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

destructive joint disease. To date, the etiology and pathogenesis of RA have not been

fully elucidated, but a large number of studies have indicated that hypoxia is an important

feature of RA. Our study was designed to probe how hypoxia-induced exosome (exo)

derived from synovial fibroblasts (SFs) affect RA. In this study, we found that hypoxic

environment existed in synovial tissue of RA, and miR-424 expression was increased in

RA, and exosome derived from synovial fibroblasts (SFs-exo) could significantly induce

T cells differentiation, which Th17 cells increased and Treg cells decreased. Besides,

SFs-exo affected the expression of related inflammatory cytokines. And, we also found that FOXP3 was a target gene of miR-

424 and exo-miR-424 KD inhibited RA worsening. These results suggested that SFs-exo in hypoxia aggravates rheumatoid

arthritis by regulating Treg/Th17 balance and thus may be a potential therapeutic target for RA.
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Introduction

Rheumatoid arthritis (RA) is a common clinical disease,
which is widely distributed around the world.
Statistically, the incidence of RA is 0.32% to 0.36% in
China and 0.5–1% globally,1,2 and the incidence of RA in
females is two to four times than that in males.3 The main
features of RA are chronic, symmetrical, and progressive
polyarthritis, which is manifested by chronic inflammation
of synovial, cell infiltration, synovial pannus formation,
invasion of cartilage and bone tissue, and destruction of
joint structure, accompanied by joint systemic damage.4

RA belongs to autoimmune inflammatory diseases. RA
lesions mainly exist in the synovial joints, such as hands,
feet, and knee joints.5 Joint redness, swelling, heat and pain,
and dysfunction are common symptoms in the early stage,
and joints with varying degrees of stiffness may appear in
the late stage, accompanied by bone destruction and atro-
phy of skeletal muscle, which can easily cause disability6

and seriously affect people’s quality of life. Besides, RA

complications include pleurisy, pericarditis, and vasculitis,
which increase the risk of cancer in severe cases,7 leading to
death and bring heavy economic burden on society and
families.8 The prevalence and harmfulness of RA make it

urgent to explore its pathogenesis. Recent studies have

found that Th17/Treg cells and cytokine profiles are
induced by mononuclear cells from RA patients.9 As a

type of autoimmune disease, RA progression requires the

involvement of autoimmune CD4þT cells. Th17 cells,

the CD4þT cells that secret IL-17 (IL-17A), contributes to
the progression of RA by mediating inflammatory

response.10–12 In contrast to Th17 cells, Tregs cells function

in preserving immunological unresponsiveness to self-
constituents and negative control of immune responses to

attenuate the progression of RA.13 Moreover, the develop-

ment of RA is associated with Th17/Treg imbalance.14

Exosomes are bioactive vesicles originating from late
endosomes which were secreted by different types of cells
to promote intercellular communication.15 It is reported
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that exosomes encapsulate various biomolecules such as
protein markers (CD9, CD63 and CD81), single- and
double-stranded DNA, various RNAs (mRNA, miRNA)
and long non-coding RNA (lncRNA) from cells.16,17

Studies have shown that exosomes involve in the pathogen-
esis of RA and play important roles in antigen expression,
inflammation, angiogenesis, and cell signaling.18 Exosomes
transmit proteins and miRNAs with immunoregulatory
properties between cells. Related exosomes have been
examined in different joint diseases, suggesting that exo-
somes can act as potential biomarkers for diagnosis or
assessment of RA activity.19,20 Recent studies proved that
exosomal miR-155 inhibited the production of TNF-a,
MMP-13 in SFs.21 In SFs of RA patients, miR146a expres-
sion can be up-regulated by TNF-a and IL-1b, thereby
inhibiting pro-inflammatory cytokines secretion.22 In addi-
tion, miR-424 could regulate cells proliferation and the
release of inflammatory factors.23 So, exosomes could be
new targets on regulating the cell interaction related path-
ogenesis of RA.

