/oncotarget.10261
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tian et al. OE-MSCs-Exos Regulate T-cells in IBD
23. Lu J, Wu J, Xie F, Tian J, Tang X, Guo H, et al. CD4(+) T Cell-Released
Extracellular Vesicles Potentiate the Efficacy of the HBsAg Vaccine by
Enhancing B Cell Responses. Adv Sci (Weinh) (2019) 6(23):1802219.
doi: 10.1002/advs.201802219

24. Tian J, Ma J, Ma K, Guo H, Baidoo SE, Zhang Y, et al. b-Glucan enhances
antitumor immune responses by regulating differentiation and function of
monocytic myeloid-derived suppressor cells. Eur J Immunol (2013) 43
(5):1220–30. doi: 10.1002/eji.201242841

25. Wirtz S,PoppV,KindermannM,GerlachK,WeigmannB,Fichtner-Feigl S, et al.
Chemically inducedmousemodels of acute and chronic intestinal inflammation.
Nat Protoc (2017) 12(7):1295–309. doi: 10.1038/nprot.2017.044

26. Geremia A, Biancheri P, Allan P, Corazza GR, Di Sabatino A. Innate and
adaptive immunity in inflammatory bowel disease. Autoimmun Rev (2014) 13
(1):3–10. doi: 10.1016/j.autrev.2013.06.004

27. Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I, Marini
FC, et al. Clarification of the nomenclature for MSC: The International Society
for Cellular Therapy position statement. Cytotherapy (2005) 7(5):393–5.
doi: 10.1080/14653240500319234

28. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science (1999)
284(5411):143–7. doi: 10.1126/science.284.5411.143

29. Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal Stem Cell-derived
Extracellular Vesicles: Toward Cell-free Therapeutic Applications. Mol Ther
(2015) 23(5):812–23. doi: 10.1038/mt.2015.44

30. Zhu YG, Feng XM, Abbott J, Fang XH, Hao Q, Monsel A, et al. Human
mesenchymal stem cell microvesicles for treatment of Escherichia coli
Frontiers in Immunology | www.frontiersin.org 1097
endotoxin-induced acute lung injury in mice. Stem Cells (2014) 32(1):116–
25. doi: 10.1002/stem.1504

31. Chao K, Zhang S, Yao J, He Y, Chen B, Zeng Z, et al. Imbalances of CD4(+) T-
cell subgroups in Crohn’s disease and their relationship with disease activity
and prognosis. J Gastroenterol Hepatol (2014) 29(10):1808–14. doi: 10.1111/
jgh.12592

32. Bandzar S, Gupta S, Platt MO. Crohn’s disease: a review of treatment options
and current research. Cell Immunol (2013) 286(1-2):45–52. doi: 10.1016/
j.cellimm.2013.11.003

33. Feron F, Perry C, Girard SD, Mackay-Sim A. Isolation of adult stem cells from
the human olfactory mucosa. Methods Mol Biol (2013) 1059:107–14.
doi: 10.1007/978-1-62703-574-3_10

34. Yu B, Zhang X, Li X. Exosomes derived from mesenchymal stem cells. Int J
Mol Sci (2014) 15(3):4142–57. doi: 10.3390/ijms15034142

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tian, Zhu, Zhang, Bian, Hong, Shen, Xu, Rui, Yin and Wang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
December 2020 | Volume 11 | Article 598322

https://doi.org/10.1002/advs.201802219
https://doi.org/10.1002/eji.201242841
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1016/j.autrev.2013.06.004
https://doi.org/10.1080/14653240500319234
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1002/stem.1504
https://doi.org/10.1111/jgh.12592
https://doi.org/10.1111/jgh.12592
https://doi.org/10.1016/j.cellimm.2013.11.003
https://doi.org/10.1016/j.cellimm.2013.11.003
https://doi.org/10.1007/978-1-62703-574-3_10
https://doi.org/10.3390/ijms15034142
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Winston Patrick Kuo,

Harvard University, United States

Reviewed by:
Hai-Feng Pan,

Anhui Medical University, China
George C. Tsokos,

Harvard Medical School, United States

*Correspondence:
Ming Zhao

zhaoming307@csu.edu.cn
Qianjin Lu

qianlu5860@csu.edu.cn

Specialty section:
This article was submitted to

Autoimmune and
Autoinflammatory Disorders,

a section of the journal
Frontiers in Immunology

Received: 24 June 2020
Accepted: 27 November 2020
Published: 14 January 2021

Citation:
Zhang B, Zhao M and Lu Q (2021)
Extracellular Vesicles in Rheumatoid

Arthritis and Systemic
Lupus Erythematosus:

Functions and Applications.
Front. Immunol. 11:575712.

doi: 10.3389/fimmu.2020.575712

MINI REVIEW
published: 14 January 2021

doi: 10.3389/fimmu.2020.575712
Extracellular Vesicles
in Rheumatoid Arthritis and
Systemic Lupus Erythematosus:
Functions and Applications
Bo Zhang1,2,3, Ming Zhao1,2,3* and Qianjin Lu1,2,3*

1 Department of Dermatology, Second Xiangya Hospital, Central South University, Hunan Key Laboratory of Medical
Epigenomics, Changsha, China, 2 Clinical Immunology Research Center, Central South University, Changsha, China,
3 Research Unit of Key Technologies of Diagnosis and Treatment for Immune-related Skin Diseases, Chinese Academy
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In the last two decades, extracellular vesicles (EVs) have aroused wide interest among
researchers in basic and clinical research. EVs, small membrane vesicles are released by
almost all kinds of cells into the extracellular environment. According to many recent
studies, EVs participate in immunomodulation and play an important role in the
pathogenesis of autoimmune diseases. In addition, EVs have great potential in the
diagnosis and therapy of autoimmune diseases. Here, we reviewed the latest research
advances on the functions and mechanisms of EVs and their roles in the pathogenesis,
diagnosis, and treatment of rheumatoid arthritis and systemic lupus erythematosus.

Keywords: extracellular vesicles, exosome, systemic lupus erythematosus, microRNA, rheumatoid arthritis
INTRODUCTION

Rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) are both autoimmune diseases
that can involve multiple organs. Their etiologies and pathogenesis are complex, and epigenetic and
environmental factors are shown to be associated with the onset of the disease (1, 2).
Glucocorticoids, immunosuppressants, and biological agents are commonly used in the
treatment of RA and SLE, but problems such as toxic side effects and non-response to treatment
remain (3–5). EVs are phospholipid bilayer-enclosed vesicles secreted from all cell types. The
classification of EVs includes exosomes (<150 nm), microvesicles (150–1,000 nm) (6), and apoptotic
bodies (1,000–5,000 nm), depending on size and biogenesis (7). EVs play an important role in
cellular communication processes. In the past, intercellular communication was thought to have
two modes, direct contact between cells and secretion of cellular molecules (8). The relationship
between EVs and cellular communication has attracted more attention and has become the third
mechanism of intercellular communication (9). EVs began to be isolated and studied from
additional cell types, such as immune cells, nerve cells and tumor cells (10). It is demonstrated
that EVs are involved as carriers in intercellular communication by transporting lipids, proteins,
and other components (11). In 1996, Raposo et al. first showed that EVs could stimulate adaptive
immune responses (12). EVs can also carry mitochondria to regulate immunity and alter the
phenotype of macrophages (13).
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EVs are secreted by almost every functional cell type and have
the characteristics of easy detection and stability. Body fluids,
such as urine and peripheral blood contain EVs, which present
promising prospects as biomarkers for tumors, infectious
diseases, and autoimmune diseases. Furthermore, the biological
characteristics of EVs that can transport multiple cellular
components also make it possible to use them in therapeutic
approaches for diseases. To date, there have been some studies of
EV treatment for RA and SLE, which have made certain
achievements (14, 15). Here, we summarize the functions of
EVs on immune cells and their applications in the pathogenesis,
diagnosis and treatment of RA and SLE.
THE BIOGENESIS AND COMPOSITION
OF EVS

Different types of EVs have slightly different biological origins, and
their biological functions are determined by their respective
intercellular components. Exosomes are EVs with a diameter of
no more than 150 nm. The limiting membrane of late endosomes
generates exosomes by invagination and budding (16). Then,
exosomes are covered by endosomal multivesicular bodies
(MVBs) and form intraluminal vesicles (ILVs), which fuse with
the plasma membrane and are exocrine. The endosomal sorting
complex required for transport (ESCRT) is also involved in
exosome generation, which is formed by approximately twenty
proteins (17). The action of ESCRT is mainly carried out by four
proteins following specific steps. First, ESCRT-0 recognizes
ubiquitinated proteins in the endosomal membrane and isolates
them individually. Second, both ESCRT-I and ESCRT-II mediate
the transformation and assembly of the membrane. Third,
ESCRT-III leads to the scission (18). Exosomes contain proteins,
nucleic acids, lipids, and organelles such as mitochondria (19).

Microvesicles (MVs) are formed as the plasma membrane
germinates outward directly. Although the diameter-based
classification of exosomes and MVs is somewhat controversial,
the fundamental distinction is apparent based on their
biogenesis. Their formation is related to changes in the
symmetry of phospholipids in cell membranes, and their
release is associated with lipid rafts on the cell membrane (20).
Proteins and phospholipids are unevenly distributed on the
plasma membrane by the regulation of aminophospholipid
translocases. The transfer of phosphatidylserine and the change
in protein structure create a dynamic equilibrium, contributing
to the formation of MVs (21). MVs are composed similarly
to exosomes.

Apoptotic bodies are the products of apoptosis, while
exosomes and MVs are secreted by living cells. The contents of
the cell after apoptosis decompose into membrane-bound
vesicles. In terms of composition, apoptotic bodies are
characterized by the inclusion of organelles and smaller
vesicles (21). Apoptotic bodies also contain ribosomal RNA
which are almost undetectable in exosomes and MVs (22).
They work primarily as garbage carriers of cells containing
cellular wastes (23).
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THE ROLE AND MECHANISM OF EVS
IN THE IMMUNE SYSTEM

Research on EVs began in 1983 when exosomes were first identified
in reticulocytes from sheep (24). However, it was not until 1996 that
B cells were shown to release exosomes with the major
histocompatibility complex class II (MHC II), which indicated the
relationship between immune cell regulation and exosomes (12).
Other immunocytes, such as T cells, natural killer (NK) cells, and
dendritic cells (DCs), have been proven to be associated with EVs in
recent publications (25–27). Since EVs, especially exosomes, can
carry MHC II, it is possible for EVs to participate in antigen
presentation. Tian et al. summarized three mechanisms by which
EVs are involved in antigen presentation (7). First, loading antigen
proteins inside exosomes improves the efficiency of antigen
presentation, and then APCs costimulating molecules act on the
activation of T cells (28). Second, when peptide/MHC complexes
are formed, exosomes with antigens can be captured by APCs and
then are exposed to the cell membrane to activate T cells. Third, EVs
directly activate T cells without the participation of APCs (29).
Interestingly, reverse transport of miRNA by exosomes, which is
antigen-driven, has been proven to regulate the gene expression of
APCs (30).

DCs are one of the most effective immunocytes in presenting
antigens and are critical to both innate and adaptive immunity.
Some DCs can establish immune tolerance by reducing the T cell
activity level, while the other DCs can activate T cells to enhance the
immune response. With the expression of a high level of MHC I/
peptide complexes as well as B7 and ICAM-1, exosomes from DCs
are able to directly activate CD8+ T cells without the participation of
normal APCs (31). Not only the mutual effect between DCs and T
cells but also the intercellular communication between DCs play
crucial roles in the process of DCs regulating innate immune
responses (32). Angela Montecalvo et al. found that the miRNA
components of exosomes released by DCs at different stages of
maturation were different. Mature DC-derived exosomes show a
stronger T-cell stimulatory ability than immature DC-derived
exosomes because of higher expression of CD86 and CD54 (32).
DC-derived exosomes (Dexs) containing MHC/peptide complexes
can boost T cell-dependent tumor rejection. And NK cells can be
activated by both IL-15Ra and NKG2D ligands in Dexs and secrete
IFN-g (33).

Similar to other APCs, B cells have a cellular structure called the
endocytic compartment MIIC (major histocompatibility complex
[MHC] class II-enriched compartment), which participates in the
activation of antigen-specific MHC II-restricted T cell responses
(12). Activated B cells infected with EBV can also excrete exosomes
with EBV-miRNAs, which accumulate in neighboring primary
immature monocyte-derived DCs (MoDCs) without infection
(34). Furthermore, exosomes from activated B cells with EBV
infection harbor the viral latent membrane protein 1 (LMP1),
which imitates CD40 signaling, resulting in the propagation of B
cells as well as T cell-independent class-switch recombination (35).

NK cells are important immunocytes in innate immunity
with a variety of biological functions, including recognizing and
killing viral infections and tumor cells, and producing cytokines
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such as interferon (IFN)-g, involved in immune regulation (36).
After being activated by Dexs, NK cells secrete exosomes
containing CD63, fibronectin, perforin, granulysin, and
granzyme A/B, which indicates that NK-derived EVs contain
the killing function of NK cells (26). The EV interaction between
APCs and T cells as well as NK cells is shown in Figure 1.

Other non-immune cells can also produce EVs and
participate in the regulation of immune responses. EB virus
(EBV) infected cells can secrete exosomes containing EBV-
microRNAs (miRNA) to mediate gene silencing in immune
cells (37). EVs derived from tumor cells and stem cells have
also been shown to regulate immune function (38). miRNAs in
tumor exosomes may induce immune tolerance (39). While EVs
derived from stem cells have been shown to regulate immunity
and reduce inflammatory responses (40, 41). Lipid-filled vesicles,
derived by adipocytes, can modulate tissue macrophage to
participate in immune regulation (42).
THE ROLE OF EVS IN RA

EVs Are Involved in the Pathogenesis
of RA
RA is an autoimmune disease with a high incidence that damages
multiple joints throughout the body and can cause progressive
disability. RA is characterized by synovial inflammation and
cartilage destruction (43). In comparison with those from normal
controls, EVs showed a high density in the synovial fluid of RA
samples, which was associated with disease progression (44). EVs
are mainly involved in antigen presentation, inflammatory
Frontiers in Immunology | www.frontiersin.org 3100
cytokine and miRNA transmission, and activation of fibroblast-
like synoviocytes (FLSs) in the pathological process of RA. It has
also been shown that FLSs-derived EVs contained hexosaminidase
D activities in the samples of RA patients (45). Additionally,
the level of N-acetyl-beta-D-hexosaminidase (NAHase) in
destructive RA is higher than that in inflammatory RA,
indicating that glycosaminoglycan-degrading glycosidases may
cause joint damage in RA (46). Citrullinated proteins can be
detected in synovial exosomes, which can enhance T cell activity
with fibronectin (47). In addition, antibodies to citrullinated
protein antigens (ACPAs) are crucial in the pathological process
of RA and are expected to work as biomarkers with the highest
predictive value (48, 49).

FLS-derived microparticles (MPs) contain B cell stimulation
factors in the synovial fluid of the joints of RA patients (50).
There are microparticle-containing immune complexes (mpICs)
in synovial fluid with CD41 highly expression, indicating
platelet-derived. These mpICs could induce neutrophils to
release leukotrienes, which proves that platelet mpICs are
proinflammatory and highly reactive (51). Also, platelet-derived
microparticles (MPs) seem to release IL-1b, which promotes joint
inflammation by increasing the levels of IL-6 and IL-8 in
fibroblasts from RA patients (52). Tumor necrosis factor-a
(TNF-a) is crucial to the pathogenesis of RA. TNF-a binding
membranes were detected in FLSs-derived EVs from RA patients.
EVs containing TNF-a activated AKT and NF-kB and rendered
these activated T cells resistant to apoptosis (53). Additionally,
T cell-derived MPs treated with TNF-a could upregulate
prostaglandin E2 (PGE2), microsomal prostaglandin E synthase
1 (mPGES-1) and cyclooxygenase 2 (COX-2) (54). Then COX2
FIGURE 1 | Interaction between immune cells through EVs. APCs activate T cells with EVs and reverse transport of miRNA by exosomes, which is antigen-driven,
regulating the gene expression of APCs. B cells infected with EBV excrete exosomes with EBV-miRNAs, accumulating in neighboring MoDCs. Exosomes with MHC
I/peptide complexes, B7 and ICAM-1 from DCs, directly activate CD8+ T cells. Dexs containing IL-15Ra and NKG2D ligands activate NK cells, which then secrete
exosomes with CD63, fibronectin, perforin, granulysin, and granzyme A/B.
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caused pain and inflammation in patients. Coinhibitory T cell
receptors can be expressed in cells from RA joints, including PD-1
and TIM-3. EVs from synovial fluid and T cells after cocultivation
could express PD-1. Carrying the PD-1 receptor and inhibitive
miRNAs, EVs may induce T cell exhaustion (55).

The transmission of miRNAs is crucial in the RA pathological
process. Of all the miRNAs associated with RA, miR-155 and miR-
146a have attracted most attention. A study proved that exosomal
miR-146a and miR-155 are expressed at high levels in RA synovial
tissue (56). Furthermore, miR-155 can be upregulated by
stimulation with proinflammatory mediators, including Toll-like
receptor (TLR) ligands, TNFa and IL-1b. Overexpression of miR-
155 in RA synovial fibroblasts (RASFs) can downregulate matrix
metalloproteinase 3 (MMP-3) andMMP-1 (57).MMP-3 is involved
in the generation of severe cartilage damage (58). All these
components in EVs contribute to the onset and development of
RA (Table 1).

