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A B S T R A C T

The therapeutic effect of myeloid-derived suppressor cells (MDSCs) in mice with collagen-induced arthritis (CIA)
remains controversial. We analyzed the role of exosomes derived from granulocytic MDSCs (G-MDSCs) in CIA
and explored the potential mechanism underlying the immunosuppressive effect. In CIA mice, G-MDSC-derived
exosomes (G-exo) efficiently reduced the mean arthritis index, leukocyte infiltration and joint destruction. G-exo
decreased the percentages of Th1 and Th17 cells both in vivo and in vitro. The miR-29a-3p and miR-93-5p
contained in G-exo were verified to inhibit Th1 and Th17 cell differentiation by targeting T-bet and STAT3,
respectively. Notably, the delivery of exogenous miR-29a-3p and miR-93-5p enhanced the ability of bone
marrow-derived G-exo to attenuate arthritis progression in CIA mice. Exosomes derived from human MDSCs,
which overexpressed miR-29a-3p and miR-93-5p, suppressed Th1 and Th17 cell differentiation in vitro. These
data showed that G-exo alleviated CIA by suppressing Th1 and Th17 cell responses. Mechanistically, miR-29a-3p
and miR-93-5p were verified to inhibit the differentiation of Th1 and Th17 cells, respectively. Our findings
demonstrated the therapeutic potential of G-MDSC-derived exosomal miRNAs in autoimmune arthritis.

1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease char-
acterized by the destruction of bone and cartilage, which results in
deformity and disability of the joints [1]. The disruption of the immune
balance by proinflammatory Th1 and Th17 cells contributes to the
progression of RA patients or animal model [2–4]. Traditional drugs
have severe side effects, and the currently available immunotherapy is
simple but expensive [5,6].

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous cell
population derived from myeloid cells that proliferate extensively
under the pathological conditions associated with tumors, infections,
autoimmune diseases and trauma [7,8]. MDSCs can be divided into two
subtypes according to cell morphology and the surface expression of Gr-
1 (consisting of Ly-6G and Ly-6C); granulocyte-like cells with the
CD11b+Ly6G+Ly6Clow phenotype are identified as granulocytic
MDSCs (G-MDSCs), and monocyte-like cells with the
CD11b+Ly6G−Ly6Chigh phenotype are identified as monocytic MDSCs
(M-MDSCs) [9]. Because of their powerful immunosuppressive ability,
MDSCs were administered to mice with collagen-induced arthritis

(CIA). The results suggested that MDSCs inhibit CD4+ T cell in-
flammation and reduce the severity of CIA and that the severity of the
disease could be alleviated by the adoptive transfer of MDSCs [10].
Although MDSCs are used to treat autoimmune diseases, the biological
roles of MDSCs in CIA are unclear, and the clinical application of
MDSCs remains controversial [11–14].

Exosomes are bioactive vesicles with a diameter of 30–150 nm that
are secreted by many types of cells and present in various body fluids
[15,16]. A variety of lipids, proteins and nucleic acids are contained in
exosomes [16]. Exosomes can transfer their cargo to recipient cells,
thus contributing to intercellular signaling [16]. Attempts have been
made to use exosomes as therapeutic agents because they have low
cytotoxicity, pose a low biohazard risk and have the potential to target
specific tissues and organs. Our previous study showed that G-MDSC-
derived exosomes (G-exo) could attenuate DSS-induced colitis by pro-
moting T regulatory cell (Treg) expansion and inhibiting Th1 cell pro-
liferation [17]. MicroRNAs (miRNAs) are small noncoding RNAs that
can be loaded into exosomes. A recent study demonstrated critical ef-
fects of exosomal miRNAs on recipient cells, such as promoting cell
migration, enhancing tube formation and stimulating the immune
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response [18]. Treg-derived exosomes containing Let-7d have been
reported to suppress Th1 cell proliferation and alleviate inflammatory
bowel disease [19]. Furthermore, exosomal miR-24-3p was reported to
impede T cell differentiation and proliferation by targeting FGF11 in
nasopharyngeal carcinoma [20].

In this study, we investigated the effect of G-exo on CIA. The results
showed that miR-29a-3p and miR-93-5p contained in G-exo suppressed
Th1 and Th17 cell responses and attenuated arthritis progression in CIA
mice. Our findings imply that miRNA-containing G-exo can potentially
be used as an immunotherapeutic agent in autoimmune arthritis.

2. Materials and methods

2.1. Induction of CIA

CIA was induced in 8-week-old male DBA/1 mice by immunization
with bovine type II collagen (C-II) using our previously described pro-
tocol [4]. Briefly, the CIA mouse model was generated by immunizing
DBA/1 mice with an initial immunization consisting of 100 μl of C-II
(Chondrex, USA) emulsion (1mg/ml) in complete Freund's adjuvant
(CFA, 2mg/ml; Difco, Detroit, MI) and a second immunization with
100 μl of C-II emulsion (1mg/ml) in Freund's incomplete adjuvant
(FIA). CIA mice were injected intravenously with exosomes (100 μg/
mouse/injection) on days 18 and 24. The mice were monitored every
three days, and the scores were assigned as follows: 0=normal,
1= erythema, 2= erythema plus swelling, 3= extension/loss of
function, and the total score= sum of the scores of 4 limbs. All animal
experiments performed in this study were approved by the Jiangsu
University Animal Ethics and Experimentation Committee.