Hypoxic microenvironment is an important pathological
feature of RA.24 The high metabolic demand of inflamma-
tory synovial tissue and rapid proliferation of synovial
membrane together lead to hypoxic state in RA joints. As
early as 1970, Lund-Olesen reported that the joint cavity of
RA patients was hypoxic.25 Hypoxia promotes the patho-
logical progression of RA by hypoxia-inducible factor-1
(HIF-1) to induce inflammation.26 However, whether
hyperoxia could influence the Th17/Treg balance is still
unknown.

In this research, we investigated the role of SFs-exo in the
pathogenesis of RA. Herein, SFs-exo promoted Tcell differ-
entiation, where Th17 cells count was raised, but Treg cells
count was dropped. Our study suggested that exosomal
miR-424 inhibited inflammatory factors’ expression by tar-
geting FOXP3. Our study provides new therapeutic clues
and potential intervention targets for the treatment of RA.

Materials and methods

Rheumatoid arthritis and osteoarthritis model
establishment

Balb/c mice (male, six to eight weeks) were purchased from
Charles River (Beijing, China) to establish rheumatoid
arthritis model as previously reported.27,28 Simply, 1mg
of inactivated Mycobacterium tuberculosis was suspended
in 100 lL Freund’s complete adjuvant (FCA) and intrader-
mally injected into the rat tail root. After iodoacetic acid
was injected into the knee joint of mice, regional degener-
ation and necrosis of chondrocytes could be found one
week later to establish osteoarthritis model. Early signs of
arthritis appeared after twodays. All animal experiments
were conformed to the Guide for the Care and Use of
Laboratory Animal (NIH publication, 8th edition, 2011),
and approved by the Experimental Animal Care and Use
Committee of Xi’an Jiaotong University. The mice were
kept in a temperature-controlled room on a 12 h light-
dark cycle with free food and water. All efforts were

made to minimize animals’ suffering and to reduce the
number of animals used.

Cell culture and transfection

CD4þ T cells and SFs were obtained from RA and osteoar-
thritis (OA) mice. Two hundred and ninety-three T cells
were purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Two hundred
and ninety-three T cells and CD4þ T cells were cultured
in 1640 complete medium with 10% fetal bovine serum
(FBS), 100U penicillin, and 100 lg/mL streptomycin at
37�C in a humidified atmosphere incubator containing 5%
CO2. SFs were cultured in Dulbecco’s modified Eagle
medium (DMEM) complete medium containing 10% FBS,
100U penicillin, and 100lg/mL streptomycin. Besides,
CD4þ T cells were incubated with SFs-derived exosomes
for 2 h.

MiR-424 mimic and the corresponding negative control
(miR-NC) were purchased from Thermo Fisher Scientific.
MiR-424 inhibitor and the corresponding negative control
(inhibitor-NC) were purchased from Ribo Bio (Guangzhou,
China). These plasmids were transfected by using
Lipofectamine 2000 (Invitrogen, CA, USA) when the cells
reached 80% confluence on the manufacturer’s instruction.

HE staining

Synovial tissues were separated from OA and RA mice.
The prepared synovial tissue slices were dewaxed and
hydrated. After washed by water, synovial tissue slices
were stained in hematoxylin solution for 5min. Next,
after differentiated by 1% hydrochloric alcohol for 15 s,
the slices were washed with water. And then synovial
tissue slices were stained by eosin solution for 1min.
Finally, synovial tissue slices were dehydrated, transpar-
entized, and sealed by neutral gum. Photos of slices were
taken by optical microscope (Olympus, Tokyo, Japan).