The Role of EVs in Diagnosis and
Treatment of RA
Existing studies implied that EVs have potential as biomarkers
for RA. RA patients with IgM-rheumatoid factor (RF) EVs
showed high-level C-reactive protein (CRP) and Erythrocyte
sedimentation rate (ESR) levels compared with those of RA
patients without IgM-RF in EVs (63). Thus, EVs with IgM-RF
can be used to distinguish between active and inactive RA. RA
patients express high levels of MPs in the circulatory system
compared with those in healthy controls (64). Moreover, as the
role of miRNA in the pathology of RA disease has been
revealed, exosomal miRNAs, including miR-155 and miR-
146a, can be used for the early diagnosis of RA (57). Potential
biomarkers for RA in EVs are summarized in Table 2.

Mesenchymal stem cells (MSCs) have anti-fibrosis and anti-
inflammatory immune regulatory effects. The transplantation of
MSCs has been used as a new technique for RA therapy. When
collagen-induced arthritis (CIA) rats were treated with human
umbilical cord MSCs (hUCMSCs), the results showed that
hUCMSCs can reduce T lymphocyte activity and function, as
well as inhibit Th17 cells and induce Treg cells to alleviate the
disease (78). The same immunomodulatory function between
hUCMSCs and hUCMSC-derived EVs has been demonstrated in
vitro, which indicates the potential of hUCMSC-derived EVs as a
Frontiers in Immunology | www.frontiersin.org
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new treatment for RA (78). hUCMSC-derived EVs also can inhibit
the expression of IL-17 by downregulating Th17 cells and
increasing the proportion of Treg cells in a dose-dependent
manner. Moreover, it was demonstrated that periarticular
injection of exosomes containing IL-10 or exosomes from bone
marrow-derived DCs could relieve arthritis by anti-inflammatory
action since DC-derived exosomes showed strong anti-
inflammatory and immunosuppressive activity through the class
II-dependent pathway. In addition, as exosomes are phenotypically
stable after purification in vitro (79), EVs could potentially be a
drug carrier for precise therapy for RA. Louise et al. used the human
neutrophil-derived EVs as scaffolds, which have the function of
immune regulation and cartilage penetration. Anti-reactive oxygen
species-collagen type II (Anti-ROS-CII) is an antibody targeting
impaired arthritic cartilage. Combining this antibody with EVs
allows the complex to penetrate the cartilage into the articular
cavity and still maintain antibody activity, suggesting the potential
of EVs as a targeted carrier for drug delivery (80).
THE ROLE OF EVS IN SLE

EVs Are Involved in the Pathogenesis
of SLE
SLE is a complex heterogenous autoimmune disease that involves
damage to multiple organs throughout the body and can cause
death in severe cases. Patients with SLE are characterized by T and B
lymphocyte dysfunction, accumulation of autoantibodies, and
deposition of immune complexes (81). However, the pathogenesis
of SLE remains unclear. The role of EVs in the pathogenesis of SLE
is of interest to researchers.

Exosomal miRNAs in exosomes play an important role in the
development of SLE. The level of miR-146a contained within
exosomes in the urine of lupus patients was significantly higher
than that outside of exosomes. In contrast, miR-146a levels in
serum exosomes were significantly lower in SLE patients than in
HCs (59). Of all miRNAs, miR-146a can significantly distinguish
active LN from inactive LN and is related to inflammation and
fibrosis of the kidney (74). In addition, miR-146a may be
upregulated by chemokines as well as proinflammatory
cytokines and leads to anemia in SLE patients (82). MSCs can
internalize exosomes with miR-146a and target TRAF6/NF-kB
signaling, leading to the senescence of MSCs (59). The
senescence of MSCs may be related to the disease activity and
pathological process of SLE (83, 84). Another important
exosomal miRNA is miR-21 contained in EVs, facilitating
estrogen-regulated STAT1 activation and Toll-like receptor
(TLR) 8 expression in SLE. miRNAs can be endogenous
ligands of human TLR7, which is the single-stranded RNA
(ssRNA) receptor expressed by plasmacytoid dendritic cells
(pDCs). miR-21 can replace viral ssRNA to combine with
TLR8 to stimulate innate immune responses (60). Interferon
(IFN)-a plays a major role in SLE (85). It was proven that
miRNAs in exosomes, such as miR-574, upregulated type I IFNs
secreted by pDCs in SLE (61). MVs from apoptosis in SLE serum
can activate cyclic guanosine monophosphate (GMP)-AMP
TABLE 1 | EVs involved in the pathogenesis of RA and SLE.

Disease Molecular/Parameter Reference

RA Density of EVs (44)
FLSs-derived EVs contained hexosaminidase D (45)
Citrullinated proteins in exosomes (47)
Microparticles-containing immune complexes (51)
Platelet-derived Microparticles (52)
TNF-a contained in EVs (53)
Exosomal miR-155 (57)
Exosomal miR-146a (8)

SLE Exosomal miR-146a (59)
Exosomal miR-21 (60)
Exosomal miR-574 (61)
MVs from apoptosis (62)
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synthase (cGAS), which stimulates the stimulator of interferon
genes (STING) pathway and upregulates the type I IFN
production (62). The EVs involved in the pathogenesis of SLE
were shown in Table 1.
The Role of EVs in Diagnosis and
Treatment of SLE
EVs can be used to measure disease activity and differential
diagnosis in patients with LE. Damage to glomerular podocytes
is crucial in renal injury in SLE. Urinary podocyte-derivedMPs can
be used for the prediction of disease activity. They are positively
correlated with clinical indicators of SLE, including erythrocyte
sedimentation rate, proteinuria, and SLE Disease Activity Index
(SLEDAI) score (75). Urinary HMGB1 in MPs is expressed at a
significantly high level in active LN, which can distinguish between
active and non-active LN (77). And identification of MPs with
different surface proteins in SLE patients can predict disease
activity and vascular damage (86). It was reported in another
study that high plasma expression of monocytic CD 14+ MP has a
positive correlation with the disease activity of SLE (65). Compared
with healthy controls and systemic sclerosis (SSc) patients, SLE
patients presented a higher expression of endothelial cell MP
(EMP), suggesting that EMP has potential as a biomarker for
SLE vascular lesions (76). Potential biomarkers for SLE in EVs are
summarized in Table 2.

EVs have also received further attention in the treatment of
SLE. In LN, MP surface proteins, especially G3BP, play a key role
in the deposition of ICs. Therefore, targeting MPs may be a new
approach for treating LN (87). MSC-derived MVs have anti-
inflammatory and immunomodulatory effects (88). Although the
use of MSCs in the treatment of SLE is mature and has been used
clinically (89–93), Juhi et al. found that MSC-derived EVs can
replace MSCs in the treatment of SLE, with the following
advantages. First, there is no evidence that EVs are carcinogenic.
Second, compared with MSCs, EVs are more stable and easier to
preserve in the long term. Third, EVs do not cause an immune
response that harms the host. EVs can bypass the blood–brain
barrier, which makes it possible for EVs to be used in the
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treatment of lupus encephalopathy (94). In addition, EVs are
easier to prepare on a large scale and at a low cost for clinical
therapy. However, the effect of EVs is closely related to the dose,
and the appropriate therapeutic dose needs to be explored.
CONCLUSION AND OUTLOOK

Although EVs were discovered in 1983, research on EVs has grown
rapidly only in the current century. The role of EVs in cellular
communication and immune regulation is being gradually
explained. EVs secreted by immune cells are involved in antigen
presentation and regulation of immunity. Cytokines or miRNAs
contained in EVs and MSC-derived EVs play important roles in
autoimmune diseases. Technology for isolating and purifying EVs is
growing (95–98). New technologies, such as nanoscale flow
cytometry (NanoFCM) and microfluidic platforms with 100,000
pillars, have been used for more efficient isolation of EVs (99, 100). A
microfluidic cell culture platform using a 3D-printed microfluidic
chip has also been used in the preparation of EVs (101). The research
development of EVs is helpful to understand the pathogenesis of
autoimmune diseases and provide new ideas for diagnosis and
treatment. At the same time, we should also pay attention to the
role of EVs in the onset and development of diseases and emphasize
the dose and safety in the treatment to avoid potential side effects.
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Improved flow cytometric assessment reveals distinct microvesicle (cell-
derived microparticle) signatures in joint diseases. PloS One (2012) 7:e49726.
doi: 10.1371/journal.pone.0049726

67. Song J, Kim D, Han J, Kim Y, Lee M, Jin EJ. PBMC and exosome-derived
Hotair is a critical regulator and potent marker for rheumatoid arthritis. Clin
Exp Med (2015) 15:121–6. doi: 10.1007/s10238-013-0271-4

68. Liu D, Fang Y, Rao Y, Tan W, Zhou W, Wu X, et al. Synovial fibroblast-derived
exosomal microRNA-106b suppresses chondrocyte proliferation and migration
in rheumatoid arthritis via down-regulation of PDK4. J Mol Med (2020) 98:409–
23. doi: 10.1007/s00109-020-01882-2

69. Xu D, Song M, Chai C, Wang J, Jin C, Wang X, et al. Exosome-encapsulated
miR-6089 regulates inflammatory response via targeting TLR4. J Cell Physiol
(2019) 234:1502–11. doi: 10.1002/jcp.27014

70. Wang Y, Zheng F, Gao G, Yan S, Zhang L, Wang L, et al. MiR-548a-3p
regulates inflammatory response via TLR4/NF-kB signaling pathway in
rheumatoid arthritis. J Cell Biochem (2018) 120:1133–40. doi: 10.1002/
jcb.26659

71. Murata K, Yoshitomi H, Tanida S, Ishikawa M, Nishitani K, Ito H, et al.
Plasma and synovial fluid microRNAs as potential biomarkers of
rheumatoid arthritis and osteoarthritis. Arthritis Res Ther (2010) 12:R86.
doi: 10.1186/ar3013
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In recent years, neutrophil extracellular traps at the forefront of neutrophil biology have
proven to help capture and kill pathogens involved in the inflammatory process. There is
growing evidence that persistent neutrophil extracellular traps drive the pathogenesis of
autoimmune diseases. In this paper, we summarize the potential of neutrophil extracellular
traps to drive the pathogenesis of rheumatoid arthritis and experimental animal models.
We also describe the diagnosis and treatment of rheumatoid arthritis in association with
neutrophil extracellular traps.

Keywords: neutrophil extracellular traps, citrullinated autoantigens, anti-citrullinated protein antibodies,
autoimmunity, chronic inflammation, protein-arginine deiminase type 4, rheumatoid arthritis
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease with high disability and increased
mortality. It is characterized by progressive joint damage and synovial membrane hypertrophy.
There are stark differences in the prevalence among different ethnicities and populations. RA is a
heavy burden for the patients, their families, and society. To date, studies have shown that RA is a
multifactorial disease involving age, sex, environmental, epigenetic, and genetic factors. However,
the pathogenesis of RA is not fully understood (1). Many studies have shown that both innate
immune response and adaptive immune response contribute to the etiopathogenesis of RA (2). It’s
considered that the formation of autoantibodies to citrullinated antigens (ACPA) is a critical
pathogenic event involved in the development of RA. Neutrophils isolated from patients suffering
from autoimmune diseases present enhanced formation of neutrophil extracellular traps (NETs).
The role of neutrophils in autoimmune disease is still elusive (3). The release of cytotoxic products
[e.g., degradation enzymes and reactive oxygen species (ROS)] from activated neutrophils into the
synovial fluid and pannus in RA has been known for a long time and is considered important for RA
(4, 5). In recent years, it was discovered that neutrophils participate in the inflammatory progression
of RA through multiple regulatory immune mechanisms, including directly secreting cytokines and
chemokines, and releasing neutrophil granules that activate or inactivate cytokines and chemokines.
Enzymes upregulate the expression of MHC II and promote cell-cell interactions.

A novel role of neutrophils, the release of NETs, has attracted increasing attention. Upon
pharmacological activation with phorbol myristate acetate (PMA) (6), interleukin 8 (IL-8) (7), or
lipopolysaccharide (LPS) (8), neutrophils release granule proteins and chromatin to form NETs.
The release of NETs (9) constitutes a novel programmed cell death that differs from apoptosis (10).
LPS-induced NET formation increases with adhesion and substrate elasticity, while PMA-induced
org January 2021 | Volume 11 | Article 5781291106
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NET formation is independent of adhesion (6). NETs are
composed of chromatin and granular proteins, which trap and
kill bacteria (11, 12). Most DNA is derived from nuclei however,
mitochondrial DNA is also included. The proteins consist of
neutrophil elastase (NE), myeloperoxidase (MPO), histones,
defensins, calprotectin (13), matrix metalloproteinase-9, and
others (14). During NET formation, NE, MPO, and peptidyl
arginine deiminase (PAD4) promote nuclear decondensation
and histone citrullination, respectively (15). NETs can be
quantified and analyzed by DNA area and NETosis analysis
(DANA). Higher frequencies of NETs are detected in subjects
with RA (16).

NET formation conventionally occurs via the NADPH oxidase
(NOX) and ROS-dependent suicidal pathway in which
neutrophils rupture and release NETs. Suicidal NETosis is
triggered by the engagement of specific receptors or other
biomolecules, such as IgG-Fc receptors, Toll-like receptors
(TLRs), complement molecules, and cytokines on neutrophils
(11, 17–19). The formation of suicidal NETosis is a gradual
process that is commonly initiated by the generation of ROS.
Then NE and MPO are transported into the nucleus where
histones are modified. Finally, nuclear and cellular membranes
break, and NETs are released (9, 10, 14). During this process,
substantial morphological changes occur. Neutrophils flatten and
form membrane protrusions after stimulation (11). Nuclear
lobules disappear and chromatin decondense. The inner and
outer nuclear membranes detach. The nuclear membrane
disintegrates into vesicles, and nuclear material mixes with the
cytoplasm to form a homogenous mass. Finally, the neutrophils
round up and rupture to release the NETs (10). ROS are pivotal for
suicidal NETosis formation (20). ROS are mainly generated by
NOX during the “respiratory burst” of neutrophils (21). Patients
with chronic granulomatous disease harbor mutations of NOX
genes and show reduced NET formation (10, 22). Finally, the
NOX complex converts molecular oxygen to hydrogen peroxide,
which is a substrate of MPO and is sufficient to induce NET
formation (10). The reaction of hydrogen peroxide and MPO can
form hypochlorous acid. The latter induces the generation of
chlorinated polyamines that may cross-link NET proteins, which
maintains the ordered structure of NETs and increases the
capacity to trap bacteria (23). MPO partly binds to NE to form
the azurosome complex that spans granular membranes without
dissolution of the granular membranes (24). NE is a critical
enzyme involved in many pathways of NET formation.
Methicillin-resistant Staphylococcus aureus (MRSA) infected
mice with NE deficiency fail to form NETs (25). However, other
studies have demonstrated that NE is not required for NET
formation induced by noninfectious stimuli; meanwhile, NE
deficiency has little effect on histone citrullination (26). NE
combines with F-actin filaments to enter the nucleus before
MPO. The proteolytic activity of NE is determined by MPO.
Patients with mutant MPO also show reduced NET formation
(22). As NE translocates from cytoplasm to nucleus, it cleaves
histones and participates in chromatin decondensation (27).

In addition to chromatin decondensation performed by NE,
another important chromatin modification is histone citrullination
Frontiers in Immunology | www.frontiersin.org 2107
driven by PAD4. During NET formation, calcium influx of
neutrophils activates a high amount of PAD4, which catalyze
histone to citrullinated protein. This enzyme citrullinates arginine
residues in the core histones H2A, H3, H4, thus reducing their
positive charge, which weakens the interactions between histones
and DNA and further promotes chromatin decondensation (28).
Five calcium molecules are bound to every PAD4 molecule (29).
Interestingly, citrullination driven by PAD4 is inhibited
accompanied by inhibition of NOX (28), which may be due to
the NOX-induced increase in cytoplasmic calcium levels that
activate PAD4 (30). Citrullination driven by PAD4 is induced by
LPS and PMA (31). PADI4-deficient mice failed to formNETs after
treatment with certain stimuli (32–34).

However, Clark et al. first reported vital NETosis in which
neutrophils remained impermeable for SYTOX Green after
releasing NETs, which suggested that the neutrophils
maintained an intact plasma membrane during NET formation
(7). Subsequent researchers found that NETs were induced by
blebbing of the nuclear envelope and vesicular exportation in S.
aureus infection (35). Vital NETosis is activated by pathogen-
associated molecular patterns (PAMPs) or endogenous damage-
associated molecular patterns (DAMPs). Stimuli recognized by
TLR4, such as LPS, may initiate vital NETosis. The nucleus loses
its multilobular shape and becomes rounded. Then, the nuclear
double membranes vanish, and vesicles composed of DNA
filaments bud. These vesicles approach toward the plasma
membrane. DNA is released through a small area on the cell
surface. Suicidal NETosis and vital NETosis can be distinguished
by cleaved N-terminal histone tails (36).
ROLES OF NETS IN RA

Pathogenesis of RA Related to
NETs Formation
Various elements in the peripheral blood of patients with RA,
such as autoantibodies or immunostimulatory molecules,
reportedly stimulate NET formation (Table 1). Excessive NET
formation leads to the production of deaminated antigens such
as citH2A, citH2B, and citH4 histones (Figure 1). Furthermore,
NET-borne citrullinated vimentin is a pivotal autoantigen that
stimulates the secretion of proinflammatory cytokines (e.g.,
TNF-a and IL-1) and the expression of PADI4 and receptor
activator of nuclear factor kappa B ligand (RANKL) in fibroblast-
TABLE 1 | Stimuli inducing neutrophil extracellular traps (NETs) formation.