2.2. Histopathological assessment

Sections (4 μm) of the joints were stained with hematoxylin and
eosin (H&E) and scored for changes in synovial hyperplasia, cell in-
filtration, pannus formation, inflammation and bone erosion, each was
scored as previously described [21,22]. Synovial hyperplasia was
scored 0–3 as follows: 0= normal, 1= slight synovial cell proliferation
(2–4 layers of synovial cells), 2=mild synovial cell proliferation (> 4
layers of synovial cells), 3= excessive synovial cell proliferation (erode
cartilage and bone, and the joint space disappears). Cell infiltration was
scored 0–3 according to the following criteria: 0= normal, 1=mild
local infiltration, 2=moderate local infiltration, 3= extensive in-
filtration to articular capsule with the formation of condensates. Pannus
formation was defined as synovial proliferation adjacent to cartilage
and filling the joint space and was scored 0–3 as follows: 0= none,
1=minimal, 2=moderate (invasion of< 50% of the cartilage sur-
face), 3= severe (invasion of> 50% of the cartilage surface). In-
flammation was scored 0–4 as follows: 0= normal, 1=minimal in-
flammatory infiltration, 2=mild infiltration, 3=moderate infiltration
with lymphoid aggregates, 4=marked infiltration with lymphoid ag-
gregates and edema. Bone erosion was scored 0–4 according to the
following criteria: 0= none, 1=minimal (1–2 sites of resorption,
visible only at high magnification), 2=mild (at least 3 sites of re-
sorption, visible only at high magnification), 3=moderate (obvious
foci of resorption, visible at low power), 4=marked (large erosions
extending through to the marrow space).

2.3. Exosome isolation

MDSCs, G-MDSCs, or M-MDSCs were isolated with an MDSC isola-
tion kit (Miltenyi Biotec, Cologne, DE). MDSCs or MDSC subsets were
cultured in medium without bovine serum exosomes for 24 h. An
ExoQuick-TC™ Exosome Isolation Kit (SBI, CA, USA) was used to extract
the exosomes from the culture supernatant.

2.4. Flow cytometric analysis

Surface markers were stained with fluorochrome-conjugated mAbs
against the following proteins: CD11b, Ly-6G, Gr-1, CD4, CD33
(BioLegend, San Diego, CA), and HLA-DR (Invitrogen, USA).
Intracellular staining, including staining for IFN-γ and IL-17A, was
performed as previously described [23]. The differentiated cells were
stimulated with PMA, ionomycin and monensin for 5 h before staining
with intracellular antibodies. The stained cells were analyzed by flow
cytometry (FCM) with a FACS Calibur (BD, USA), FlowSight (Merck
Millipore, USA), or FACSCanto (BD, USA) flow cytometer.

2.5. T cell isolation and culture

Murine or human naïve CD4+ T cells were isolated using a naïve
CD4+ T cell isolation kit (Miltenyi Biotec). In the differentiation assay,
murine naïve CD4+ T cells were polarized toward a Th1 phenotype by
culture for 5 days with anti-CD28 (2 μg/ml) and anti-IL-4 (10 μg/ml)
monoclonal antibodies (mAbs), IL-2 (10 ng/ml), and IL-12 (10 ng/ml)
in a 24-well plate precoated with an anti-CD3 mAb (2 μg/ml). For
murine Th17 cell differentiation, naïve CD4+ T cells were cultured for
3 days with an anti-CD28 mAb (2 μg/ml), TGF-β (5 ng/ml), IL-6 (30 ng/
ml), an anti-IL-4 mAb (5 μg/ml), an anti-IFN-γ mAb (5 μg/ml), and IL-
23 (30 ng/ml) in a 24-well plate precoated with an anti-CD3 mAb
(2 μg/ml).

To determine the suppressive effect of human MDSC-derived exo-
somes (Hu-MDSC-exo), human naïve CD4+ T cells were polarized to-
ward a Th1 phenotype by culture for 4 days with an anti-CD28 mAb
(1 μg/ml) and IL-12 (5 ng/ml) in a 48-well plate precoated with an anti-
CD3 mAb (1 μg/ml). For human Th17 cell differentiation, naïve CD4+ T
cells were cultured for 6 days with an anti-CD28 mAb (1 μg/ml), TGF-β
(10 ng/ml), IL-6 (10 ng/ml), and IL-23 (20 ng/ml) in a 48-well plate
precoated with an anti-CD3 mAb (1 μg/ml).

2.6. Reverse transcription-quantitative PCR

Reverse transcription-quantitative PCR (RT-qPCR) was used to de-
tect the expression of miRNAs. Total RNA was extracted by TRIzol
(Invitrogen, USA) and reverse transcribed with FSQ101 (Toyobo,
Japan). PCR was performed with a 2720 Thermal Cycler (Thermo
Fisher, USA). Real-time PCR was performed with Bio-Rad SYBR green
mix (Bio-Rad, USA) according to the manufacturer's instructions.