Immunohistochemistry staining

Slices were treated with 3% hydrogen peroxide for 10min
at room temperature. After blocking the sections by using
goat serum at 25�C for 4 h, the sections were incubated with
primary anti-HIF1a antibody (1:100) or anti-IL-17A anti-
body (1:100) at 4�C overnight. Then, the sections were
washed with PBS for three times to remove the primary
antibodies and were incubated with biotinylated secondary
antibody (Bioworld, USA) for 2 h, and 3,3N-diaminobenzi-
dine tertrahydrochloride buffer (Beyotime, Shanghai,
China) was used to perform the color reaction. The slices
were observed under microscope (Olympus, Tokyo, Japan).

Immunofluorescence staining

SFs were treated by 4% paraformaldehyde for 30min. After
washing with PBS, the cells were permeabilized with 0.1%
Triton X-100 for 10min, and then blocked with BSA for 1 h.
Next, SFs were incubated with the diluted primary anti-
body against HIF1a (1:100) for 1 h. After washing with
PBS to remove the primary antibody, SFs were incubated
with the secondary fluorescein anti-rabbit IgG (1:1000) at
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room temperature for 1 h. And DAPI was used to stain the
nucleus for 5min. Eventually, photos of SFs were taken by a
fluorescence microscope (Olympus, Tokyo, Japan).

Flow cytometry

Flow cytometry was used to analyze the infusion of exo-
somes with the cells. The detection of PKH-67-labeled exo-
somes infusion with T cells was performed as previously
described.29 Briefly, 20 lg of the PKH67-stained exosomes
were washed five times to remove excess dye and then
added to T cells in culture. Cells were harvested at 24 h,
washed three times, and analyzed by flow cytometry
using a BD FACSAria (BD Biosciences). For the detection
of the cell marker, anti-FOXP3 and anti-IL-17 antibodies
were used for flow cytometry were purchased from BD
Biosciences-Pharmingen or eBioscience (San Diego, CA,
USA). Cells were stained in FACS buffer with antibodies
for 30min on ice and washed with FACS buffer. For intra-
cellular staining, cells were fixed and permeabilized and
then stained with anti-FOXP3 or anti IL-17 antibody for
30min on ice and washed. Samples were analyzed by
Flow Cytometric Analysis (Beckman Coulter, CA, USA).

Luciferase reporter assay

The putative binding sites of miR-424 on the FOXP3 30 UTR
were predicted by TargetScan 7.0. The sequences that bind
to miR-424 were partly mutated and inserted into the
reporter plasmid to identify the binding specificity. The
miR-424 mimic and its control (Hanbio, Shanghai, China)
were transfected into SFs. After 48 h of transfection, the
relative luciferase activities were detected by the Dual-
Glo Luciferase Assay System (Promega, Shanghai, China)
approved by the manufacturer’s instructions.

Western blot

Samples were cracked in RIPA lysis buffer plus PMSF in
low temperature, and BCA assay kit (Santa Cruz,
California, USA) detected the total protein concentration.
Prepared protein samples were separated in SDS-PAGE,
and transferred into 0.22lm PVDF membranes and incu-
bated with prepared antibodies. Finally, enhanced chemi-
luminescence (ECL, ThermoFisher, MA, USA) visualized
this membrane. The protein band analysis was conducted
with ImageJ software. Antibodies against HIF1a and
GAPDH were purchased from CST (Beverly, MA, USA).
Antibodies against CD9, CD81, and TSG101 were pur-
chased from Abcam (Cambridge, MA, USA).

Q-PCR. Total RNA of the samples was separated by Trizol
reagent (Invitrogen, Shanghai, China) following the manu-
facturer’s protocols. Reverse transcriptase reactions were
performed using HiScriptVR III 1st Strand cDNA Synthesis
Kit (Vazyme, Nanjing, China). qRT-PCR was done using
quantitative PCR with ChamQTM Universal SYBR QPCR
Master Mix (Vazyme, Nanjing, China). Eventually, the
product was analyzed on a RT-PCR Detection System
(Analytic, Jena, Germany). The quantitative measures

were obtained using the DDCT method and were normal-
ized to GAPDH or U6 mRNA levels.