Pathogen triggers Endogenous triggers Inflammatory triggers

Bacteria
Viruses
Fungi
Protozoa

TLR 4
FcgRIIIb (37)
IL-8, IL-17, TNF-a (38)
IFN-g (39)
Calcium salt crystals
Urate crystals

Antibodies (40)
Immune complexes (19)
Lipophosphoglycans (41)
M1 protein (42)
LPS (8)
Hydrogen peroxide (10)
PMA (6)
Calcium ionophore A23187 (43)
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like synoviocytes (FLSs) (44). FLSs, key effector cells of
inflammation in RA, produce multiple cytokines that cause
damage in the joints (45). In a joint with RA, presented
citrullinated antigens induce antigen-driven autoimmune
responses and lead to the generation of anti-NET
autoantibodies. Thus, chronic inflammation and autoimmunity
exist for a long time. Anti-NET RA recombinant monoclonal
antibodies (rmAbs) derived from CD19+ synovial B cells of
patients with RA constantly bind NETs.

The immunoreactivity of NET-Ags depends on somatic
hypermutation (SHM) within the Ig variable H (VH) and
variable L (VL) chains of synovial B cells. Moreover, Fab-N-
linked-glycosylation determines the reactivity of the
autoantibodies (46). Rheumatoid factor (RF), anti-citrullinated
protein antibodies (ACPAs), and other autoantibodies in
peripheral blood or synovial fluid robustly support NET
formation in RA (47). IgG or IgM collected from peripheral
blood or synovial fluid of patients with RA induce more NET
formation than antibodies from healthy controls (38). Recently,
NET-derived elastase results in cartilage matrix disruption and
induction of membrane-bound peptidylarginine deiminase-2
released by FLSs. Cartilage fragments are subsequently
citrullinated and presented to antigen-specific CD4+ T cells
(48). In the NOX/ROS pathway, PAD4-induced histone
citrullination promotes chromatin decondensation and NET
formation (49). The chromatin-associated protein DEK
regulates the structure of extracellular chromatin (50, 51). In
Frontiers in Immunology | www.frontiersin.org 3108
models of RA (51), NET formation and protein citrullination are
shown to be prevented by depletion of DEK or administration of
DEK-targeted aptamers. Both strategies alleviate the symptoms
of RA.

In patients with RA, IL-8, IL-17A, and TNF-a reportedly
induced NET formation (38). Upon exposure to IL-17A,
neutrophils in RAlead to NET formation when the cells are
primed with TNF-a. Correlations with NET formation have also
been detected for a higher serum level of C-reactive protein (CRP)
and a higher erythrocyte sedimentation rate. Furthermore, histone
citrullination alone with NET formation can be triggered by the
treatment of neutrophils with supernatants harvested from IL-15-
stimulated CD69(+)CD8(+) T cells, leading to the extracellular
release of citrullinated proteins (52). Conversely, immune
complexes induce “incomplete” NET formation (53, 54).
Ribonucleoprotein-containing immune complexes induce NET
formation depending on mitochondrial ROS rather than NOX
(55, 56), which correlates with hypercitrullinated proteins (57) and
production of IFN by plasmacytoid dendritic cells (58).

Signal Transduction Pathways
Correlating With NETs
Several underlying signal transduction pathways may promote
NET formation in RA and the molecular mechanisms may be
pleomorphic. In RA, high concentrations of NE, MPO, PAD4/
DNA-complex, and ROS production correspond to the elevated
formation of NETs (31, 59).
FIGURE 1 | The role of neutrophil extracellular traps (NETs) in the pathogenesis of rheumatoid arthritis (RA). Various elements in the peripheral blood of patients with
RA can stimulate NET formation. Excessive NET formation leads to the production of deaminated antigens such as citH2A, citH2B, and citH4 histones. In a joint with
RA, presented citrullinated antigens induce antigen-driven autoimmune responses and lead to the generation of anti-NET autoantibodies. Thus, persistent
inflammation of the synovial membranes occurs.
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In neutrophils, Rac is a subunit of the NOX complex (60).
Guanosine exchange factor (GEF) activator, Vav, and the p21-
activated kinases (Paks) are involved in Rac signaling pathway
(61). NOX is indispensable for oxidative burst-dependent NET
formation (60–62). Inhibition of NOX reduces NET formation
and induces non-canonical NETs (10). ROS are related to the
lytic NET formation (63) and stimulate the activation of NE. NE
and MPO are also released from azurophilic granules into the
nucleoplasm (25). In the nucleus, NE proteolytically cleaves
histones and thus interferes with the dense package of
chromatin (27). Many physiological and artificial stimuli can
activate the MPO-NE pathway (22).

In the peripheral blood of patients with RA, ACPAs stimulate
neutrophils to release PAD enzymes (64). Porphyromonas
gingivalis and smoking are known risk factors for RA, and
overexpression of endogenous or bacterial PAD enzymes
drives citrullination (65, 66). PAD4 depends on Ca2+ (67) and
is activated via the ROS pathways to convert internal arginine to
citrullines (8, 9). Upon PAD4 activation, locally released
citrullinated histones enhance the generation of highly mutated
clonal B cells resulting in the generation of high-affinity ACPAs
(68). At a high titer, fibrinogen citrullinated by PAD 4 acts as the
preferred targets for ACPAs (69). Additionally, human leukocyte
antigen (HLA)-DR bound PAD4 is recognized by T cells and
further contributes to the production of antibodies responded to
citrullinated proteins, such as ACPAs and anti-PAD antibodies
(70). Anti-PAD4 antibodies have been reported to be closely
related to ACPAs (71–73). Kolfenbach et al. evaluated the
prediagnosis serum samples of 83 patients with RA and found
that 15 RA samples had anti-PAD4 antibodies with a high
specificity of 98.8% (71). Interestingly, Erika Darrah et al. first
detected PAD4-specific CD4+ T cells in peripheral blood
mononuclear cells (PBMCs) of RA patients and found that
protease granzyme B (GrB) induced structure changes of
PAD4 and promoted the presentation of CD4+ T cell epitopes
(74). Overall, further studies are need to demonstrate correlation
between PAD4 and RA citrullinome.

Deficiency or inhibition of PADI4 reduces the formation and
the size of NETs and alleviates arthritis symptoms in many
models, except the murine K/BxN model (75). These findings
suggest that PADI4 acts downstream of ROS in NET formation
and generates autoantigens that amplify the inflammatory
response that precipitates in the pathogenesis of RA (32, 76,
77). PADI4 thus participates in the initiation rather than the
effector phase of RA. PAD4, which is associated with histone
deamination, can catalyze hypercitrullination by immune-
mediated membranolytic pathways (57, 78). Interestingly, in a
TNF-induced model of citrullination and arthritis, protein
citrullination is executed by PAD2 instead of PAD4. PAD2 is
not associated with NET formation (79). Relatively high activity
of putatively neutrophil-derived PAD4 has been reported in RA
synovial fluid (80). The pathogenesis of RA is also related to T
cells specific for citrullinated epitope (81). In brief, the NOX
pathways and PAD4 activity can be regarded as critical elements
that regulate NET formation and generation of citrullinated
autoantigens in RA (82).
Frontiers in Immunology | www.frontiersin.org 4109
NETs Promote Autoantibody Production,
Cytokine Expression, and Cell Activation
Citrullinated components of NETs often serve as self-antigens
recognized in the serum of patients with RA (80). Aberrant NETs
may promote the externalization of citrullinated autoantigens
and immunostimulatory molecules, which enhances the
expression of epitopes related to the pathogenesis of RA (38).
In RA or osteoarthritis (OA), the levels of IL-6 and IL-8 are
upregulated in the presence of NETs, resulting in the activation
of FLSs (38, 83). LL-37/DNA complexes induce NETs that
activate plasmacytoid dendritic cells via TLR7 and TLR9 to
produce type I IFN (84). Moreover, NETs are abnormally
accumulated in some patients with SLE due to the DNase I
inhibitory factors (85, 86), leading to IFN-a release. IFN-a not
only enhances NETosis but also induces activation of
autoreactive T- and B cells to synthesize autoAbs, such as anti-
dsDNA, anti-HNP, and anti-LL37 autoAbs. Moreover, NETs can
trigger the production of IL-1b and IL-18, and further stimulate
NETosis. These vicious cycles contribute to the imbalance
immune homeostasis of SLE. Similarly, NETs are involved in
multiple sclerosis (MS). NETosis secretion of antimicrobial
proteins induces elevated T-cell activation resulting in tissue
damage in MS (87).

NETs triggered by microscopic cholesterol crystals also take part
in atherosclerosis (88). NETs induce the activation of leukocytes,
platelets, and endothelial cells and further lead to endothelial
dysfunction (89). Moreover, NETs promote the production of IL-
6 and pro-IL-1b in macrophages (49). Accordingly, these increased
cytokines accelerate T helper 17 (TH17) cells differentiation and
subsequently induce immune cell recruitment in atherosclerotic
lesions. Neutrophils infiltration of culprit lesions results in plaque
rupture and erosion via NETs (90, 91). Very recently, significantly
higher plasma levels of NETs are observed in the carotid lesion site
(CLS) of stroke patients. NETs decorated with phosphatidylserine
(PS) are detected in thrombi. NET formation requires the synergy of
CLS plasma and activated platelets (PLTs). PS-bearing NETs can
induce the formation of thrombin and fibrin as well as the
conversion of endothelial cells to a procoagulant phenotype (92).
These findings indicate that NETs are indispensable in the
pathogenesis of many diseases, such as RA, SLE, MS,
atherosclerosis, and stroke via multiple molecular mechanisms.

NET and Citrullinated Autoantigens
Form a Vicious Cycle in RA
In RA, neutrophils infiltrate synovial tissue, rheumatoid nodules,
and the skin (38), when neutrophils form NETs, deaminate
proteins, and initiate ACPA production (57). Furthermore,
circulating low-density granulocytes (LDGs) in patients with
RA tend to increasingly form NETs (19). FLSs activated by
NETs express IL-17A, TNF-a, and IL-8 and infiltrate the
cartilage, where they enhanced proinflammatory responses
(10). The enhanced release of inflammatory cytokines from
FLSs driven by NETs causes joint damage and further worsens
the condition (31). The secretory leukocyte protease inhibitors
can prevent proteolytic maturation of cytokines related to NET
formation. Skin lesions may be associated with the insufficient
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Song et al. Rheumatoid Arthritis and NETs
activity of the secretory leukocyte protease inhibitors (93).
Importantly, these cytokines trigger the vicious cycle of NET
formation and autoantibody biogenesis (38). IL-8 and IL-17
recruit neutrophils and promote the exposure of autoantigens
(12, 94). Therefore, NET formation plays a critical role in the
pathogenesis of RA. A comprehensive understanding of the
mechanisms involved in NET formation may help us develop
new therapies via targeting NETs to treat NET-related diseases.
NETS ARE ASSOCIATED WITH RA
IN MOUSE MODELS

Neutrophils Drive the Inflammation of
Murine Arthritis
RA is an autoimmune disease characterized by progressive
destruction of joints. The pathogenesis of RA is still elusive.
Researchers usually establish murine models to analyze the
pathogenetic sequelae of RA (95). Daisuke and colleagues
established an experimental model of male BALB/cAnNCrj
(BALB/c) mice injected with an anti-type II collagen antibody
and LPS (95). Histological analysis showed that neutrophils were
the vast majority of infiltrating cells in the joint space. To
determine the effect of neutrophils on arthritis, monoclonal
antibodies (mAbs) against Gr-1 (the RB6-8C5 mAb) were
intravenously injected into arthritic mice to deplete circulating
neutrophils. These experiments suggested that neutrophils are
indispensable for the development of arthritis. It is commonly
believed that neutrophils play a key role in inflammatory diseases
due to their secretion of cytotoxic products (4). However,
neutrophils are now considered to be not only effectors of the
innate immune systems but also key players in the regulatory
circuits of the immune system (96). FcgRs activate neutrophils
and trigger a series of signaling events, including ROS
generation, protease release as well as the production of
chemokines and cytokines. These mediators recruit additional
neutrophils and regulate the functions of other immune cells.
Hence, they participate in the regulatory network and interplay
of innate and adaptive immunity (97). Neutrophils isolated from
patients with RA functionally differ from those from healthy
controls. Blood- and synovial fluid-derived neutrophils from
patients with RA trigger ROS production and display enhanced
NET formation (38).

The Role of NETs in the Etiopathogenesis
of RA
NETs are considered to contribute to the pathogenesis of RA (9).
Degradation or citrullination of histones driven by PAD4
promotes chromatin decondensation and NET release (38).
Furthermore, PAD4 exacerbates inflammatory arthritis and is
crucial in some pathways of NET formation (79). Compared to
wild-type mice, PADI4 (encoding PAD4)-deficient mice induced
by glucose-6-phosphate isomerase showed less severe
inflammatory arthritis and reduced autoantibody titers (75).
Similarly, in murine collagen-induced arthritis (CIA),
Frontiers in Immunology | www.frontiersin.org 5110
inhibition of PADI4 reduced the formation of NETs and
arthritis relief (98). However, PAD4 was dispensable in
spontaneous arthritis in the K/BxN mouse model (99). NET
formation and arthritis in the murine TNFa-induced
inflammatory arthritis were investigated to identify the roles of
PAD2 and PAD4 for citrullination. PAD2 mediated TNFa-
induced citrullination and arthritis but was dispensable for
NET formation (99). PAD4, which is involved in NET
formation, was dispensable for citrullination. These studies
indicate that various pathogenic pathways may cause murine
arthritis. These can be dependent or independent of NETs.

Further evidence supported the roles of NETs in the
pathogenesis of RA that blocked NET formation and protein
citrullination was caused by treatment with DEK-targeted
aptamers, as DEK is essential for certain pathways of NET
formation (38, 100). Autoantibodies that recognize DEK have
been detected in the sera of patients with autoimmune diseases,
such as systemic lupus erythematosus (SLE) and adolescent
idiopathic arthritis (JIA) (100). DEK acts as a chemoattractant,
triggers inflammatory responses, and plays an important role
in a murine model of arthritis. Aptamers targeting DEK
could reduce NETs formation, slow the progression of joint
inflammation, and ameliorate the disease symptoms in arthritic
mice (51).

Another established murine model of RA is the K/BxN mice.
The pathology is similar to that of human RA. The K/BxN mice
are generated by crossing KRN-C57BL/6 mice, which carry a
transgenic T cell receptor, with autoimmunity-prone non-obese
diabetes (NOD) mice (101). K/BxN mice develop IgG
autoantibodies against glucose-6-phosphate isomerase, which
precipitate joint damage.

Mice lacking functional NOX have the further aggravation of
arthritic symptoms. ROS suppression occurs in patients with
chronic granulomas disease (CGD) due to impaired function of
NOX (35). This implies that ROS in NETs are derived from
additional mechanisms beyond the NOX pathway (86). NET
formation triggered by nicotine (102) was found to be dependent
on mitochondrial ROS rather than depend on NOX (20).
However, Cl-amidine, a PAD inhibitor, did not inhibit the
formation of mitochondrial ROS but inhibit NETs in the New
Zealand mixed 2328 (NZM) murine mice (34).
DIAGNOSING RA WITH NETS

Currently, the laboratory diagnosis of RA relies on the detection
of RF and ACPAs (59, 103). These autoantibodies can be found
in most RA patients, and the titer of ACPAs correlates with the
severity of RA (4). Although many autoantibodies markers have
been applied for patients’ diagnosis with RA, ACPAs are the
most disease-specific markers with the highest specificity and
sensitivity (103). Khandpur et al (38). analyzed 55 Patients with
RA and 36 healthy volunteers or patients with OA. The results
showed that NET formation was associated with the levels of
ACPAs and indicated NETs were a potential target for ACPAs.
ACPAs include antibodies targeting keratin (AKA), perinuclear
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factor (APF), profillagrin/fillagrin (AFA), Sa, and artificial cyclic
citrulline peptide (CCP). The diagnostic specificity of four kinds
of ACPAs (APF, AKA, AFA, and CCP (II)) for RA was more
than 90%, which is significantly higher than that of RF (77.7%),
suggesting that ACPAs can be employed as effective diagnostic
antibodies for RA. However, the sensitivity of ACPAs for RA
differs due to differences in antigens preparation and detection
methods (104–106).