2.7. Transfection and miRNA sequence analysis

The miR-22-3p, miR-16-5p, miR-29a-3p, and miR-93-5p mimics, as
well as the miR-29a-3p and miR-93-5p inhibitors, were synthesized by
RiboBio Co (Guangzhou, China). The transfection concentration of the
mimics was 50 nM, while the inhibitors were used at a concentration of
100 nM. Naïve T cells and G-MDSCs were transfected with Entranster™-
R (Engreen Biosystem Co., China) for 6 h. MiRNA sequence analysis was
performed at RiboBio Co.

2.8. Western blot analysis

Exosomes or naïve CD4+ T cells were lysed in radio-
immunoprecipitation (RIPA) buffer. The lysates were separated by SDS-
PAGE and transferred to PVDF membranes (Bio-Rad, Hercules, USA).
The primary antibodies used included anti-CD9 (CST, USA), anti-CD63
(CST, USA), anti-calnexin (CST, USA), anti-phospho-STAT3 (CS, USA),
anti-t-STAT3 (Santa Cruz, USA), and anti-T-bet (eBioscience, USA).
Anti-rabbit HRP-conjugated and anti-mouse HRP-conjugated (CST,
USA) secondary antibodies were used. Chemiluminescent detection
(Champion Chemical, CA, USA) was used to visualize the bands on the
PVDF membranes.
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Fig. 1. G-MDSC-derived exosomes alleviate collagen-induced arthritis. (A) Schematic of CIA induction and exosome administration. CIA mice were intravenously
injected with different exosomes (100 μg/mouse/injection) on days 18 and 24. The mice were sacrificed on day 42 for subsequent experiments (n=6). (B) The MAI
of CIA mice treated with PBS, N-exo, M-exo or G-exo was monitored every 3 days. (C) Representative images of the forepaws and hindpaws from the different groups
are shown. (D) The joints were sectioned for hematoxylin-eosin staining. Representative sections of joint tissues are shown (original magnification, ×100). (E) The
percentages of Th1 and Th17 cells in draining lymph nodes were analyzed by FCM (n=6). The levels of serum IFN-γ and IL-17A were measured by an ELISA (n=6).
The values are the means± SEM. ANOVA followed by Tukey's post-hoc analysis was used to compare three or more groups (B, E), ⁎p < 0.05, ⁎⁎p < 0.01.

Table 1
Histological scores of ankle joints in MDSC-exosome-treated CIA mice.

Synovial hyperplasia Cell infiltration Pannus Inflammation Bone erosion

PBS 2.50 ± 0.22 1.83 ± 0.30 2.34 ± 0.82 1.67 ± 0.37 2.50 ± 0.36
N-exo 2.67 ± 0.21 1.83 ± 0.17 2.50 ± 0.41 1.83 ± 0.26 2.33 ± 0.26
M-exo 2.33 ± 0.21 2.00 ± 0.26 2.16 ± 0.32 1.50 ± 0.67 2.16 ± 0.37
G-exo 1.17 ± 0.31⁎⁎ 1.17 ± 0.17⁎ 1.00 ± 0.33⁎ 0.83 ± 0.12⁎⁎ 1.17 ± 0.21⁎⁎

The value is the mean ± SEM (n=6). ANOVA followed by Tukey's post-hoc analysis was used to compare three or more groups, ⁎p < 0.05, ⁎⁎P < 0.01 (G-exo
versus N-exo). Note: MDSC, myeloid-derived suppressor cells; CIA, collagen-induced arthritis; N-exo, exosomes derived from neutrophils; M-exo, exosomes derived
from monocytic myeloid-derived suppressor cells; G-exo, exosomes derived from granulocytic myeloid-derived suppressor cells.
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Fig. 2. G-MDSC-derived exosomes suppress Th1 and Th17 cell differentiation in vitro. (A) PKH67-labeled G-exo were added to murine naïve CD4+ T cells for 24 h.
Fluorescence-positive T cells were analyzed by FCM imaging with FlowSight (left); representative images are shown (right). (B) The proportions of Th1 and Th17
cells in the groups treated with G-exo or N-exo were analyzed by FCM (n=4). (C, E) The results of the statistical analysis of Th1 and Th17 cell percentages are shown
(n=4). (D, F) The concentrations of IFN-γ and IL-17A in the culture supernatant were measured by ELISA (n=4). The values are the means± SEM. Statistics in C,
D, E and F were performed using ANOVA followed by Tukey's post-hoc analysis. ⁎p < 0.05, ⁎⁎p < 0.01.
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2.9. Statistics

Statistical significance was determined by a two-tailed Student's t-
test or one-way ANOVA. GraphPad Prism 6 was used to analyze the
data. Values of p<0.05 were considered statistically significant.