Exosomes extraction and identification

SFs were plated at a 15 cm cell culture dish. After cultured
for 48 h, the culture medium from six dishes was collected.
Then the mediumwas centrifuged (300g, 10min, room tem-
perature, then 2000g, 20min, 4�C, then 12,000g, 40min,
4�C). Supernatant was then centrifuged twice (100,000g,
1 h; 10min, 4�C). The 100,000g pellet was further subjected
to gradient centrifugation (20%–60% sucrose) (100,000g,
4�C, 16 h) for purification. Exosome were observed by
using an electron microscope (Philips CM200F) operating
at 200 keV. The size distribution and concentration of exo-
somes were analyzed by using a NanoSight NS300 system
with a 405 nm laser. In brief, exosomes suspension diluted
with sterile 1�PBS as the ratio of 1:100 was pushed slowly
using a 1mL syringe and illuminated with a laser. Their
movements under Brownian motion were recorded and
analyzed with the NTA analytical software (NanoSight,
version 3.0). At least three videos were captured for each
individual sample. The capture and analysis settings were
manually set in accordance with the manufacturer’s
instructions.

ELISA analysis

Expression levels of IL-10, TGF-b, IL-17, IL-22, IL-1b, and
TNF-a in the cell culture medium, synovial fluid, and
serum were measured using the commercialized ELISA
Kit (Elabscience, TX, USA) according to the manufacturer’s
instructions. The absorbance was examined at 450 nm
using a micro plate reader (BIO-TEK, INC).

Statistical analysis

Statistical analysis were performed by using the Graphpad
prism 8.0 software with one-way ANOVA and post hoc
Dunnett’s T3 test to compare the differences among and
between groups, respectively. All experiments were repeat-
ed three times, and the data are presented as the mean�
SEM. P< 0.05 was considered to be statistically significant.

Results

HIF1a expression is increased in RA

Hypoxia promotes the pathological progression of RA by
hypoxia-inducible factor-1 (HIF-1).26 Given the important
role of hypoxia in the pathogenesis of RA, we detected
HIF1a expression in RA and OA. It is reported that HE
staining could reveal the general morphological and struc-
tural characteristics of the tissue or cell components and
lesions.30 HE and immunohistochemistry (IHC) staining
results showed that HIF1a expression was higher in RA
mice than OA mice (Figure 1(a)). Furthermore, HIF1a
miRNA and protein expression were also significantly
increased in RA compared to OA (Figure 1(b) to (d)).
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Hypoxia induces exosomal miR-424 expression in SFs

In order to further investigate the role of hypoxia in RA, we
performed cell experiments using SFs. According to previ-
ous studies, we used 1% O2 to treat SFs to create a hypoxic
microenvironment similar to RA.31 Immunofluorescence
data indicated that 1% O2 obviously increased HIF1a
expression compared to 20% O2 in SFs (Figure 2(a)).
Additionally, Western blot also got similar results
(Figure 2(b) and (c)). Recent researches demonstrate that
exosomes exert a vital role in the pathological process of
RA,20 so we extracted exosomes by repeated high-speed
centrifugation from SFs to follow-up experiments.
Transmission electron microscope (TEM) showed exosome
double-layer capsule ultrastructure under the condition of
1% O2 (Figure 2(d)). Nanoparticle Tracking Analysis (NTA)
indicated that the size of extracted particles is mostly
around 100 nm, which is in line with the expected exosome
characteristics (Figure 2(e)). Exosomes marker of CD9,
CD81, and TSG101 expression showed no significant
changes in 1% O2 group compared to 20% O2 group
(Figure 2(f)). And we found that exosomal miR-424 level
was higher in 1% O2 compared to 20% O2 (Figure 2(g)).
These results indicated that hypoxia induces exosomal
miR-424 expression in SFs.