Recently, some studies have focused on the detection of
potential signaling pathways that lead to the increase of NET
formation in RA. This is to determine whether the products of
NET formation are useful for diagnosis. NETs as target
biomarkers have been reported in many autoimmune
diseases. Levels of human neutrophil peptide 1–3 (HNP 1–3),
a part of NETs, were found to be significantly higher in patients
with lupus nephritis (LN) than in healthy controls. They are an
independent indicator of LN [P = 0.006, odds ratio (OR) = 7.5,
95% confidence interval (CI), 1.782–31.842]. Moreover, the
NET-inducing capacity might be a novel biomarker of ANCA-
associated vasculitis (AAV). The levels of NET degradation
products, such as circulating free DNA (cfDNA), free
nucleosomes, NE-DNA, and MPO-DNA complexes, are
reportedly increased in patients with RA (3). NET-derived
products were previously analyzed in vitro by microscopy and
enzyme-linked immunosorbent assay (ELISA). Receiver
operating characteristic (ROC) curves showed spontaneously
increased formation of NETs and production of ROS in
patients with RA (59). NET-derived cell-free nucleosomes in
RA serum showed diagnostic value with an area under the ROC
> 97% with 91% sensitivity and 92% specificity (59). No
significant differences were detected between ACPA-positive
and ACPA-negative patients (59). Recently, the level of anti-
NET antibodies (ANETA) in RA serum was reported to be
significantly higher in rheumatoid factor-positive than that in
seronegative patients (107). The collective evidence suggests
that the quantitative detection of the NET-derived products
may be a useful complementary tool to identify individuals at
risk and to monitor patients with RA.
THERAPEUTIC TARGETING OF NET
FORMATION TO TREAT RA

Clearance of NETs
DNAse-1 dismantles NETs in vitro. In vivo, DNase-1 does not
interfere with NET production, but fragments the DNA and
destroys the backbone of the NETs (9). DNase-1 reportedly
promotes the escape of group A Streptococcus (GAS) from being
killed by NETs. Enhanced neutrophil depletion of GAS and
reduced virulence occur in the presence of the DNase I inhibitor
G-actin (108). Recently, several studies have reported that
bacterial DNases degrade NETs, allowing the bacteria to escape
killing in NETs (109–111). However, Bryan et al. injected S.
aureus intraperitoneally into mice and monitored the infections
with minimally invasive nonsurgical luminescent imaging,
showing that DNase reduced bacterial growth (112).
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Kolaczkowska and colleagues also demonstrated that DNase
effectively eliminated NET-borne DNA and inhibited the
proteolytic activity of NE (25). Nevertheless, NETs still show
some antimicrobial activities, as most of the histones remained.
The circulating zymogen form of factor VII activating protease
(FSAP) can be activated by histones and the nuclear lobules of
NETs. NETs bound to FSAP fail to activate pro-FASP. However,
histones release after the degradation of NETs by DNase
dramatically stimulating pro-FASP activity (113). Pathogenic
micro-organisms produce DNases that inhibit the generation
of ROS in the later stage and lead to escape the killing in NETs
(114). In addition, NETs are cleared via phagocytosis of
macrophages, which increases the release of cfDNA (115).
Whether the pathogenesis of RA involves macrophage
dysfunction needs further examination. The cfDNA levels in
synovial fluids were correlated with neutrophil counts but not
with macrophage counts (80). The increased NETs levels in RA
synovial fluids may be caused by either impaired activity of
DNase-1 or by inhibitors of DNase-1. Serum DNase-1 activity is
negatively correlated with inflammatory markers and neutrophil
counts, suggesting that insufficient DNase-1 activity is an
important factor in the regulation of NET persistence. The
elevated cfDNA levels in the synovial fluid may be an
important source of “altered self.” Only very few eosinophils
and mast cells exist in the synovial fluid of patients with RA,
suggesting that cfDNA are mainly derived from NETs. An
advantage of DNase-1 is low toxicity, which has been verified
in murine models of breast cancer (116), lupus (117), or lung
damage (118). Exogenous administration of DNase I may be
used to dismantle NETs and can, therefore, be considered for the
treatment of RA.

Inhibition of NET Formation
Additionally, drugs that reduce the formation of NETs may also
be used to treat and relieve RA. Delivery of the NE inhibitor
sivelestat via a nanoparticle system to LPS-induced endotoxin
shock mouse model inhibits NET formation, reduces
circulating NE, and prevents mice from endotoxic shock
(119). CI-amidine can reduce protein citrullination in the
pGIA mouse model (120). Rituximab and belimumab reduce
NET formation by blocking the immune-complexes formation
(121). Emodin accelerates apoptosis and suppresses autophagy
and NET formation by reducing IL-6, IFN-g, and TNF-a in the
murine adjuvant-induced arthritis (AA) (122). Polydatin (PD)
reduces NET formation of bone marrow-derived neutrophils
and in patients with RA. Similarly, in CIA mice, the deposition
of NETs in the ankle joints is decreased by PD-treatment (123).
Ascomycin and cyclosporine A can decrease IL-8 induced NET
formation by inhibiting the calcineurin pathway (124).
Triptolide (TP) exhibits potential as an RA therapeutic by
lowering neutrophil recruitment and downregulating the
expression of TNF-a and IL-6. TP is also able to suppress
NET formation and autophagy of neutrophils (125). Moreover,
celastrol can inhibit NOX-dependent NET formation (126).
Tocilizumab likewise shows the potential to reduce
autoantibody levels and, consequently, immune complex
formation in patients with RA (127). Nevertheless, there are
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differences in the immune system and physiological function
between murine models and humans. Given the limited scope
of current clinical standard therapies, more clinical research is
required to establish NET reducing therapies.
PERSPECTIVES AND CONCLUSION

The accumulated data on the role of NETs in RA has brought
NETs into focus as novel therapeutic targets for RA. The future
will tell whether a blockage in NET formation or increased NET
catabolism will win the race.
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Several reports have described a beneficial effect of Mesenchymal Stromal Cells (MSCs)
and of their secreted extracellular vesicles (EVs) in mice with experimental colitis. However,
the effects of the two treatments have not been thoroughly compared in this model. Here,
we compared the effects of MSCs and of MSC-EV administration in mice with colitis
induced by dextran sulfate sodium (DSS). Since cytokine conditioning was reported to
enhance the immune modulatory activity of MSCs, the cells were kept either under
standard culture conditions (naïve, nMSCs) or primed with a cocktail of pro-inflammatory
cytokines, including IL1b, IL6 and TNFa (induced, iMSCs). In our experimental conditions,
nMSCs and iMSCs administration resulted in both clinical and histological worsening and
was associated with pro-inflammatory polarization of intestinal macrophages. However,
mice treated with iEVs showed clinico-pathological improvement, decreased intestinal
fibrosis and angiogenesis and a striking increase in intestinal expression of Mucin 5ac,
suggesting improved epithelial function. Moreover, treatment with iEVs resulted in the
polarization of intestinal macrophages towards and anti-inflammatory phenotype and in
an increased Treg/Teff ratio at the level of the intestinal lymph node. Collectively, these
data confirm that MSCs can behave either as anti- or as pro-inflammatory agents
depending on the host environment. In contrast, EVs showed a beneficial effect,
org April 2021 | Volume 12 | Article 6276051116
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suggesting a more predictable behavior, a safer therapeutic profile and a higher
therapeutic efficacy with respect to their cells of origin.
Keywords: inflammatory bowel disease, mesenchymal stromal cells, extracellular vesicles, macrophage
polarization, sodium dextran sulfate, immunomodulation
INTRODUCTION

Inflammatory Bowel Diseases (IBD) such as Ulcerative Colitis and
Crohn’s Disease are chronic inflammatory diseases of the gastro-
intestinal tract. Although the origin of IBD remains obscure, the
widely believed hypothesis is that environmental factors or
infections can alter the barrier function of the epithelium, leading
to loss of immune tolerance to intestinal antigens (1, 2). The
immune response in the intestine is a tightly controlled balance
between innate and adaptive effector responses and negative
regulatory pathways. Dysregulation of the immune response and
alteration of the equilibrium between protective immunity and
tolerance to self-antigens and commensal bacteria have been
emphasized as pathogenic factors (1, 2). Drugs used to suppress
the immune response and reduce tissue inflammation are not
always effective and are often associated with more or less serious
side effects (3). Mesenchymal stromal cells (MSCs) have shown
beneficial effects in animal models of IBD and have been approved
by the European Medicines Agency for the treatment of fistulas in
Crohn’s disease following a successful phase II/III clinical trial (4).
In their clinical application for the treatment of immune disorders,
however, administrated MSCs might encounter a biased cytokine
milieu in vivo, which could actually render MSCs immune-
enhancing (5). Indeed, in some conditions MSCs could promote
the proliferation of suboptimally activated T cells (6, 7).Therefore,
MSCsappear to respondtoenvironmental signalspossibly resulting
in unpredictable opposite behavior in vivo.

It is now well established that several beneficial effects of MSC
transplantation are mediated by paracrine signaling (8–10), and
that such signals are mostly convoyed via membrane vesicles
released by the cells, named extracellular vesicles (EVs) (11–13).
EVs are a heterogeneous population of nanoparticles up to 1 mm
in size, including exosomes and microvesicles, carrying both
effector molecules and RNAs (14). The discovery that EVs
secreted by MSCs can reproduce some immunomodulatory
and pro-regenerative effects of their cells of origin has
prompted investigations on the use of these cell products as
therapeutic tools, and indeed their beneficial effects have been
confirmed in several animal models of organ and tissue injury
(15). In particular they were effective in improving both clinical
and histological signs of colitis in animal models (15). We also
observed similar therapeutic effects of MSCs and EVs in
hyperoxia-induced lung injury (16).

Following the recognition of the therapeutic potential of
exosomes, several researchers are trying to modify their
composition to enhance specific biological effects on target
cells. Several authors have shown that the immunomodulatory
activity of MSCs is affected by cytokine priming, both in vitro
and in vivo (17–20). However, only few studies have investigated
the effects of MSC priming by pro-inflammatory cytokines on
org 2117
the biological activity of released EVs (21, 22). Here, we
investigated the effects of both MSCs and EVs, with and
without priming with pro-inflammatory cytokines, in a well-
established murine model of IBD. Surprisingly, we observed a
divergent effect of MSC-EVs vs. their parent cells, a difference
that was amplified by cytokine conditioning.
MATERIALS AND METHODS

Murine MSC Isolation and Culture
Murine MSCs were isolated by flushing the bone marrow of
C57BL6/J mice. Cells were cultured in 25 cm2 tissue culture
flasks at a concentration of 2.00E+6 cells/cm2. MSCs were fed in
Dulbecco’s modified eagle medium low glucose [1g/L] (DMEM;
Gibco by Life Technologies) enriched with 10% fetal bovine
serum (FBS; Gibco by Life Technologies), [100 U/mL] penicillin
and streptomycin (P/S; Gibco by Life Technologies), [100 mg/
mL] L-glutamine (Gibco by Life Technologies) and incubated at
37°C, 5% CO2. After 48 hours, the non-adherent cells were
removed. After reaching 80% confluence, the adherent cells were
trypsinized (0.05% trypsin at 37°C for 3 minutes), harvested and
expanded in larger flasks. MSC at passage 5 were screened by
flow cytometry (LSRFortessa (BDBiosciences) for the expression
of SCA-1, CD31 and CD34 (BD Pharmingen, Oxford, UK) and
used to perform the experiments. MSCs were grown up till reach
80% of confluency in ventilated cap flask. Growth medium was
substituted with DMEM low glucose [1g/L] supplemented with
10% FBS, 2mM glutamine, 100 U/ml penicillin/streptomycin,
without (for naïve MSCs) or with a pro-inflammatory cytokine
cocktail (for induced MSCs: iMSC) composed by IL-6 [20 ng/mL],
TNF-a [25 ng/mL] and IL-1b [25 ng/mL] (Peptrotech) for 24
hours. This medium was changed with DMEM low glucose
supplemented with 2mM glutamine, 100 U/ml penicillin/
streptomycin for 24 hours before collection for EV isolation (20, 23).

Extracellular Vesicles by Ultrafiltration
Culture medium (CM) was centrifuged at 1200 rpm for 6
minutes to discard dead cells and debris and filtered through
0.22 mm filter (filter unit syringe driven, Millex-GP). Supernatant
was loaded onto an Amicon filter device (Amicon filters Ultra-
15, regenerate cellulose 100,000 NMWL; Merck Millipore). The
filter unit was centrifuged at 3200g at 4°C for 15 minutes and the
concentrate was collected.

Measurement of Extracellular Vesicles
Concentration and Size Distribution
Particle concentration and size distribution were analyzed by
Tunable Resistive Pulse Sensing (TRPS) technology with the
qNano instrument (Izon Science, Christchurch, New Zealand).
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In this system, a membrane including a tunable submicron-sized
pore separates two fluid chambers, one containing the sample to
be analyzed, the other an electrolyte solution. A voltage is applied
across a membrane, resulting in an ionic current. While passing
through the pore, the particles generate a “blockade” event,
which in turn generates a pulse that is directly proportional to
the particles’ volume, while the blockade rate is related to particle
concentration. In the present setup, a NP150 membrane was
used. The concentration of particles was standardized using a
CPC100 calibration solution diluted 1:10000 (110 nm mean
carboxylate polystyrene beads; raw concentration 1.00E+12).

Functional Assays
Macrophage Functional Assay
RAW 264.7 murine macrophages (passages 12-15) were cultured
in DMEMHigh Glucose 5% FBS. For the assay, cells were seeded
in sextuplicate in a 96-well plate (40.000cel/well) for 24h and
were stimulated with or without LPS from E. coli O111:B4
(L4391, Sigma) at a dose of 10ng/mL, plus dexamethasone
(D4902, Sigma) at a dose of 1µg/mL or plus nEV or iEV
(5,00E+7, 5,00E+8, 5,00E+9 EV) for 16h. After that, cell
culture supernatant was taken and analyzed for IL-10
concentration following manufacturer’s instructions (mouse
IL-10 ELISA kit DY417, R&D).

Endothelial Functional Assay
80 µl of Matrigel Matrix (Corning) were seeded in the 96-well
plate and left to polymerize at 37°C, 5% CO2 for at least 30
minutes. SVEC4-10 cells with 5,00E+9 EVs were resuspended in
96µl DMEM, supplemented with 10% FBS seeded on the
solidified matrix and incubated for 4 hours at 37°C 10% CO2.
DMEM low glucose with 10% heat-inactivated FBS was used as
control. After the incubation, pictures were taken with a phase
contrast inverted microscope (Olympus) and analysis were
performed with ImageJ Angiogenesis Analyzer.

Western Blot Analysis
For the western blot analysis, both naïve and induced mMSC and
EV were lysed in RIPA buffer and then incubated with Laemmli
buffer with b-mercaptoethanol for 5 min at 95°C, for complete
protein denaturation. Then, samples were loaded and resolved in
an SDS-polyacrylamide 4-12% gel at 140V and blotted using
semi-dry transfer for 7 min at 25V to polyvinylidene difluoride
membranes (PVDF) (GE Healthcare Life science). Membranes
were blocked with 5% BSA in TBS-Tween for 1h at room
temperature and then incubated with primary antibodies
overnight: mouse monoclonal ALIX antibody 1:500
(MA183977, Thermofisher), rabbit polyclonal TSG-101
antibody 1:1000 (ab-125011, Abcam), diluted in 1% BSA in
TBS-Tween. After washing, membranes were incubated with
secondary antibodies: goat- anti rabbit-HRP 1:5000 (65-6120,
Thermofisher) and goat anti-mouse-HRP 1:5000 (62-6520,
Thermofisher) for 1h at room temperature. After washing,
bands were evidenced by means of ECL Plus Western blotting
analysis system (32134, Thermofisher).
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Transmission Electron Microscopy (TEM)
One drop of EVs solution (about 25µl) was placed on 400 mesh
holey film grid; after staining with 1% uranyl acetate (for 2
minutes) the sample was observed with a Tecnai G2 (FEI)
transmission electron microscope operating at 100 kV. Images
were captured with a Veleta (Olympus Soft Imaging System)
digital camera.
Mouse Model of Colitis
C57BL/6J mice were purchased from Charles River Laboratories
(Calco, Italy). All mice used as primary cell donors or recipients
were between 8 and 12 weeks of age. Procedures involving
animals and their care conformed to institutional guidelines in
compliance with national (4D.L. N.116, G.U., suppl. 40, 18-2-
1992) and international (EEC Council Directive 2010/63/UE;
National Institutes of Health Guide for the Care and Use of
Laboratory Animals) law and policies. The protocol was
approved by the Italian Ministry of Health, Division of
Veterinary Medicine (protocol n°861/2016-pr, risp. a prot
c35de.2 #195042387#). All efforts were made to minimize the
number of animals used and their suffering. Colitis was induced
in C57BL/6N mice by administration of 3% dextran sulfate
sodium (DSS) (molecular mass, 40 kDa; Sigma Aldrich) in
drinking water for 6 days followed by 3 days on plain water.
Mice with colitis were divided into five treatment groups as
described in Table 1 and received an intraperitoneal injection
(IP) of MSCs on days 4 and 8 or of EVs on days 4, 6 and 8. Both
MSCs and EVs were suspended in 200 mL of PBS. Control mice
received PBS only. To administer an amount of EVs
approximately proportional to the number of injected MSCs,
we calculated the EV dose based on the following assumptions:
i) the transplanted MSCs remain active in the host tissue
for about 24-48 hours (24, 25); ii) the transplanted MSCs
produce an amount of EVs comparable to that produced in
vitro in standard 2D culture conditions in this time period (about
1.00E+3 EVs per cell according to our experience). The
severity of colitis was assessed daily by measurement of
weight loss and of disease activity index (DAI). DAI was
calculated on the degree of diarrhea and of visible fecal blood
as described by Cooper et al. (26). Mice were euthanized on
day 10. The entire colon was removed, and colon length was
measured. The colon was opened longitudinally and rinsed with
physiological saline to remove fecal residues. Tissue samples
were stored in liquid nitrogen for subsequent analysis or
embedded in paraffin.
TABLE 1 | Experimental groups.