3. Results

3.1. G-MDSC-derived exosomes attenuate arthritis progression in CIA mice

G-exo and M-MDSC-derived exosomes (M-exo) were derived from
spleen G-MDSCs and M-MDSCs of CIA mice, respectively. Neutrophil-
derived exosomes (N-exo) were secreted by peripheral blood neu-
trophils of normal DBA1/J mice. G-exo, M-exo and N-exo were isolated
and identified by transmission electron micrography and western
blotting (Supplementary Fig. 1). CIA mice were injected with G-exo and
M-exo on days 18 and 24 (Fig. 1A). The mean arthritis index (MAI) and
the degree of swelling were significantly reduced in the group treated
with G-exo, but no obvious changes in these parameters were observed
in the group treated with M-exo (Fig. 1B, C). Analysis of the histological
scores of joints revealed that G-exo effectively reduced joint damage
(Table 1). After treatment with G-exo, the pathological condition of the
joints was improved to one of only mild periarticular and fibrovascular
synovial proliferation with minimal inflammatory cell infiltration.
Moreover, minimal joint damage and intact articular cartilage were
observed in the mice treated with G-exo (Fig. 1D). These results showed
significantly less severe joint pathology in the mice treated with G-exo
than in the mice treated with M-exo or N-exo. Next, we analyzed the
percentages of inflammatory Th1 and Th17 cells in the draining lymph
nodes. As shown in Fig. 1E, the percentages of Th1 and Th17 cells were
significantly lower in the group treated with G-exo than in the groups
treated with M-exo or N-exo. However, we did not find a significant
change in the proportion of Treg cells in the lymph nodes (data not
shown). Consistent with the decreased percentages of Th1 and Th17
cells, the serum levels of IFN-γ and IL-17A were markedly decreased in
the group treated with G-exo (Fig. 1E). Generally, the number of lymph
node cells was positively correlated with the severity of arthritis. To-
gether, these data suggest that treatment with G-exo attenuates arthritis
progression and suppresses the proinflammatory Th1 and Th17 cell
response in CIA mice.

3.2. G-MDSC-derived exosomes suppress Th1 and Th17 cell differentiation
in vitro

Based on the suppression of Th1 and Th17 cells by G-exo in CIA
mice, we sought to determine the role of G-exo in the differentiation of
Th1 and Th17 cells in vitro. Naïve CD4+ T cells were treated with
PKH67-labeled G-exo for 24 h, resulting in an obvious combination of
G-exo and naïve CD4+ T cells (Fig. 2A). Under polarized Th1 and Th17
cell differentiation conditions, treatment with G-exo suppressed the
differentiation of Th1 and Th17 cells in a dose-dependent manner
(Fig. 2B, C, E). Moreover, compared with N-exo, G-exo significantly
reduced the levels of IFN-γ and IL-17A (Fig. 2D, F). These results in-
dicated that treatment with G-exo directly suppresses Th1 and Th17 cell
differentiation from naïve CD4+ T cells in vitro.

3.3. MiR-29a-3p derived from G-MDSC-derived exosomes suppresses Th1
cell differentiation

Exosomes contain abundant lipids, proteins and nucleic acids, and
exosomal miRNAs have been reported to play critical biological roles
[18]. To determine whether miRNAs in G-exo exerted suppressive ef-
fects, we performed miRNA sequence analysis. G-exo contained abun-
dant miRNAs, and the top 20 miRNAs expressed in G-exo are shown
(Supplementary Fig. 2A). We then screened 9 candidate miRNAs that
could potentially be involved in arthritis and T cell responses. Next, we
investigated whether G-exo could directly transfer miRNA to T cells. To
this end, G-MDSCs were transfected with a fluorescent Cy-5.5-labeled
miRNA mimic, and G-exo containing the Cy-5.5-labeled miRNA mimic
(Cy-5.5-G-exo) were isolated. When Cy-5.5-G-exo were added to the
culture of naïve CD4+ T cells, the Cy-5.5-labeled miRNA mimic was
transferred to CD4+ naïve T cells through transport in G-exo (Supple-
mentary Fig. 2B).

We examined whether miRNAs in G-exo contribute to the induction
of Th1 cell responses in vitro. Under polarized Th1 cell differentiation
conditions, treatment with G-exo increased miRNA expression in CD4+

T cells. The top 3 candidate miRNAs with the largest fold change after
treatment with G-exo were miR-22-3p, miR-16-5p and miR-29a-3p
(Fig. 3A). When mimics of the 3 candidate miRNAs were transfected
into naïve CD4+ T cells, the percentage of Th1 cells was decreased only
in the miR-29a-3p mimic-transfected group under polarized Th1 cell
differentiation conditions (Fig. 3B). Moreover, we transfected G-MDSCs
with the miR-29a-3p mimic or the miR-29a-3p inhibitor and isolated G-
exo. Transfection of the miR-29a-3p mimic significantly increased miR-
29a-3p expression in G-MDSCs and G-exo, whereas transfection of the
miR-29a-3p inhibitor led to a decrease in the amount of miR-29a-3p
packaged in exosomes (Fig. 3C, D). To further examine whether miR-
29a-3p derived from G-exo contributes to the suppression of the Th1
cell response, we treated naïve CD4+ T cells with exosomes derived
from miR-29a-3p mimic-transfected and miR-29a-3p inhibitor-trans-
fected G-MDSCs under polarized Th1 cell differentiation conditions. G-
exo containing the miR-29a-3p mimic significantly suppressed the in-
duction of Th1 cells, whereas G-exo containing the miR-29a-3p in-
hibitor no longer suppressed the induction of Th1 cells (Fig. 3E, F, G).
Recent work reported that miR-29a-3p directly targets T-bet [24];
therefore, we used TargetScan 6.1 software to predict the site on miR-
29a-3p that could bind to the 3′-UTR of T-bet (Fig. 3H). Furthermore,
western blot analysis indicated that G-exo containing the miR-29a-3p
mimic decreased T-bet expression (Fig. 3I). Collectively, these results
confirm that miR-29a-3p contributes to the suppression of Th1 cell
differentiation mediated by G-exo in vitro.

3.4. MiR-93-5p derived from G-MDSC-derived exosomes suppresses Th17
cell differentiation

Likewise, under polarized Th17 cell differentiation conditions, miR-
16-5p, miR-29a-3p and miR-93-5p levels were markedly increased after
treatment with G-exo (Fig. 4A), and the miR-93-5p mimic reduced the
percentage of Th17 cells (Fig. 4B). Treatment with the miR-93-5p
mimic significantly increased miR-93-5p expression in both G-MDSCs
and G-exo, whereas transfection with the miR-93-5p inhibitor de-
creased the amount of miR-93-5p packaged in exosomes (Fig. 4C, D).

Fig. 3. MiR-29a-3p derived from G-MDSC-derived exosomes suppresses Th1 cell differentiation by targeting T-bet. (A) The fold changes of the 9 candidate miRNAs
after G-exo treatment were determined by qRT-PCR. (B) Naïve CD4+ T cells were induced to Th1 cells after transfection with mimic NC, miR-22-3p mimic, miR-16-
5p mimic or miR-29a-3p mimic (n=4). The percentages of Th1 cells were analyzed by FCM (left). The statistical analysis results are shown (right). (C, D) Mimic NC,
miR-29a-3p mimic, inhibitor NC or miR-29a-3p inhibitor was transfected into G-MDSCs, and the miR-29a-3p levels in G-MDSCs (C) or G-exo (D) were measured by
RT-qPCR (n= 4). (E) The frequencies of Th1 cells in the different groups treated with G-exo (n=4) were analyzed by FCM. The statistical analysis of Th1 cell
percentages (F) and IFN-γ concentrations (G) in the different groups is shown. (H) The miR-29a-3p target sequence in the 3′-UTR of T-bet was predicted with
TargetScan. (I) The expression of T-bet in the different groups treated with G-exo was analyzed by western blotting (top), and the statistical analysis results are shown
(bottom) (n=3). The values are the means± SEM. ANOVA followed by Tukey's post-hoc analysis was used to compare three or more groups (B), and a two-tailed
Student's t-test was used to compare two groups (C, D, F, G, I), ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001.

D. Zhu, et al. BBA - Molecular Basis of Disease 1865 (2019) 165540

6



(caption on next page)

D. Zhu, et al. BBA - Molecular Basis of Disease 1865 (2019) 165540

7



Exosomes derived from miR-93-5p mimic-transfected G-MDSCs sig-
nificantly suppressed the induction of Th17 cells. In contrast, exosomes
derived from miR-93-5p inhibitor-transfected G-MDSCs no longer sup-
pressed the induction of Th17 cells (Fig. 4E, F, G). According to the
results of previous studies and the prediction results from the Tar-
getScan website [25,26], miR-93-5p can bind to the 3′-UTR of STAT3
(Fig. 4H). Western blot analysis showed that miR-93-5p derived from G-
exo decreased the expression of STAT3 (Fig. 4I). These results suggest
that miR-93-5p derived from G-exo suppresses Th17 differentiation by
targeting STAT3.

3.5. Exogenous miR-29a-3p and miR-93-5p derived from bone marrow G-
MDSC-derived exosomes attenuate arthritis progression in CIA mice

The above in vitro and in vivo experiments clarified that treatment
with G-exo suppresses Th1 and Th17 cell responses in CIA. Due to our
findings with G-exo derived from CIA mice, we attempted to isolate G-
exo from healthy mice. To this end, we induced G-MDSCs from bone
marrow cells (BM-G-MDSCs) with GM-CSF and IL-6, and we then suc-
cessfully isolated G-MDSCs with microbeads at a purity of> 90%
(Fig. 5A). Subsequently, we cotransfected BM-G-MDSCs with the miR-
29a-3p mimic and miR-93-5p mimic and isolated exosomes containing
the miR-29/93 mimics (Fig. 5B, C). CIA mice were injected in-
travenously with BM-G-MDSC-derived exosomes (BM-G-exo) on days
18 and 24. BM-G-exo delayed the progression of CIA and reduced the
degree of swelling (Fig. 5D, E). Moreover, synovial hyperplasia, leu-
kocyte infiltration and bone destruction were significantly milder in the
group treated with BM-G-exo than in the control group (Fig. 5F,
Table 2). As shown in Fig. 5G, the percentages of Th1 and Th17 cells in
the group treated with BM-G-exo were lower than those in the control
group. Furthermore, the serum levels of IFN-γ and IL-17A were de-
creased in the group treated with BM-G-exo. Excitingly, the miR-29/93-
mimic BM-G-exo had a stronger ability to protect joints than BM-G-exo
according to the above indicators (Fig. 5D, F, Table 2). In addition, BM-
G-exo decreased the levels of T-bet and STAT3 in CD4+ T cells from the
draining lymph nodes, and the miR-29/93-mimic BM-G-exo inhibited
the expression of T-bet and STAT3 more effectively in CIA mice (Sup-
plementary Fig. 3). Together, these data demonstrated that the exo-
genous miR-29/93-mimics derived from BM-G-exo exert im-
munosuppressive effects that ameliorate autoimmune progression in
CIA mice.