Group N Intraperitoneal (IP) Treatment

Healthy, untreated (UT) 5 none
Colitis + vehicle only (PBS) 5 200mL/administration
Colitis + MSCs 5 4.00E+6/administration
Colitis + iMSCs 5 4.00E+6/administration
Colitis + nEVs 5 1.00E+9/administration
Colitis + iEVs 5 1.00E+9/administration
April 202
1 | Volume 12 | Article 627605

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tolomeo et al. Extracellular Vesicles for Colitis Treatment
Histopathological Analysis
The colon, from the rectum to the ileo-cecal junction, was entirely
sampled for histopathological evaluation. It was cut longitudinally
and fixed in 10% buffered formalin for 2 days. The colon was then
paraffin-embedded; 5-µm-thick sections were sliced and stained with
Hematoxylin and eosin. The colonic mucosa had a quite patchy
aspect, showing the alternation of lesions and almost normal mucosa.
The intestinal lesions were evaluated through the following score: 0,
no inflammation or crypt damage; 1, mild inflammation and damage
of the basal 1/3 of crypts; 2, moderate inflammation and damage of
the basal 2/3 of crypts; 3, severe inflammation with total crypt loss,
although in the presence of surface epithelium; 4, severe
inflammation with total crypt loss, in the absence of surface
epithelium. The total colitis score was then calculated by
multiplying the above score for the percentage of damaged colonic
mucosa. In particular, this percentage was calculated by dividing the
total length of the injured colonic areas for the total length of the
colon (from the rectum to the ileo-cecal junction and without
considering the cecum).

Lymph Node Cell Isolation and Flow
Cytometry
Single cells suspensions were prepared from mesenteric lymph
nodes (MLN) by forcing the organs through an 80µm mesh
(Sigma-Aldrich). Cells were washed twice with PBS and then
suspended in Flow Cytometry Staining Buffer (eBioscience). To
block unspecific binding of antibodies, cell suspensions were
incubated with an anti‐CD16/32 mAb (2.4G2, eBioscience) for
15 min on ice and then stained with combinations of the
following fluorochrome-labeled antibodies against surface
markers for 30 min on ice: CD3 (17A2, eBioscience), CD4
(GK1.5, eBioscience), CD69 (H1.2F3, Abcam), and CD25
(PC61.5, eBioscience). Intracellular staining for FoxP3 (FJK-
16s, eBioscience) was performed using the FoxP3/
Transcription factor staining buffer set (eBioscience) according
to the manufacturer’s instructions. Flow cytometric analysis was
performed using a FACSCalibur based on CellQuest software
(BD-Becton Dickinson, Franklin Lakes, USA). T cell effectors
(Teff) were defined by: CD3, CD4, CD69+. T cell regulators
(Treg) were defined by: CD3, CD4, CD25, FoxP3+.

Immunohistochemistry
Slides Deparaffinization
Slides were incubated twice for 5’ in xylene, and then hydrated in
a series of ethanol solution at decreasing concentration (100%/
T

A

C
R
R
M
R
G
G
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100%/95%/80%) for 3 minutes each and then placed in distilled
water. To completely deparaffinize samples without disrupting
their morphology and without damaging surface epitopes, slices
were placed in a pre-heated bath at 90°C with a Trisodium
Citrate pH 6,03 buffer solution for 30 minutes. Slides were rinsed
with PBS-Tween20 0.05% for two minutes.

Immunofluorescence
A solution of glycine 0,1 M to block unspecific binding with
antibodies, and then permeabilized with a solution of 1% BSA
and 0.02% NP40 in PBS for 1h at room temperature. Primary
antibodies were diluted in 1% BSA solution in PBS and used
accordingly to Table 2. Slides were washed in PBS and incubated
with secondary antibodies at 37° C for 1 hour. Hoechst (H3570
Life technologies) 1:10000 in PBS was used for 15 minutes to
mark nuclei and mounting medium (Dako S3023) was used to
seal the slides. Pictures were taken using confocal LSM 800 Zeiss
at 20X of magnitude. Cells positive for each antibodies and
Hoechst were counted and expressed as percentage of positive
cells/field.

Immunohistochemistry Was Performed With CD31
0.3% hydrogen peroxide for 10 min at room temperature was
used to remove endogenous peroxidase activity and blocking
serum for 30 min at room temperature. After primary antibody
incubation with anti-mouse/rabbit serum (DAKO EnVision -
TM Peroxidase, Rabbit, Dako Corporation, Carpinteria, CA) for
30 min at room temperature, 3,3=-diaminobenzidine (Sigma-
Aldrich, Milan, Italy) was used. Counterstained with
hematoxylin was performed. Negative controls were also done.
Pictures were taken with a Leica DM4500B microscope coupled
with a DFC320R2 camera for image acquisition and analyzed
using Fiji software Color deconvolution/H DAB to analyze the
signal of CD31. Threshold software was used to quantify area
with positive CD31 signal, data were expressed as percentage of
tissue covered per field.

Sirius Red
To quantify Collagen I on our samples, staining for Sirius red was
performed. Hematoxylin staining for nuclei using Gills
Hematoxylin solution nr.3 (Bio Optica 05-M06015) followed
by staining with Sirius red solution (Sigma Cat #P6744-16A)
following manufacturer’s instruction. Mounting medium (Fluka
03989) was used. Ten random pictures were taken at 10X
magnitude with Leica B5000 inverted microscope and
ABLE 2 | Antibody list.

ntibodies Dilution Incubation condition Clone Ref

D31 1:50 O.N. 4°C JC70A M0823 (Dako)
abbit anti-iNOS 1:80 O.N. 4°C EPR16635 Ab178945 (abcam)
abbit anti-CD163 1:50 O.N. 4°C EPR19518 Ab182422 (abcam)
ouse anti-Muc5ac 1:80 O.N. 4°C 45M1 MA512178 (Invitrogen)
at anti-CD45 1:100 O.N. 4°C IBL-3/16 MCA1388 (Biorad)
oat anti-Mouse IgG Secondary Antibody, Alexa Fluor 594 1:200 1 h 37°C Polyclonal A11005 (Life Technologies)
oat anti-Rat IgG Secondary Antibody, Alexa Fluor 488 1:200 1 h 37°C Polyclonal A11006 (Life Technologies)

Goat anti-Rabbit IgG Secondary Antibody, Alexa Fluor 594 1:200 1 h 37°C Polyclonal A21442 (Life Technologies)
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quantification of collagen was performed with Fiji software
(plugin color deconvolution for Fast Red Fast Blu DAB), that
was quantified using Fiji’s Threshold software. Threshold
provide us the percentage of area stained in comparison with
the dimension of the picture and results were expressed as
Collagen I deposition/field (%).

Quantitative Real Time pCR
RNA was extracted using Rneasy Kit (Qiagen) from samples
previously snap frozen in liquid nitrogen. Quantification and
assessment of RNA quality were obtained with Nanodrop 2000
(Thermoscientific). High Capacity cDNA Reverse Transcription
kit (Applied Biosystems) was used and qRT-PCR was performed
with Platinum® Syber Green Mix (Lifetechnologies) using Roche
thermocycler. A relative quantification (RQ) was calculated by
DDCt methods. Beta2microglobulin was used as reference gene
for normalization. Primer sequences used are listed in Table 3.
All graphs displayed were produced with GraphPad software 6.
Data are displayed as means ± standard deviation

Statistical Analysis
Normally distributed variables are presented as mean ± SD.
Comparisons of categorical variables were carried out using one-
way ANOVA followed by Bonferroni’s Multiple Comparison
Test. P<0.05 was assumed statistically significant. Statistical
analysis was performed by the use of IBM SPSS Statistics
version 20(SPSS Inc., Chicago, IL, USA).
RESULTS

Characterization of MSCs and EVs
The naïve murine MSCs (nMSCs) and the induced MSCs
(iMSCs) fulfilled the minimal criteria that define MSCs (27);
they appeared spindle shaped and distributed as swirling
(Supplementary Figures 1A–C). Moreover, both nMSCs and
iMSCs were positive for the classical mesenchymal markers Sca1-
A, CD105, CD44, CD29 and negative for the hematopoietic
markers CD45, CD117 as demonstrated by the flow cytometric
analysis (Supplementary Figures 1B, D). EVs expressed CD9,
CD63 (23) as well as ALIX and TSG101 (Figure 1F). Tunable
Resistive Pulse Sensing (TRPS) analysis of EVs isolated from
nMSCs and iMSCs, demonstrated two homogeneous populations
with particle size mostly below 100 nm, with no significant
differences between naïve EVs (nEVs) and induced EVs (iEVs)
(Figures 1A, B). Transmission electron microscopy (TEM)
Frontiers in Immunology | www.frontiersin.org 5120
identified EVs as a group of heterogeneous spheroids with the
size ranging from 30 to 100 nm (Figures 1D, E). No apoptotic
bodies were detected (28). Notably, EV particles/cell was
increased by approximately three-fold in the medium of
cytokine-conditioned MSCs (Figure 1C).

The immunomodulatory activity of EVs was evaluated in
vitro by analyzing their dose-response effects on the production
of the anti-inflammatory cytokine IL-10 by LPS-stimulated
macrophages. Three different doses were tested (5,00E+7,
5,00E+8, 5,00E+9 nanoparticles respectively). Both nEVs and
iEVs significantly increased IL-10 secretion after LPS treatment
at the highest dose (Figure 1G). The effect of iEVs on
angiogenesis in vitro was analyzed with a tube formation assay
using the highest EV dose of the previous immunological test.
The anti-angiogenic effect of iEVs is shown in Figure 1H:
segment length and meshes area were drastically decreased in
iEV treated cells. Representative pictures of the tube morphology
derived from nEV and iEV treatment are shown in panel 1I.

EVs but Not MSCs Administration
Ameliorates Clinicopathological Signs
of Colitis
Treatment with DSS was administered in drinking water for 6
days. MSCs were injected at days 4 and 8 (Figure 2A) and EVs at
days 4, 6 and 8 (Figure 3A). MSC dose was in the order of 106,
similar to the one shown to be effective in previous publications
on the treatment of DSS-induced colitis (29–31). We observed
that the administration of both nMSCs and iMSCs worsened the
typical signs of colitis evidenced by weight loss and colon length
reduction with a trend to increased DAI (Figures 2B–E).
Macroscopic examination of colons showed strong hyperemia
and inflammation associated with the decrease in colon length
(Figures 2F, G). Histological analysis of colon mucosa showed
patchy areas of inflammatory infiltrate with tissue necrosis and
ulcer formation. In line with these results, the severity of
histological injury was increased in MSC-treated groups
(Figures 2H, I).

With regards to the treatment with EVs, we set the doses in
our previous work (32). We found that nEVs did not ameliorate
body weight loss and colon length reduction, although it resulted
in a modest but significant improvement in DAI (Figures 3B–E).
Histomorphometric analysis did not show any appreciable effect
of nEVs on colon mucosa (Figure 3I). However, treatment with
iEVs was associated with normalization of body weight and with
a significant improvement in DAI, although with a non-
significant change in colon length (Figures 3F, G). Moreover,
TABLE 3 | Primer list.

Primers Forward Reverse NM Product length (bp)

NOS2 GCAGGTCTTTGACGCTCGGA ATGGCCGACCTGATGTTGCC NM_010927.3 105
Arg1 AGACCACAGTCTGGCAGTTGG AGGTTGCCCATGCAGATTCCC NM_007482.3 136
CD31 AGCCTCACCAAGAGAACGG GTGGGGACAGGCTCATAAATAC NM_001032378.2 150
Ang1 CAGTGGCTGCAAAAACTTG AGACTGGTTCCTATCTCAAGC NM_001286062.1 119
Vegf CTCCACCATGCCAAGTGGTC GTCCACCAGGGTCTCAATCG NM_001025250.3 126
B2micro GCTTCAGTCGTCAGCATGG CAGTTCAGTATGTTCGGCTTCC NM_009735.3 149
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FIGURE 1 | Characterization of extracellular vesicles derived from mesenchymal stromal cells. (A) Representative size distribution of nEV and of (B) iEV analyzed by
Resistive Pulse Sensing. (C) Number of nEVs and of iEVs secreted per cell. Result are mean ± standard error (n = 5 independent experiments, *P < 0.05).
(D) Transmission electron microscopy analysis of freshly nEVs (E) and of freshly iEVs; scale bar refers to 200 nm. (F) Western Blot of nEVs and iEVs for TSG101 and
Alix. (G) Macrophage functional assay. IL-10 quantification after LPS cell treatment. (n = 3 independent experiments, *P < 0.05). (H, I) Endothelial functional assay.
Segment length and meshes area were measured after nEVs and iEVs treatment. (I) Representative phase contrast images. Scale bar: 100mm.
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the histomorphometric and colitis score analysis confirmed the
beneficial effect of iEVs evidenced by a strong reduction of
necrotic mucosal surface (Figures 3H, I).

Different Effects of Unprimed or Cytokine-
Primed MSCs and of Their Secreted EVs
on Intestinal Macrophage Polarization
Induction of colitis was associated with an increased infiltration
of CD45+ cells in colon tissue. This parameter did not show
significant differences between the different treatments (nMSC vs
iMSC and nEVs vs iEVs) (Figures 4A and 5A). Specifically,
nMSCs administration tended to induce an anti-inflammatory
polarization in macrophages. This effect was statistically
significant when analyzing the Nos2/Arg1 ratio by qRT-PCR
(Figure 4D) and there was a trend when analyzing iNOS+/
CD163+ cell ratio by immunofluorescence (Figure 4E).
Conversely, the administration of iMSCs polarized
macrophages to a pro-inflammatory phenotype. Indeed, both
Frontiers in Immunology | www.frontiersin.org 7122
the ratio of the genes Nos2/Arg1 and of the proteins iNOS+/
CD163+ cell ratio was significantly higher (Figures 4B–E). No
effect of MSC administration (either naïve or induced) was
observed on the Treg/Teff ratio at the level of the intestinal
lymph node as the ratio were similar to that of the PBS group
(Figure 4F). With regards to the administration of nEVs, they
did not show a clear effect on macrophage polarization nor on
Treg/Teff ratio, although a reduction of iNOS expression (M1
marker) was observed by immunofluorescence of colon tissue
(Figures 5B–F). However, administration of iEVs promoted
macrophage polarization to an anti-inflammatory phenotype,
as shown by a decrease in both the Nos2/Arg1 ratio and iNOS+/
CD163+ cell ratio. In particular, immunofluorescence analysis
showed a significant reduction of the M1 marker iNOS and a
significant increase of the M2 marker CD163 in colon tissue of
iEV-treated animals (Figures 5B–E). This finding was associated
with a significant increase in the Treg/Teff ratio at the level of the
intestinal lymph node (Figure 5F).
C D E

F

I

G H

A B

FIGURE 2 | MSC administration worsens colitis in mice. (A) Experimental design. DSS was given in drinking water for 6 days followed by three days on plain water.
MSCs were injected intraperitoneally on days 4 and 8. Weight loss (B), Percent weight loss (C) and disease activity scores (D) were determined daily. (E) Disease
activity index at 10 days. Colon length (F, G), histomorphometric score (H) and colitis score (I) were determined on day 10. Scale bars, 50 mm. Results are mean ±
standard error (n = 5). *P < 0.05, **P < 0.01, n.s. = not significant.
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Different Effects of MSCs and of Their
Secreted EVs on Collagen Deposition and
Angiogenesis
Both nMSCs and iMSCs increased collagen deposition in colon
mucosa, however statistical significance was achieved only with
the administration of the latter (Figure 6A). The presence of the
endothelial marker CD31 was used to assess angiogenesis by
qRT-PCR and immunocytochemistry. CD31 expression was
increased at protein level, although to a significant extent only
in the group treated with unprimed MSCs (Figure 6B). Gene
expression of CD31, Ang1 and Vegf was down regulated in both
naïve and primed MSCs groups (Figure 6C). Conversely, both
collagen deposition and angiogenesis were significantly reduced
in the iEV-treated group. In the same group of mice, CD31, Ang1
and Vegf gene expression decreased as well as CD31 detected as
Frontiers in Immunology | www.frontiersin.org 8123
protein in the colon tissue. nEVs administration had no effect on
both parameters (Figures 6D–F). This finding suggests that iEVs
are best suited as an anti-angiogenic agent.

Effects of MSCs and of Their Secreted EVs
on Mucin 5ac in Colon Mucosa
In order to investigate the intestinal mucosa at functional level,
the expression of mucin 5ac was analyzed. The treatment with
DSS significantly reduced mucin 5ac expression, suggesting loss
of functionality. However, this protein increased in colon mucosa
of mice receiving unprimed MSCs in respect to PBS treated
animals (Figure 7A), while iMSCs had no effect (Figure 7A). Of
note, a strong 8-fold induction of MUC5ac was observed in mice
receiving iEVs, suggesting a regenerative action of iEVs, yet the
administration of nEVs had no significant effect (Figure 7B).
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FIGURE 3 | EVs improve the clinicopathological signs of colitis. (A) Experimental design. DSS was given in drinking water for 6 days followed by three days on
plain water. EVs were injected intraperitoneally on days 4, 6 and 8. Weight loss (B), Percent weight loss (C) and disease activity scores (D) were determined daily.
(E) Disease activity index at 10 days. Colon length (F, G), histomorphometric score (H) and colitis score (I) were determined on day 10. Scale bars, 50 mm. Results
are mean ± standard error (n = 5). *P < 0.05, **P < 0.01, n.s. = not significant.
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DISCUSSION

Chronic intestinal inflammation results from the interaction of
genetic, immunological and environmental factors. Recently,
Mesenchymal Stromal Cells (MSCs) have been approved by
the European Medicines Agency for the treatment for Crohn’s
fistulas resistant to conventional therapy and biologics. The
effectiveness of MSC therapy probably relies on its complex
immune regulatory rather than suppressive properties, being
able of redirecting both the innate and the adaptive and innate
immune system towards an anti-inflammatory, pro-regenerative
response. However, cell dosages and timing are still based on
insufficient experience and may be limited by high production
costs (33). Even more critical, administered MSCs may behave
differently in different patients. MSCs secrete soluble factors such
as indoleamine 2,3-dioxygenase (IDO), involved in the
catabolism of the essential amino acid tryptophan (34). This
results in the degradation of tryptophan and accumulation of
toxic kynurenines with inhibition of T cell proliferation.
Upregulation of stress response pathways such as inducible
nitric-oxide synthetase (iNOS) variably contributes to MSCs-
Frontiers in Immunology | www.frontiersin.org 9124
induced immune suppression, with notable species differences (5).
During MSCs-mediated immunomodulation, proinflammatory
cytokines have been shown to play a key role, provoking MSCs to
express iNOS (in rodents) or IDO (in humans) associated with T
cell suppression. Waterman et al. (7) described a different
immunomodulatory mechanism of MSCs that can polarize to a
proinflammatory or to an immunosuppressive phenotype
depending respectively on Toll-like receptor (TLR) 4 or TLR3
priming, thus again depending on the characteristics of the
inflammatory environment. These findings suggest that it is
important to be aware of the potential differential effects of
cytokines or drugs on the expression and activity of IDO when
applying MSCs in the treatment of disease, as they are a critical
switch that determine the immunomodulatory fate of MSCs.

Several reports confirmed the immunomodulatory and pro-
regenerative effects of MSCs and their secreted EVs. However, we
obtained strikingly different results in our well-established
murine model of DSS-induced colitis. In this experimental
setup, administration of MSCs (both unprimed and cytokine-
conditioned) worsened the clinical signs of colitis, as shown by a
decreased body wt and by a trend to an increased DAI.
A

B

C

D E F

FIGURE 4 | Administration of cytokine-conditioned MSCs is associated with pro-inflammatory polarization of intestinal macrophages. (A) CD45 pan lymphocyte IF.
CD45 positive cells are equally present in nMSCs and iMSCs treated mice. (B, C) Immunofluorescence labeling of macrophage polarization markers in colon
mucosa: IF (left), quantification (right). iMSCs induce iNOS protein, M1 marker. (D) qRT-PCR M1/M2 ratio: iEVs administration results in a significant presence of anti-
inflammatory Arg1 gene. (E) protein M1/M2 ratio. (F) Treg/Teff ratio in the intestinal lymph node. Scale bar: 50mm. Results are mean ± standard error (n = 5).
*P < 0.05, **P < 0.01.
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Moreover, the histomorphometric scores of colitis were
significantly worsened in both MSC-treated groups. It was
reported that the therapeutic efficacy of MSCs in experimental
colitis could be improved by priming with pro-inflammatory
cytokines (35, 36). We have thus treated a group of mice with
MSCs conditioned with a cytokine cocktail (iMSCs) known to
enhance the cell immunomodulatory and anti-angiogenic
activity (20, 21). However, iMSC administration also worsened
colitis compared with the PBS-treated (control) group. Even if
several reports describe the therapeutic efficacy of MSCs in DSS-
induced colitis (29–31, 37–39) a worsening effect of these cells in
the present model was reported by other investigators (40). It was
also reported that MSCs can revert to a pro-inflammatory
phenotype in collagen-induced arthritis (41, 42). It should be
noticed that we used murine (syngeneic) MSCs in order to avoid
possible bias due to species differences, as in the work of Nam
et al. (40). However, improvement of DSS-induced colitis was
described following administration of syngeneic (31, 43),
allogeneic (37, 38) and xenogeneic (human) MSCs (29). The
opposite effects observed by us and by Nam et al. are probably
resulting from the poor reproducibility of the experimental
model that can be influenced by strain differences and by
environmental factors, the latter possibly affecting the
composition of intestinal microbiota and thus the local
Frontiers in Immunology | www.frontiersin.org 10125
immune response (44, 45). However, our results confirm that
the effect of exogenous MSCs can be unpredictable, likely
depending on poorly understood host environmental factors.

Administration of EVs secreted by unprimed nMSCs was not
effective in ameliorating clinical and histomorphometric indexes
of colitis, although a trend to improvement was present both in
the DAI and in the histomorphometric score. However,
administration of iEVs, obtained from cytokine-conditioned
MSCs, was associated with a significant improvement in all
clinicopathological parameters of disease.

The effects of cytokine priming onMSCs and the composition
of iEVs vs. nEVs were characterized previously (23, 46). MSC
stimulation with the cytokine cocktail described here resulted in
the enhanced secretion of several specific proteins involved in
inflammation and angiogenesis (46), including matrix
metalloproteases (MMPs), which are considered both effectors
and regulators of several biological processes since they can
activate, inactivate or antagonize growth factors, cytokines and
chemokines by proteolytic processing. In a more recent study, it
was demonstrated that cytokine-stimulated MSCs produce EVs
that are enriched in the anti-angiogenic metalloprotease TIMP-1
(23). Moreover, these iEVs carry CD39 and are particularly
enriched in CD73 (23). Since the combination of CD39 and
CD73 degrade ATP, ADP, and AMP to adenosine, these iEVs
A
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D E F

FIGURE 5 | EV administration reverts macrophage polarization to an anti-inflammatory phenotype and improves M1/M2 and Treg/Teff ratio. (A) CD45 pan
lymphocyte IF. CD45 positive cells are equally present in PBS, nEVs and iEVs treated mice. (B, C) Immunofluorescence labeling of macrophage polarization markers
in colon mucosa: IF (left), quantification (right). iEVs induce CD163 protein, M2 marker. (D) qRT-PCR M1/M2 ratio: iEV administration results in a significant presence
of anti-inflammatory Arg1 gene. (E) protein M1/M2 ratio. (F) Cytofluorimetric analyses of freshly isolated cells form intestinal lymph node: Treg/Teff ratio. Scale bar:
50mm. Results are mean ± standard error (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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might be viewed as “immunological switches” that shift ATP-
driven pro-inflammatory immune cell activity toward an anti-
inflammatory state mediated by adenosine (47). Extracellular
adenosine reduces the expression of adhesion molecules in
endothelial cell, thus preventing the recruitment of leukocytes
into the injured tissue (48, 49). Angioni et al. (23) also identified
a novel anti-angiogenic mechanism of iEVs based on adenosine
production, triggering of A2B adenosine receptors, and
induction of NOX2-dependent oxidative stress (leading to
apoptosis) within endothelial cells. In the present work we
confirmed the anti-angiogenic effect of iEVs in an in vitro tube
formation assay and demonstrated that these nanoparticles can
also polarize macrophages to an anti-inflammatory phenotype in
vitro (Figure 1). Thus, MSC stimulation with the present
Frontiers in Immunology | www.frontiersin.org 11126
cytokine cocktail results in the production of EVs targeting
both inflammation and angiogenesis at several levels.

Previous reports in animal models of experimental colitis (50,
51) described beneficial effects of allogeneic (rat) or xenogeneic
(human to mice) bone marrow-derived MSC-EVs. We cannot
exclude that the trend to improvement observed in our nEV
treated group could become significant with higher EV dosages.
MSC dose in mice was in the order of 106, similar to the one
shown to be effective in previous publications on the treatment of
DSS-induced colitis (29–31). As described in the manuscript, in
choosing the EV dose we empirically applied the cell/EV ratio of
1:1000. This EV dose per Kg body wt was shown to be effective in
animal models of lung injury in previous publications by others
and by us (32, 52, 53) and in a patient with GVHD (54).
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FIGURE 6 | MSCs and iEVs exert opposite effect on fibrogenesis and angiogenesis in mice with colitis. (A) Collagen deposition in colon mucosa: Sirius red (left),
quantification (right). (B) Quantitative CD31 staining as a measure of angiogenesis in colon mucosa: immunocytochemistry (left), quantification (right). (C) qRT-PCR of
CD31, Angiopoietin, Vegf genes. All the genes were down regulated in nMSCs and iMSCs injected mice. (D) Collagen deposition in colon mucosa: Sirius red (left),
quantification (right). (E) Quantitative CD31 staining as a measure of angiogenesis in colon mucosa: immunocytochemistry (left), quantification (right). (F) qRT-PCR of
CD31, Angiopoietin, Vegf genes. With the exception of CD31 in nEVs, Angiopoietin and Vegf were down regulated in nEVs and iEVs injected mice. Scale bar: 50mm.
Results are mean ± standard error (n = 5). *P < 0.05, **P < 0.01.
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However, we clearly demonstrated that, at similar dosages, the
therapeutic efficacy of EVs is greatly enhanced by cytokine
preconditioning of the parent cells. More importantly, we
showed that MSC-EVs exert a beneficial effect in the same
pathologic environment that is on the contrary adversely
affected by administration of their parent cells. To our
knowledge, this is the first in vivo demonstration that EVs can
produce opposite effects with respect to their cells of origin.
Moreover, these findings suggest that the effects of EVs can be
more reproducible than their parent cells. Indeed, unlike cells,
EVs carry a definite set of signals, which should not be modified
by exposure to host environmental factors.

Colitis induced by short-term DSS administration is an acute
model of mucosal inflammation involving innate immune
mechanisms, resulting in macrophage and neutrophil
infiltration (45). Therefore, this model does not mirror the
complexity of chronic IBD. However, the central role of
macrophages in the pathogenesis of IBD is well recognized (39,
55). The expression of iNOS2, a molecular marker of M1
activation, was increased following induction of colitis and
remained high in the two MSC- treated groups, consistently
with the clinicopathological data. The expression of CD 163 as a
marker of M2 activation was more variable, showing an increase
in the nMSC-treated group and a decrease in the iMSC-treated
mice. An opposite behavior was again observed in the EV-treated
groups: the M1 activation marker was significantly decreased in
both nEV-treated and iEV-treated mice, and the M2 activation
marker was significantly increased in the iEV-treated mice.
Clearly, the complexity of the macrophage activation states
cannot be fully described by changes in the above molecular
markers. However, such changes are consistent with the
clinicopathological improvements observed in EV-treated mice
and with lymphocyte profile in the intestinal lymph node. As
discussed above, nMSCs tended to polarize the macrophages to
an anti-inflammatory phenotype. However, only EVs suppressed
the expression of iNOS, a major effector of inflammation. This
observation might help explaining the differential effects of MSCs
and of their secreted EVs on the Treg/Teff ratio and on clinical
Frontiers in Immunology | www.frontiersin.org 12127
and histological findings. Clearly, the mechanisms underlying
the effect of EVs on iNOS are currently unknown and require
further investigation. The development of colitis was associated
with a reduced Treg/Teff ratio, a finding that was not modified in
the groups treated with MSCs. The reduction of the Treg/Teff
ratio was also unaffected by nEV administration, but was
reversed in iEV-treated mice, consistently with the increased
M2 macrophage polarization observed in this group.

Inflammation, angiogenesis and collagen deposition that, with
time, strengthen fibrogenesis, are intimately intertwined processes.
Dysregulated angiogenesis is a hallmark of pathological processes
such as chronic inflammation and cancer (56, 57). Our results with
high expression of CD31 in nEVs treated mice and low expression
of the angiogenic protein in iEVs animals, suggest that the
increased therapeutic efficacy of iEVs compared to nEVs in
the present experimental model is probably multifactorial. The
apparent inconsistency between CD31% area and RQ expression
(Figure 6) could be explainedwith a diminished gene expression in
this time window, i.e. 3 days after interrupting DSS administration,
while the translated protein is still present in the tissue, We have
recently observed that EVs secreted by MSCs primed with IL1b,
IL6 and TNFa exhibit increased expression of CD73 (23). CD73
acts in concert with CD39 to degrade ATP, ADP, and AMP to
adenosine, shifting the ATP-driven pro-inflammatory immune
response toward an anti-inflammatory condition mediated by
adenosine (47). Therefore, amelioration of colitis could be at
least partially mediated by such enhanced anti-inflammatory
activity of iEVs. However, we also observed that iEVs exert a
strong anti-angiogenic activity mediated by the expression of
TIMP-1 peptide (23), consistently with the concept that
inflammation and angiogenesis are intimately interlinked (57,
58). In particular, angiogenesis is an important component in
the pathogenesis of IBD (59) and anti-angiogenic therapies have
been used in this disorder (60). Moreover, it was shown that
treatment with anti-angiogenic peptides ameliorates DSS-induced
colitis (61, 62). The anti-angiogenic activity of iEVs could thus
represent an additional mechanism responsible for the therapeutic
effects observed in the present work.
A

B

FIGURE 7 | iEVs strongly enhance Mucin 5ac in mice with colitis. (A) Quantification of MUC5ac in colon mucosa in nMSCs and iMSCs mice: IF (left), quantification
(right). (B) Quantification of mucin 5ac in colon mucosa in nEVs and iEVs mice: IF (left), quantification (right). Results are mean ± standard error (n = 5). *P < 0.05,
**P < 0.01, ***P < 0.001.
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Tissue fibrosis, with connective tissue replacing normal
parenchymal tissue, can result from excessive or dysregulated
inflammation (63). Scar formation resulting in intestinal
obstruction is a major complication In Crohn’s disease (64).
Collagen deposition was increased following induction of colitis
and was further increased in MSC-treated mice. On the contrary,
iEV-treated animals showed diminished collagen, likely resulting
from the reduced inflammatory injury observed in this group.

The mucus layer lining the epithelial surface of the intestine
has several functions, including the control of the passage of
nutrients and the regulation of host interactions with the
intestinal microbiota (65, 66). Secreted mucins are the major
proteins found in the mucus layer, with MUC2 being largely
predominant in the healthy intestinal mucosa, while MUC5AC
(human)/Muc5ac (murine) is alternatively secreted in IBD and
in experimental colitis (67). Previous studies both in mice and in
patients with IBD suggest that Muc5ac/MUC5AC expression in
the gastrointestinal tract is a tissue-protective response during
active inflammation (67, 68). Here, we show that MUC5ac was
reduced following the induction of chemical colitis, probably
because of mucosal cell destruction and of the detergent effect of
DSS on the mucus layer. Interestingly, administration of iEVs
resulted in a striking 8-fold increase of Muc5ac, likely because of
reduced epithelial injury and increased mucus secretion.
Increased mucus secretion could help restoring the intestinal
barrier, thus contributing to the observed reduction in mucosal
inflammation. Regulation of MUC5ac secretion is poorly
understood (67). Therefore, the mechanisms underlying these
novel findings are presently unknown and require further
investigation. Of note, nMSC administration was also
associated with a much lower but significant increase in
MUC5ac production. It thus seems that nMSCs do exert some
anti-inflammatory and pro-regenerative effects, but such effects
seem insufficient to overcome the strong inflammatory condition
associated with this animal model, as reported by others (40).

We should however emphasize that the present work
compares very different products. Since the composition of
secreted EVs is dependent on the response of the cells to the
environment (69), the EVs produced by MSCs in vitro are likely
quite different from those produced by the same cells in vivo.
Moreover, it is known that most exogenous cells will die within
hours from transplantation (70–72), further affecting both the
quality and the quantity of secreted EVs.

A major limitation of this study is the lack of a dose-response
assessment. In particular, administration of higher EV doses is
required to define the therapeutic range and to explore possible
side effects.