3.6. Human MDSC-derived exosomes suppress Th1 and Th17 cell
differentiation in vitro through miR-29a-3p and miR-93-5p

Since murine G-exo suppresses Th1 and Th17 cell responses, we
further examined the suppression of Hu-MDSC-exo on Th1 and Th17
cell differentiation in vitro. Human peripheral blood mononuclear cells
(PBMCs) were cultured with GM-CSF and IL-1β, and human MDSCs
(Hu-MDSCs) were isolated and identified to have the
CD33+CD11b+HLA-DRlow phenotype [27,28] (Fig. 6A). According to
TargetScan analysis and the results of related studies (Supplementary
Fig. 3A, B), miR-29a-3p and miR-93-5p target T-bet and STAT3, re-
spectively, in both humans and mice [29,30]. Mimics and inhibitors of
miR-29a-3p and miR-93-5p were transfected into Hu-MDSCs (Fig. 6B,

D), and exosomes secreted by Hu-MDSCs were isolated and identified
(Fig. 6C, E). Naïve CD4+ T cells were treated with Hu-MDSC-derived
exosomes (Hu-MDSC-exo) under polarized Th1 and Th17 cell differ-
entiation conditions, as described in the methods section. Exosomes
derived from miR-29a-3p mimic-transfected Hu-MDSCs significantly
suppressed the induction of Th1 cells. In contrast, exosomes derived
from miR-29a-3p inhibitor-transfected Hu-MDSCs no longer suppressed
the induction of Th1 cells (Fig. 6F, G). Hu-MDSC-exo containing the
miR-93-5p mimic significantly suppressed the induction of Th17 cells,
whereas Hu-MDSC-exo containing the miR-93-5p inhibitor no longer
suppressed the induction of Th17 cells (Fig. 6F, H). Taken together,
these data indicate that Hu-MDSC-exo suppress Th1 and Th17 cell
differentiation through exosomal miR-29a-3p and miR-93-5p.

4. Discussion

Although studies on MDSCs have traditionally focused on cancer
patients and tumor models, researchers initially found that MDSCs ac-
cumulate in autoimmune disease and play an important role in in-
flammation [31]. Fujii and colleagues showed that MDSCs could ac-
cumulate in the spleen of CIA mice and suppress inflammation via the
inhibition of CD4+ T cells, and they also tried to alleviate CIA in mice
via the adoptive transfer of MDSCs [32]. However, another study
showed that MDSCs promote the differentiation of Th17 cells via IL-1β
and aggravate inflammation in CIA mice [33]. These contradictory
conclusions might stem from differences in pathogenesis, MDSC sub-
populations, microenvironments and mouse genetic backgrounds
among the studies. Overall, the exact role of MDSCs in the pathogenesis
of CIA in mice remains to be validated, and the therapeutic effect of
adoptive MDSC transfer is still controversial.

Accumulating evidence has shown that exosomes play important
roles in intercellular signaling [34]. Compared to the use of parental
cells, the use of exosomes to regulate recipient cells has many ad-
vantages [35,36]. First, exosomes can be easily stored and transported.
Second, exosomes have minimal cytotoxicity and antigenicity. Finally,
exosomal cargos can be stably transported to specific tissues and organs
via body fluids. In addition, current experimental results show that
there are differences in the functions of MDSCs in different stages of CIA
mice [32,33]. Compared with MDSCs, the components and functions of
exosomes derived from MDSCs should be more stable. We isolated
exosomes derived from MDSCs, namely, G-MDSCs and M-MDSCs. We
found that G-exo and M-exo are small vesicles 30–150 nm in diameter
with high expression of CD9 and CD63. These characteristics, which
correspond with the characteristics of exosomes shown in a previous
study, suggested that G-exo and M-exo were successfully isolated [34].
Considering the advantages of exosome treatment for disease, we ad-
ministered MDSC-derived exosomes to CIA mice and found that only G-
exo effectively attenuated CIA and reduced the proportions of Th1 and
Th17 cells in the draining lymph nodes; M-exo lost this suppressive
ability. Moreover, our results demonstrated that G-exo inhibit Th1 and
Th17 cell differentiation in vitro. Thus, our work provides evidence that
administration of G-MDSC-derived exosomes exerts an im-
munosuppressive effect in mice with inflammatory arthritis. However,
exosomes secreted by G-MDSCs from CIA mice themselves are appar-
ently not sufficient to prevent arthritis progression in vivo. We