In summary, we show for the first time that EVs derived from
cytokine-primed MSCs can exert beneficial effects in vivo in the
same inflammatory condition that is on the contrary adversely
affected by their cells of origin. Our findings also suggest that the
effects of nEVs could be more reproducible with respect to their
cells of origin, supporting the concept of a better safety profile in
favor of these nanoparticles (73). In the present model, EVs
confirmed their pleiotropic effects, affecting several different
immunological pathways. However, additional mechanistic
Frontiers in Immunology | www.frontiersin.org 13128
studies are needed to dissect the complex mode of action of
these nanoparticles in inflammatory conditions.
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14. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R,
et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018):
a position statement of the International Society for Extracellular Vesicles and
update of the MISEV2014 guidelines. J Extracell Vesicles (2018) 7:7–43.
doi: 10.1080/20013078.2018.1535750

15. Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for
Cell-Free Therapy. Stem Cells (2017) 35:851–8. doi: 10.1002/stem.2575

16. Renner P, Eggenhofer E, Rosenauer A, Popp FC, Steinmann JF, Slowik P, et al.
Mesenchymal Stem Cells Require a Sufficient, Ongoing Immune Response to
Exert Their Immunosuppressive Function. Transplant Proc (2009) 41:2607–
11. doi: 10.1016/j.transproceed.2009.06.119

17. Sivanathan KN, Rojas-Canales DM, Hope CM, Krishnan R, Carroll RP,
Gronthos S, et al. Interleukin-17A-Induced Human Mesenchymal Stem
Cells Are Superior Modulators of Immunological Function. Stem Cells
(2015) 33:2850–63. doi: 10.1002/stem.2075

18. Prasanna SJ, Gopalakrishnan D, Shankar SR, Vasandan AB. Pro-
Inflammatory Cytokines, IFNg and TNFa, Influence Immune Properties of
Human Bone Marrow and Wharton Jelly Mesenchymal Stem Cells
Differentially. PloS One (2010) 5:e9016. doi: 10.1371/journal.pone.0009016

19. de Witte SFH, Merino AM, Franquesa M, Strini T, van Zoggel JAA, Korevaar
SS, et al. Cytokine treatment optimises the immunotherapeutic effects of
umbilical cord-derived MSC for treatment of inflammatory liver disease. Stem
Cell Res Ther (2017) 8:1–12. doi: 10.1186/S13287-017-0590-6
Frontiers in Immunology | www.frontiersin.org 14129
20. Zanotti L, Angioni R, Calì B, Soldani C, Ploia C, Moalli F, et al. Mouse
mesenchymal stem cells inhibit high endothelial cell activation and
lymphocyte homing to lymph nodes by releasing TIMP-1. Leukemia (2016)
30:1143–54. doi: 10.1038/leu.2016.33

21. Di Trapani M, Bassi G, Midolo M, Gatti A, Kamga PT, Cassaro A, et al.
Differential and transferable modulatory effects of mesenchymal stromal cell-
derived extracellular vesicles on T, B and NK cell functions. Sci Rep (2016)
6:1–13. doi: 10.1038/srep24120

22. Kilpinen L, Impola U, Sankkila L, Ritamo I, Aatonen M, Kilpinen S, et al.
Extracellular membrane vesicles from umbilical cord blood-derived MSC
protect against ischemic acute kidney injury, a feature that is lost after
inflammatory conditioning. J Extracell Vesicles (2013) 2:21927. doi: 10.3402/
jev.v2i0.21927

23. Angioni R, Liboni C, Herkenne S, Sánchez-Rodrıǵuez R, Borile G, Marcuzzi E,
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Background: Antiphospholipid syndrome (APS) is a systemic autoimmune disease that
can lead to thrombosis and/or pregnancy complications. Exosomes, membrane-
encapsulated vesicles that are released into the extracellular environment by many
types of cells, can carry signals to recipient cells to affect angiogenesis, apoptosis, and
inflammation. There is increasing evidence suggesting that exosomes play critical roles in
pregnancy. However, the contribution of exosomes to APS is still unknown.

Methods: Peripheral plasma was collected from healthy early pregnancy patients (NC-
exos) and early pregnancy patients with APS (APS-exos) for exosome extraction and
characterization. The effect of exosomes from different sources on pregnancy outcomes
was determined by establishing a mouse pregnancy model. Following the coincubation of
exosomes and human umbilical vein endothelial cells (HUVECs), functional tests examined
the features of APS-exos. The APS-exos and NC-exos were analyzed by quantitative
proteomics of whole protein tandem mass tag (TMT) markers to explore the different
compositions and identify key proteins. After incubation with HUVECs, functional tests
investigated the characteristics of key exosomal proteins. Western blot analysis was used
to identify the key pathways.

Results: In the mouse model, APS-exos caused an APS-like birth outcome. In vitro
experiments showed that APS-exos inhibited the migration and tube formation of
HUVECs. Quantitative proteomics analysis identified 27 upregulated proteins and 9
downregulated proteins in APS-exos versus NC-exos. We hypothesized that
apolipoprotein H (APOH) may be a core protein, and the analysis of clinical samples
was consistent with finding from the proteomic TMT analysis. APOH-exos led to APS-like
birth outcomes. APOH-exos directly enter HUVECs and may play a role through the
phospho-extracellular signal-regulated kinase pathway.

Conclusions: Our study suggests that both APS-exos and APOH-exos impair vascular
development and lead to pregnancy complications. APOH-exos may be key actors in the
pathogenesis of APS. This study provides new insights into the pathogenesis of APS and
potential new targets for therapeutic intervention.
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Tan et al. Exosomal Protein APOH Induce APS
INTRODUCTION

Antiphospholipid syndrome (APS) is a systemic autoimmune
disease characterized by thrombosis and/or pregnancy
complications due to persistent (≥12 weeks) medium/high
titers of antiphospholipid antibodies (aPLs) (1, 2). Catastrophic
APS may lead to widespread small-vessel thrombosis and
multiorgan failure, with a mortality rate of more than 50% (3).
APLs, including IgG and IgM of anti-b2-glycoprotein I
antibodies (also known as anti-b2-GPI; anti-APOH) and/or
cardiolipin (aCL), and /or lupus anticoagulant, which have a
clear correlation with the clinical manifestations of APS, but the
pathophysiology between them is not clear (1, 4). The major
target of aPLs is apolipoprotein H (APOH, also known as b2-
glycoprotein I, b2GPI), a plasma protein that binds avidly to
phospholipid surfaces, especially when dimerized by binding to
aPLs (5–9). Endothelial dysfunction is a key pathological
component of APS (10). The pathological manifestations of
APS are vascular remodeling, angiogenesis injury and
endothelial cell injury. Long-term anticoagulant therapy is the
only potent treatment for APS. However, it is not effective in all
patients and increases the risk of bleeding (5). There is an urgent
need to explore the etiology of APS.

Exosomes are saucer-like vesicles with diameters of
approximately 30–150 nm. They are released from various cell
types, such as fetal cells, immunocytes and tumor cells (10–12).
Studies have suggested that exosomes and their contents (i.e.,
proteins, mRNAs, and microRNAs) contribute to the regulation
of multiple biological processes during pregnancy (12, 13).
Accumulating evidence supports the hypothesis that exosomes
play significant roles in the pathophysiology of inflammation,
thrombosis and autoimmune diseases (14, 15). In the pathology
of APS, exosomes may injure the vascular endothelium function
as an independent mechanism. (16). To date, little is known
about the role exosomes play in APS during pregnancy.

In this study, we provide novel evidence that APS-exosomes
(exos) and APOH-exos are associated with adverse reproductive
events in a mouse model, likely facilitated by impaired
endothelial cell functions.
MATERIALS AND METHODS

Ethics Statement
From July 2018 to December 2018, plasma samples from healthy
pregnant women and pregnant women with APS were collected
at the First Maternal and Infant Health Hospital Affiliated with
Tongji University (n = 6 per group, 12 in total). Three umbilical
cords were obtained from healthy newborns at the same hospital.
Approval was obtained from the Institutional Ethics Committee
of the Shanghai First Maternal and Infant Hospital affiliated with
Tongji University (KS18128). All mothers provided written
informed consent and were of the same age and gestational
age ranges.

The current study used plasma (time of sampling was
between 6–8 weeks of gestation). Blood was drawn into
vacutainer tubes containing sodium citrate (0.129 M). Plasma
Frontiers in Immunology | www.frontiersin.org 2132
was obtained by centrifugation of the blood at 3000 × g for 5 min
at 4°C and frozen at −80°C (Thermo Scientific, USA)
until analysis.

Extraction of Exosomes
by Ultracentrifugation
Exosomes were initially extracted from the plasma samples of
healthy pregnant women (NC-exos), pregnant women with
APS (APS-exos) and cell supernatant by 3000 × g
centrifugation at 4°C for 5 min to remove cells and cellular
debris, followed by 10000 × g centrifugation at 4°C for 60 min
(Avanti J-26S XP). The supernatant was combined with
phosphate buffered saline (PBS, Biological Industries, Israel)
and then centrifuged at 100000 × g at 4°C for 120 min
(OptimaXE-90 Ultracentrifuge). The exosome pellets were
resuspended in PBS and stored at −80°C.

Transmission Electron Microscopy (TEM)
To ascertain the purity of isolated exosomes, the samples
(approximate ly 10 µg/ml) were fixed in 1% (final
concentration) glutaraldehyde in 0.1 M phosphate buffer, pH
7.4. After attachment to TEM grids, the exosomes were
negatively stained with 1% uranyl acetate. Images were taken
from different regions of the grid.

Nanoparticle Tracking Analyzer (NTA)
The sample cells were rinsed with deionized water, and the
analyzer was calibrated with polystyrene microspheres (110 nm).
After the sample cells were washed with PBS, samples were
diluted in PBS and analyzed in triplicate.

Lentiviral Transduction
Lentivirus was provided by the Hanyin Biotechnology Limited
Company (Shanghai). The carrier component was CMV-MCS-
EF1ɑ-ZsGreen1-PGK-puro. To demonstrate the effects of APOH
protein, we transduced human embryonic kidney cells (293T)
cells with lentivirus overexpressing APOH (APOH-293T) or
empty lentivirus (N-293T) as a control. After transduction, the
APOH-exos and control (N)-exos were isolated from cell
culture medium.

Immunofluorescence Microscopy
Human umbilical vein endothelial cells (HUVECs) were inoculated
on glass-bottom dishes and cultured to 50% confluence. 1,1’-
dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil,
Thermo Fisher) was added to the dishes to stain exosomes
overnight. The cells were then fixed in 4% paraformaldehyde for
10 min and permeabilized in 0.1% Triton X-100 in PBS for 10 min
at room temperature. After being washed and resuspended in PBS,
the cells were incubated with phalloidin-FITC (Sigma, Darmstadt,
Germany) for 30 min, washed in PBS, stained with 4′,6-diamidine-
2-phenylindole (DAPI, Sigma) for 10 min, and washed again in
PBS. Finally, the cells were placed on slides and covered with
Fluoromount-GTM water-soluble compound. The slides
were observed by confocal microscopy on an inverted
microscope (TCS SP8; Leica, Weizlar), and fluorescence images
were captured.
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Isolating, Grouping and Processing
of HUVECs
Residual blood was washed out with PBS, and the umbilical vein
cavity was digested in type I collagenase (Sangon Biotech) diluted
to 0.8% in Hanks balanced saline solution at 37°C for 15–20 min.
Subsequently, the contents were quickly rinsed in a 50 ml
centrifuge tube, centrifuged at 1500 × g for 3 min, and
transferred to a 3 cm culture dish. After 24 h of cultivation,
the medium was replaced. The third to sixth generations of
HUVECs were used for all experiments.

Cell Culture
Using the conventional culture method (i.e., 37°C, 5% CO2 and
100% relative humidity in an incubator), the HUVECs were
incubated in endothelial culture medium containing 5% fetal
bovine serum and 1% endothelial cell growth factor (ScienCell),
and the 293Ts were incubated in high-glucose Dulbecco’s
modified eagle’s medium (DMEM, HyClone) and placed in
saturated humidity culture conditions. The 293Ts were
incubated in high-glucose DMEM containing 5% fetal bovine
serum (HyClone) until they reached 80%–90% confluence. Then,
the 293Ts were cultured for 48 h in high-glucose DMEM
containing 2% BSA, and the supernatant was collected.

Cell Proliferation, Migration and Tube
Formation Assays
Proliferation, migration, and tube formation abilities of
HUVECs were routinely evaluated. In brief, 3 × 103 cells per
well were plated in 96-well plates, then different doses of
exosomes were added. Cell numbers were assessed using cell
counting kit-8 at 450 nm (Thermo Fisher Scientific). For
migration, 8 × 104 cells were seeded in the upper chamber of a
transwell chamber, and exosomes were added to the lower
chamber. Following a 16 h incubation, hematoxylin staining
was performed for each chamber. Migrated cells were counted in
a transwell chamber (Corning BioCoat, USA). To quantitate in
vitro tube formation, plates were coated with Matrigel (Corning
BioCoat, 35420) substrate. HUVECs in serum-free endothelial
cell medium were added with different doses of exosomes and
photographed using an inverted microscope within 6 h. Images
were taken at 40/100× magnification by optical microscopy. The
above process was repeated three times, and the results were
counted with ImageJ software.

Protein Extraction and Quantification
Exosomes collected form each group were added to a 1.5 ml
centrifuge tube containing 100 ml of Trizol and placed on ice for
30 min, ultrasonicated on ice with a high-intensity sonicator
(Sonicator 4000), and centrifuged at 10000 × g (Centrifuge
5424R) for 15 min at 4°C. Finally, the supernatant was
collected and analyzed with a BCA assay kit according to the
manufacturer’s instructions.

Western Blot Identification
Exosomes suspended in PBS were prepared using RIPA lysis
buffer (Beyotime Biotechnology, Haimen, China) supplemented
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withaprotease inhibitor cocktail andphosphatase inhibitor cocktail
(Roche, Branford, CT, USA). Proteins were separated by SDS-
polyacrylamide gel electrophoresis and transferred to a
polyvinylidene fluoride membrane (Immobilon-Psq, Millipore).
The membrane was removed and placed in an incubation cassette
containing 5% BSA blocking solution for 2 h at room temperature.
The primary antibody was diluted according to the manufacturer’s
instructions and incubated with themembrane overnight at 4°C on
a shaker. Protein band gray value analysis was performed with
ImageJ software. The following primary antibodies were used for
western blotting:APOH(Abcam),Erk (Cell SignalingTechnology),
P-Erk (Cell Signaling Technology), p38 (Cell Signaling
Technology), P-p38 (Cell Signaling Technology), GAPDH (Cell
Signaling Technology), CD63 (System Biosciences), CD81 (System
Biosciences), CD9 (System Biosciences), HSP70 (System
Biosciences), Calnexin (Cell Signaling Technology) and Grp94
(Cell Signaling Technology).

Quantitative Proteomics Analysis With
Total-Protein Tandem Mass
Tag (TMT) Labeling
Exosome samples were processed for TMT-labeled quantitative
proteomics analysis by Jingjie PTM BioLab (Hangzhou, China).
First, the protein sample concentration was determined with a
Pierce BCA protein assay kit (Thermo Fisher Scientific). After
trypsin digestion, the peptides were desalted with Strata X C18
(Phenomenex) and vacuum freeze-dried. The tryptic peptides
were fractionated by high-pH reverse-phase HPLC using an
Agilent 300 Extend-C18 column (5 µm particles, 4.6 mm ID,
250 mm length). The peptides were dissolved in 0.1% (v/v)
formic acid then loaded onto an EASY-nLC 1000 UPLC system.
The peptides were treated with a nanospray ionization source
followed by tandem mass spectrometry (MS/MS) in a Q
ExactiveTM Plus (Thermo) coupled online to the UPLC. The
resulting MS/MS data were processed by the Maxquant search
engine (v.1.5.2.8).

Animal Model Establishment
and Processing
Female BALB/c nude mice (aged 5 weeks, experimental animal
license number m20190601) were randomly divided into four
groups and each group was injected with APS-exos (100 mg/ml/
each), NC-exos (100 mg/ml/each), N-exos (50 mg/ml/each) or
APOH-exos (50 mg/ml/each) via the caudal vein once a week for
three continuous weeks. Seven days after the final treatment, the
mice were mated overnight with male mice. Mating was
determined by the appearance of a vaginal plug the following
morning. On days 12–14 after mating, all female mice were
sacrificed by cervical dislocation. The uteri were removed, and
the total numbers of implanted embryos and resorbed embryo-
fetal sites were counted. The placental tissue was collected for
paraffin sectioning and hematoxylin and eosin (H&E) staining.

Evaluation of Pregnancy Outcomes
The embryo loss rate (ELR) was calculated as the ratio of
resorbed embryos/fetuses to the number of all fetuses. The
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mean number of embryos implanted (MNEI) was calculated as
the ratio of total fetuses to the total number of mice.

Hematoxylin and Eosin Staining
Tissues were fixed with 4% paraformaldehyde for 48 h and
processed by conventional procedures. For paraffin-embedded
tissue, sections of 3 to 5 mm thickness were cut from paraffin-
embedded tissues, mounted on poly-L-lysine-coated slides,
deparaffinized in xylene, dehydrated in alcohol, and stained
with H&E. Pathological changes in the placenta were observed
by H&E staining using electron microscopy (PHILIP CM-120).
The vascular condition was evaluated independently by a
pathologist (Dr. He).

Statistical Analysis
All data were analyzed with GraphPad Prism 6.0 from GraphPad
Software (San Diego, USA). The t-test was used to compare data
between two groups, the nonparametric test was applied to non-
normally distributed data, Chi-square test and Fisher’s exact test
were applied for proportions. P-values <0.05 were considered to be
statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001; ns =
not significant.
RESULTS

Plasma Exosome Isolation and
Characterization
We adopted the 2006 International Consensus Statement on the
Update of the Classification Standards for APS (17). The clinical
features of healthy early pregnancy patients and early pregnancy
patients with APS are shown in Table 1. There were no
significant differences in maternal age (ranged from 25 to 35
years old) or gestational age (gestational age 6–8 weeks) between
the two groups. The early pregnancy patients with APS were
those with a history of abortion and positive laboratory test
results for aPLs. The healthy early pregnancy patients were those
with no history of abortion and negative laboratory test results
for aPLs.

Purified exosomes were characterized (Figures 1A–C). By
transmission electron microscopy, circular vesicular particles
with a diameter of approximately 100 nm and lipid bilayer
membranes were observed (Figure 1A). The NTA technique
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determined particle size distribution and particle concentration
of the exosomes. As shown in Figure 1B, the particle diameter
plot showed a single-peak healthy distribution with peaks at
approximately 106.8 nm and 106.7 nm, primarily ranging from
30–150 nm. The particles in the sample were uniformly
dispersed. Western blotting identified marker proteins CD9,
CD63, CD81 and HSP70 on the serum exosome surface
(Figure 1C), whereas intracellular proteins Calnexin and
Grp94 were not detected. There was no difference in exosomal
morphology between NC-exos and APS-exos.

APS-Exos Cause an Antiphospholipid
Syndrome-Like Phenotype
in Pregnant Mice
To investigate the effect of APS-exos on embryo resorption, all
pregnant mice were sacrificed 12–14 days after plug formation, and
embryos and placentas were collected for analysis (Figure 1D).
Typical embryos and placenta from a mouse treated with NC-exos
and APS-exos are shown in Figures 1E, F. We found that the
resorption rate of the APS-exos group (27.27%) was significantly
higher than that of the control group (9.72%), with representative
fetal reabsorption observed by the chi-square test (Figure 1G, Table
2). The MNEI of the APS-exos group was significantly lower than
that of the control group (4.4 versus 9.0, respectively, Figure 1H).
By electron microscopy, the placental angiogenesis of mice treated
with APS-exos was decreased, but the difference was not significant
(Figure 2A). These results indicate that exposure to APS-exos may
result in APS-like adverse reproductive outcomes.

APS-Exos Reduced
Endothelial Function
To investigate the effect of plasma exosomes on endothelial cells
in early pregnancy patients with APS, we performed
proliferation, migration, and tube formation assays. APS-exos
had no effect on HUVEC proliferation, but significantly inhibited
HUVEC migration and impaired tube formation (Figures
2B–D).

Quantitative Proteomics Analysis
Identified APOH as a Key Target Protein
To determine the difference between APS-exos and NC-exos, we
carried out a quantitative proteomics analysis of whole protein
TMT markers. A total of 293 proteins were identified from the
two groups, including 261 quantified proteins. Values >1.4-fold
of the baseline value were chosen as significant upregulation, and
<1/1.4-fold was chosen as significant downregulation. Twenty-
seven upregulated proteins and nine downregulated proteins
were identified. A summary of all the differentially expressed
proteins identified in this study are shown in Figure 3A. We
examined the APOH protein, as it is a major antigen of APS (1,
5). Difference in APOH levels between the two groups were
shown by proteomic analysis (Figure 3B). Furthermore, the
differential protein expression found by TMT analysis was
confirmed via western blotting, which indicated that APOH
was significantly higher in APS-exos than that in NC-exos
(Figure 3C).
TABLE 1 | The clinical features of healthy early pregnancy patients and early
pregnancy patients with antiphospholipid syndrome (APS).

NC (Mean ± SEM) APS (Mean ± SEM)

Number 6 6
Maternal age (years) 28.33 ± 1.764 27.83 ± 0.703
Gestation age (days) 42.33 ± 2.951 41.00 ± 2.309
Abortion times 0 2.167 ± 0.167
Antiphospholipid antibody
Anti-APOH IgM antibody Negative 52.92 ± 4.565
Anti-APOH IgG antibody Negative Negative
Anti- cardiolipin Negative Negative
Lupus anticoagulant Negative Negative
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Gene Ontology (GO) and KEGG
Pathway Analysis
The APS-exos- and NC-exos-induced differentially expressed
proteins were categorized into GO annotation classes. Based on
the above data, we carried out a systematic bioinformatics
analysis of proteins containing quantitative information,
including protein annotation, functional classification,
functional enrichment and clustering analysis based on
A C

B

D

E G

F H

FIGURE 1 | (A) Transmission electron microscopy (TEM) images of collected exosomes. Scale bars in the images represent 200 nm. (B) Diagram of the particle size
distribution obtained by nanoparticle tracking analysis. (C) Confirmation of marker proteins in the exosome (exos) preparations. Western blotting of samples for
HSP70, CD81, CD9, CD63, Calnexin and Grp94. (D) The mice were injected with antiphospholipid syndrome (APS)-exos (100 mg/ml/each) or normal control (NC)-
exos (100 mg/ml/each) via the caudal vein once a week for 3 continuous weeks. Seven days after the final immunization, the treated female BALB/c mice were
mated overnight with male mice. Mating was detected by the appearance of a vaginal plug the following morning. On days 12–14 after mating, all female mice were
sacrificed. (E, F) Establishment of the abortion model. Typical uterus and embryos from a mouse treated with APS-exos. (G) The bar shows the percentage of
embryo-fetal loss in the different groups. APS-exos increased the abortion rate of mice (NC-exos, n = 7 and APS-exos, n = 5, *P = 0.038 by chi-square test).
(H) The scatter plot shows the pregnancy rates in different groups. APS-exos reduced the pregnancy rate. (NC-exos, n=8 and APS-exos,
n =10, *P = 0.029 by Mann–Whitney test).
TABLE 2 | Embryo loss rate of antiphospholipid syndrome-exosomes (APS-exos)
and control (NC)-exos immunized mice (P = 0.038).

Data
analyzed

All
fetuses

Normal
fetuses

Resorbed
fetuses

Embryo
Loss Rate

chi-square
test

NS-exos 72 65 7 9.72%
APS-exos 44 32 12 27.27% c2 =

4.28
P =
0.038

Total 116 97 19
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functional enrichment (Figures 4A–C). The upregulated and
downregulated proteins are mainly involved in binding,
molecular function regulation, catalytic activity, transporter
activity and other functions. Differentially expressed proteins
were divided into four groups (Q1 to Q4) according to their
Frontiers in Immunology | www.frontiersin.org 6136
differential multiples: Q1 (0 < ratio ≤ 1/1.4), Q2 (1/1. < ratio ≤ 1/
1.2), Q3 (1.2 < ratio ≤ 1.4) and Q4 (ratio > 1.4). We then enriched
the KEGG and protein domains in each Q-group, and a cluster
analysis was performed to find the correlation of protein
functions with different expression multiples.
A

C

B

D

FIGURE 2 | (A) Pathological analysis of hematoxylin and eosin (H&E)-stained placental tissue. H&E staining of placental tissue from the antiphospholipid syndrome-
exosomes (APS-exos) and normal control (NC)-exos mouse model analyzed by light microscopy (2× and 20×). Placental blood vessels in mice treated with APS-
exos compared with those treated with NC-exos. (B) After incubation with APS-exos or N-exos (50 mg/ml) for 16 h, human umbilical vein endothelial cell (HUVEC)
migration was analyzed. *P = 0.029 by Paired t test. (C) After incubation with NC-exos (50 mg/ml) or APS-exos (25 mg/ml, 50 mg/ml, 100 mg/ml) for 2 h and 4 h,
angiogenesis of HUVECs was analyzed. *P < 0.05; **P < 0.01; ***P < 0.001 by t test. (D) After incubation with APS-exos/NC-exos (50 mg/ml) for 24h and 48h,
HUVEC proliferation was analyzed by the cell counting kit-8 assay. *P = 0.183 by Paired t test. All data shown as mean ± S.D.
May 2021 | Volume 12 | Article 604222

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tan et al. Exosomal Protein APOH Induce APS
APOH-Exos Caused an Antiphospholipid
Syndrome-Like Phenotype
in Pregnant Mice
To investigate the effect of APOH on endothelial cells, we
constructed APOH-overexpressing lentiviral vectors and
transduced the APOH lentivirus into 293T cells to enhance
APOH expression (APOH-293T). Compared with the NC vector
(N-293T), the APOH vector increased the expression of APOH
protein in 293T cells and the secreted exosomes (Figures 5A, B).

To identify the effects of APOH-exos on embryo resorption, all
pregnant mice were sacrificed 12–14 days after plug formation,
and the embryos and placenta were sampled for further analysis
(Figures 5C, D). We found that the embryo-fetal resorption rate
for the APOH-exos group (27.78%) was significantly higher than
that of the control group (4.91%); representative reabsorption is
shown in Figure 5E and Table 3. There was no significant
difference in MNEI levels between the APOH-exos and control
groups (Figure 5F). By electron microscopy, placental
angiogenesis of mice treated with APOH-exos was not
significantly different compared with control mice (Figure 5G).

Inhibition of HUVEC Migration and Tube
Formation by APOH-Exos
To determine the relationship between APOH-exos and HUVEC
function, we performed proliferation, migration, and tube
Frontiers in Immunology | www.frontiersin.org 7137
formation assays. APOH-exos had no effect on proliferation
but significantly inhibited HUVEC migration and reduced tube
formation (Figures 6A–C).

APOH-Exos Inhibited the Phosphorylation
of Erk1/2
To further investigate the mechanism of APOH-exos actions,
APOH-exos were observed by laser scanning confocal microscopy
(Figure 6D). The binding and endocytosis of APOH-exos were
observed in HUVECs. After 16 h of incubation of HUVECs with
APOH-exos, the level of phospho-extracellular signal-regulated
kinase 1/2 (P-Erk1/2, Figure 6E) was decreased, whereas the
levels of Erk1/2, p38 and phospho-p38 (P-p38) were the same.
APOH may inhibit HUVEC angiogenesis through the P-Erk
signaling pathway.
DISCUSSION

Exosomes carrying proteins and other agents play a role in
intercellular communication. There is increasing evidence
showing exosomes play a critical role in pregnancy (18, 19).
APS is a unique multiple-system disorder that leads to
thrombosis and/or pregnancy complications. Here, we provide
evidence that exosomes containing APOH protein from early
A

CB

FIGURE 3 | Proteomic analysis results. (A) A total of 293 proteins were identified from the two groups. Twenty-seven upregulated proteins and nine downregulated
proteins were identified by quantitative proteomics tandem mass tag analysis of antiphospholipid syndrome-exosomes (APS-exos) and normal control (NC)-exos.
Mean ± SEM (36 proteins were significantly different, P < 0.05 by t test). (B) The difference in APOH expression between the two groups shown by proteomic analysis
(P = 0.000 by t test). (C) Clinical validation showed that the level of APOH was significantly higher in APS-exos than that in NC-exos. “***” means P = 0.000 by t test.
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pregnancy patients with APS can induce vascular endothelial
dysfunction and facilitate adverse reproductive events.

Angiogenesis is a pivotal process in embryo development and
tissue growth, but also acts as a key player in many pathological
conditions. Angiogenesis includes several steps characterized by
endothelial cell function, such as migration and lumen formation
(20). APLs in APS can activate endothelial cells and exosome
release. Studies have shown a significant increase in the level of
exosomes in patients with APS, but the relationship between
exosomes and thrombosis and obstetric events has not been
confirmed (16). In this study, we revealed that the exosomes of
patients with APS can cause adverse reproductive events in mice.
We found that APS-exos increased the abortion rate and reduced
the successful pregnancy rate of mice. At present, the reason for
the APS-exos-induced reduction of successful pregnancy in mice
remains undetermined. We found that the abortion rate was
increased in the APS-exos mouse model, and we also confirmed
that exosomes from patients with APS induced HUVECs
Frontiers in Immunology | www.frontiersin.org 8138
dysfunction. Therefore, we hypothesized that some proteins in
exosomes of APS patients lead to an increased abortion rate by
inhibiting angiogenesis. To explore the exosome proteins
involved in APS-like actions, we compared proteomic profiles
using high-resolution TMT technology (21).

The APOH protein levels found by protein mass
spectrometry attracted our attention. APOH is an important
antigen of APS, and the antigen-antibody complex of
antiphospholipid antibodies and APOH increases the affinity
for negatively charged phospholipids on the cell surface, thereby
activating endothelial cells, mononuclear cells and platelets (1, 5,
22, 23). Past work showed angiogenesis was significantly higher
in APOH gene-deficient mice compared with healthy mice (24).
Treatment with APOH has been shown to induce experimental
antiphospholipid syndrome in naive mice and can induce APS-
like characteristics in mice (23).

In the current study, 293T cells overexpressing APOH by
lentivirus transduction produced exosomes that also contained
A

CB

FIGURE 4 | (A) Gene Ontology (GO) annotation was derived from the UniProt-GOA database. GO enrichment analysis of upregulated proteins in the biological
process (left), cellular component (mid), and molecular function (right) categories. (B) We enriched and analyzed the entries in GO annotations except for the first
three categories (biological process, cellular component and molecular function). (C) The clustering method is based on the p value of Fisher’s exact test obtained
from enrichment analysis. The hierarchical clustering method was used to gather relevant functions in different groups and draw them as a heat map. The horizontal
of the thermogram represents the enrichment test results of different groups, and the vertical represents the description of differential enrichment related functions
(KEGG pathway, protein domain). The different proteins and the color blocks corresponding to the functional description in different groups indicate the degree of
enrichment. Red indicates a strong degree of enrichment, while blue indicates a weak enrichment. KEGG pathways with significant enrichment of differentially
expressed proteins [antiphospholipid syndrome-exosomes (APS-exos) versus normal control-exos) (above). Cluster analysis heat map based on protein domain
enrichment (below).
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high levels of APOH. We found that the abortion rate increased
in APOH-exos-treated mice. In vitro experiments showed that
APOH-exos can also induce endothelial dysfunction and affect
angiogenesis. Previous studies have shown that aPLs from
patients with APS activated cells via the p38 and Erk pathways
(25–27). We further explored the underlying mechanism and
found Erk1/2 phosphorylation was significantly inhibited in the
A
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FIGURE 5 | (A, B) Apolipoprotein H (APOH) lentivirus was transduced into 293T cells to enhance APOH expression. APOH overexpression and control (NC)
lentiviral vectors were constructed. The cells and exosomes [N-exosomes (exos) and APOH-exos] were examined by western blotting. (C, D) Establishment of the
abortion model is shown in Figure 1D. Typical embryos and uterus from a mouse treated with APOH-exos and NC-exos (50ug/ml/each). (E) APOH-exos increased
the abortion rates of mice (NC-exos, n = 7 and APOH-exos, n = 4; *P = 0.012 by Fisher’s exact test). (F) No significant difference in pregnancy rate between the two
groups. (NC-exos, n =10 and APS-exos, n =10; *P = 0.319 by Mann–Whitney test). (G) Pathological analysis of hematoxylin and eosin-stained placental tissue from
the APOH-exos mouse model by light microscopy (2× and 20×). The placental blood vessels and the vascular thrombus in mice treated with APOH-exos compared
with those in mice treated with N-exos.
TABLE 3 | Embryo loss rate of Apolipoprotein H-exosome (APOH-exos) and
control (N)-exos immunized mice (P = 0.012).

Data analyzed All
fetuses

Normal
fetuses

Resorbed
fetuses

Embryo
Loss Rate

Fisher's
exact test

N-exos 50 47 3 4.91% P = 0.012
APOH-exos 36 26 10 27.78%
Total 86 73 13
May 2021 | Volume 12 | Article 604222

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tan et al. Exosomal Protein APOH Induce APS
A

C

B

D

E

FIGURE 6 | (A) After incubation with 25 mg/ml APOH-exosome (exos) or 25 mg/ml control (N)-exos for 16 h, human umbilical vein endothelial cell (HUVEC) migration
was analyzed. Mean ± SD (*P = 0.014 by Paired t test). (B) After incubation with N-exos (50 mg/ml) or APOH-exos (25 mg/ml, 50 mg/ml, 100 mg/ml) for 2 h and 4 h,
HUVEC angiogenesis was analyzed. Mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001 by t test). (C) After incubation with APOH-exos/N-exos (25 mg/ml) for 24h and
48h, HUVEC proliferation was analyzed by the cell counting kit-8 assay. Mean ± SD (*P = 0.183 by Paired t test). (D) The binding and endocytosis of APOH-exos/N-
exos in HUVECs was observed by laser scanning confocal microscopy. (E) After 16 h of incubation of HUVECs with APOH-exos, the levels of Erk 1/2, P-Erk 1/2,
p38 and P-p38 were determined by western blotting.
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APOH-exos group compared with the control group, whereas
Erk1/2, p38 and P-p38 levels were equivalent in both groups,
suggesting that the P-Erk signaling pathway was inhibited by
APOH. P-Erk is a member of mitogen-activated protein kinase
(MAPK) signaling pathway, and plays an important role in cell
growth, migration and angiogenesis (25–33). APOH-exos may
inhibit P-Erk1/2, then inhibit cell migration and tube formation,
which means the inhibit of angiogenesis. Our data suggest that
APOH protein in exosomes from APS patients might inhibit
angiogenesis through the P-Erk pathway, resulting in an
increased rate of abortion. Importantly, APOH-exos can be
directly transferred into HUVECs and inhibit endothelial cell
migration and tube formation through the suppression of P-Erk,
rather than activating the pathway by binding the antiphospholipid
antibody and antigen to the surface of the phospholipid (34).

In conclusion, we propose that APS-exos may be a key factor in
the pathogenesis of APS and that APOHmay be a key protein that
impairs vascularbiological function.Additional studiesare required
to determine the mechanisms by which exosomal APOH induces
vascular dysfunction and to investigate the potential use of specific
inhibitors to block relevant pathways to treat APS.
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