Fig. 4. MiR-93-5p derived from G-MDSC-derived exosomes suppresses Th17 cell differentiation by targeting t-STAT3. (A) The fold changes of the 9 candidate
miRNAs after G-exo treatment were determined by qRT-PCR (n= 3). (B) Naïve CD4+ T cells were induced to Th17 cells after transfection with mimic NC, miR-16-5p
mimic, miR-29a-3p mimic or miR-93-5p mimic (n=4). The percentages of Th17 cells were analyzed by FCM (left). The statistical analysis results are shown (right).
(C, D) Mimic NC, miR-93-5p mimic, inhibitor NC or miR-93-5p inhibitor was transfected into G-MDSCs, and miR-93-5p levels in G-MDSCs (C) or G-exo (D) were
determined by RT-qPCR (n=4). (E) The frequencies of Th17 cells in the different groups (n= 4) were analyzed by FCM. The statistical analysis of Th17 cell
percentages (F) and IL-17A concentrations (G) in the different groups is shown. The results of the statistical analysis of the Th17 cell percentages (F) and IL-17A
concentrations (G) in the different groups are shown. (H) The miR-93-5p target sequence in the 3′-UTR of STAT3 was predicted with the TargetScan website. (I) The
expression levels of p-STAT3 and STAT3 in the different groups were analyzed by western blotting (left), and the statistical analysis results are shown (right) (n=3).
The values are the means± SEM. ANOVA followed by Tukey's post-hoc analysis was used to compare three or more groups (B), and a two-tailed Student's t-test was
used to compare two groups (C, D, F, G, I), ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001.
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speculated that exosomes secreted by G-MDSCs from CIA mice did not
reach the dose threshold for inhibiting inflammation. In addition, there
are differences in the functions of MDSCs in mice at different stages of
CIA, and the components of G-exo produced in CIA mice may vary at

different stages of disease.
A report showed that MDSC-derived exosomes packaged different

proteins, mRNAs, and miRNAs from MDSCs, indicating a potential
complex immunomodulatory function [37]. Various studies have

(caption on next page)
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shown that miRNAs regulate the differentiation and function of helper
T cells by inhibiting the transcription of mRNA [38]. Exosomes can
transfer miRNAs to target cells and regulate gene expression to affect
the function of these recipient cells [39]. We cannot rule out the pos-
sibility that G-exo contain some other molecules that protect CIA mice,
but miRNAs were selected as the focus of our study according to the
current literature. Next, we performed miRNA sequence analysis on G-
exo and screened out miR-16-5p, miR-29a-3p, miR-93-5p, miR-22-3p,
and Let-7 g-5p from the top twenty miRNAs with the largest fold change
after treatment with G-exo as contributors to osteoarthritis develop-
ment and osteoblast proliferation, differentiation and migration
[40–43]. MiR-22-3p and miR-26b-5p were reported to be involved in
the pathogenesis of RA [44–46]. Moreover, miR-29a-3p, miR-93-5p and
miR-24-3p were found to be related to the proliferation, differentiation
and immune response of T cells [20,24,25]. TargetScan software was
then used to predict the targets of the top 20 miRNAs. MiR-16-5p, miR-
29a-3p, Let-7f-5p, and miR-92a-3p were found to target Smad7, Smad6,
FOS, T-bet, PIK3R1, t-STAT3 and EMOS, which are related to the pro-
liferation and differentiation of T cells [47–50]. Finally, miR-16-5p,
miR-29a-3p, miR-93-5p, miR-22-3p, miR-26b-5p, Let-7f-5p, Let-7 g-5p,
miR-24-3p, and miR-92a-3p were selected as candidate miRNAs.

Further experiments showed that the proportion of Th1 cells was
decreased in the group treated with miR-29-mimic-containing G-exo,
while the proportion of Th1 cells was increased in the group treated
with miR-29-inhibitor-containing G-exo. According to TargetScan, T-
bet is the direct target of miR-29a-3p, as identified in a previous study
[24]. Western blotting indicated that the miR-29a-3p derived from G-
exo reduced the level of T-bet. Thus, these results demonstrate that
miR-29a-3p derived from G-exo suppressed Th1 differentiation by tar-
geting T-bet. Via the same process, miR-93-5p derived from G-exo was
shown to suppress Th17 cell differentiation. In fact, STAT3 plays an
important role in Th17 cell differentiation in at least four ways, and
STAT3 can directly bind and regulate IL-17a, IL-17f and IL-21, as well
as regulate the expression of ROR-γt and IL-23R [51–55]. According to
TargetScan 6.1 software, STAT3 is the direct target of miR-93-5p, as
demonstrated by other researchers [25,56]. Furthermore, miR-93-5p
derived from G-exo was found to suppress Th17 cell differentiation by
targeting STAT3. Although miR-29a-3p and miR-93-5p derived from G-
exo were shown to inhibit Th1 and Th17 cell differentiation, we did not
exclude the possibility of other specific mechanisms by which G-exo
play a role in protection against arthritis. In addition, it is entirely
possible because exosomes contain a variety of biological components.

Compared with the exosomes derived from neutrophils and M-MDSCs,
G-MDSCs-exo can play a protective role in arthritis, which is a problem
worthy of further study.

The use of exosomes carrying drugs, miRNAs and proteins as ther-
apeutic agents has been attempted [57]. In one study, HEK293T cell-
secreted exosomes were engineered to express high levels of miR-199a
via a special TAT peptide-TAR interaction [58]. In our study, miR-29a-
3p and miR-93-5p derived from G-exo alleviated CIA by inhibiting Th1
and Th17 cell responses. However, the source of G-MDSCs has always
been a concern. Exosomes derived from bone marrow culture-induced
G-MDSCs will be safer and more convenient in therapeutic application
than will exosomes derived by other means. Interestingly, exogenous
miR-29a-3p and miR-93-5p derived from BM-G-exo may play a similar
role in attenuating CIA. According to the prediction results from Tar-
getScan and the findings from current papers, T-bet and STAT3 are the
direct targets of miR-29a-3p and miR-93-5p in humans, respectively
[29,30]. As expected, Hu-MDSC-exo suppressed Th1 and Th17 cell
differentiation, which suggests that MDSC-derived exosomes have
therapeutic potential in RA and other autoimmune diseases. Thus, this
study reveals a novel non-cell-based therapeutic strategy in auto-
immune disease.
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Fig. 5. Exosomes derived from G-MDSCs induced by bone marrow cells attenuate collagen-induced arthritis. (A) Mouse bone marrow cells were induced to
CD11b+Ly-6G+ G-MDSCs by culturing for 6 days in the presence of 20 ng/ml GM-CSF and 10 ng/ml IL-6. CD11b+Ly-6G+ BM-G-MDSCs were sorted by FCM. (B, C)
BM-G-MDSCs were transfected with the miR-29a-3p mimic and miR-93-5p mimic, and the miR-29a-3p and miR-93-5p levels in the BM-G-MDSCs (B) or BM-G-exo (C)
were determined by RT-qPCR (n= 4). CIA mice were administered BM-G-exo (100 μg/mouse/injection) on days 18 and 24 (n=6). The mice were sacrificed on day
42 for subsequent experiments. (D) The development of arthritis in CIA mice treated with BM-G-exo was monitored every 3 days. (E) Representative images of the
forepaws and hindpaws from the different groups are shown. (F) Representative hematoxylin-eosin-stained sections of joint tissues are shown (original magnification,
×100). (G) The percentages of Th1 and Th17 cells in the draining lymph nodes were analyzed by FCM (n= 6). The concentrations of serum IFN-γ and IL-17A in the
different groups were measured by ELISA (n=6). The values are the means± SEM. Two-tailed Student's t-test was used to compare two groups (B, C), and ANOVA
followed by Tukey's post-hoc analysis was used to compare three or more groups (D, G), ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001.

Table 2
Histological scores of ankle joints in BM-G-exosome-treated CIA mice.

Synovial hyperplasia Cell infiltration Pannus Inflammation Bone erosion

PBS 2.50 ± 0.45 2.00 ± 0.31 2.16 ± 0.72 1.67 ± 0.35 2.67 ± 0.65
BM-G-exo 1.33 ± 0.12⁎⁎ 1.17 ± 0.21⁎⁎ 1.00 ± 0.33⁎⁎ 1.17 ± 0.27⁎ 1.33 ± 0.68⁎,A

Mimic-NC-exo 1.50 ± 0.26 1.33 ± 0.44 1.17 ± 0.31 1.17 ± 0.21 1.50 ± 0.20
MiR-29/93-exo 0.83 ± 0.21⁎ 0.83 ± 0.16⁎ 0.67 ± 0.26⁎ 0.50 ± 0.12⁎⁎ 0.83 ± 0.11⁎,B

The value is the mean ± SEM (n=6). ANOVA followed by Tukey's post-hoc analysis was used to compare three or more groups, ⁎p < 0.05, ⁎⁎P < 0.01 (A: BM-G-
exo versus PBS; B: MiR-29/93-exo versus Mimic-NC-exo). Note: BM-G-exo, exosomes derived from granulocytic myeloid-derived suppressor cells induced from bone
marrow cells; Mimic-NC-exo, exosomes derived from mimic negative control-transfected granulocytic myeloid-derived suppressor cells induced from bone marrow
cells; MiR-29/93-exo, exosomes derived from miR-29a-3p and miR-93-5p mimic-transfected granulocytic myeloid-derived suppressor cells induced from bone
marrow cells.
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Fig. 6. Human MDSC-derived exosomes suppress Th1 and Th17 cell differentiation in vitro. (A) Hu-MDSCs were induced from healthy human PBMCs by culturing for
6 days in the presence of 40 ng/ml GM-CSF and 10 ng/ml IL-1β, and CD33, CD11b and HLA-DR phenotypes were analyzed by FCM. Mimic NC, miR-29a-3p mimic,
inhibitor NC or miR-29a-3p inhibitor was transfected into Hu-MDSCs, and miR-29a-3p levels in Hu-MDSCs (B) or Hu-MDSC-exo (C) were determined by RT-qPCR
(n=4). Mimic NC, miR-93-5p mimic, inhibitor NC or miR-93-5p inhibitor was transfected into Hu-MDSCs, and miR-93-5p levels in Hu-MDSCs (D) or Hu-MDSC-exo
(E) were determined by RT-qPCR (n=4). (F) The frequencies of Th1 and Th17 cells in the different groups (n=4) were analyzed by FCM. The statistical analysis
results of Th1 cells (G) and Th17 cells (H) are shown. The values are the means± SEM. Two-tailed Student's t-test was used to compare two groups (B, C, D, E), and
ANOVA followed by Tukey's post-hoc analysis was used to compare three or more groups (G, H), ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001.
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