SFs-exosomes promote T cell differentiation

T cells, which are a major part of synovial infiltrating cells,
especially CD4þ Tcells, are considered to be closely related
to RA.32 CD4þ T cells differentiate into Th1 cells and Th2
cells, Th17 cells, and Treg cells when they were activated.
Different types of CD4þ T cells have different functions
such as activating cellular and non-cellular immunity,
direct cytolytic activity, and suppressing the immune
response.21 Recent research shows flexible plasticity

between Treg cells and Th17 cells.33 In this study, we
found that SFs-exo could bind to the CD4þ T cells mem-
brane, as suggested by the PKH-67-labeling assay (Figure 3
(a)). And SFs-exo induced T-cell differentiation, in which
Th17 cells count was raised, but Treg cells count was
dropped (Figure 3(b)). We also detected the change of
inflammatory cytokines induced by hypoxia. As shown in
Figure 3(c), anti-inflammatory Treg-related cytokines IL-10
and TGF-b were decreased under the hypoxic condition,
while the pro-inflammatory Th17-related cytokines IL-17,
IL-22, IL-1b, and TNF-a increased under the hypoxic con-
dition, indicating that hypoxic inducing inflammatory
response and imbalance of Treg/Th17.

FOXP3 is a target gene of miR-424

To further explore the molecular mechanism of miR-424 on
RA, we used RNAhybrid to predict miR-424 targets, deter-
mined FOXP3 (Figure 4(a)). Transcription factor FOXP3,
specifically expressed on Treg cells, is closely related to
the growth and development and functional maintenance
of on Treg cells.34 To identify the relationship of miR-424
and FOXP3, we designed luciferase reporter plasmids to
detection. The luciferase activity significantly reduced fol-
lowing co-transfection with pMIR-FOXP3-30-UTR-WT and
miR-424, compared with co-transfection with pMIR-
FOXP3-30-UTR-Mut and miR-424 in 293 T cells (Figure 4
(b)). This result demonstrated that miR-424 negatively reg-
ulates the FOXP3 expression via specifically binding to the
30-UTR of FOXP3 (Figure 4(b)). miR-424 expression was
increased by miR-424 mimic, and miR-424 inhibitor
reduced miR-424 (Figure 4(c)). Furthermore, Western blot
showed that miR-424 mimic significantly decreased FOXP3
expression (Figure 4(d) and (e)). And flow cytometry
results were similar to Western blot (Figure 4(f)).

Figure 1. HIF1a expression is increased in RA. Synovial tissue was extracted from OA and RA model mice. (a) Representative images of HE staining and immu-

nohistochemistry staining for HIF1a (brown color). Relative intensity of HIF1a was analyzed by Image J. Scale bar¼ 50 lm. (b) qRT-PCR was performed to examine

relative values of HIF1a mRNA. (c) HIF1a protein expressions in synovial tissue of OA and RA mice were measured by Western blot. Each group is shown three

representative blot images. (d) Relative values of HIF1a protein expressions were analyzed by Image J. Data are shown as mean�S.E.M. *P< 0.05, **P< 0.01,

***P< 0.001, n¼ 6. (A color version of this figure is available in the online journal.)
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Exosomal miR-424 promotes the development of RA

We then verified the effect of exosomal miR-424 in RAmice.
We extracted exosomes from SFs which were knocked
down of miR-424 or not. The miR-424 level in exosomes
is shown in Figure 5(a). IHC results of IL-17 showed that
mice treatedwith SFs-exo showed significant increase of IL-
17 expression, and knockdown of miR-424 could abolish
the effect of SFs-exo (Figure 5(b)). We also detected the
change of inflammatory cytokines in the synovial by qRT-
PCR. As shown in Figure 5(c), anti-inflammatory Treg-
related cytokines IL-10 and TGF-b were decreased in SFs-
exo-treated mice, and the pro-inflammatory Th17-related
cytokines IL-17, IL-22, IL-1b, and TNF-a increased in SFs-
exo-treated mice, while knockdown of miR-424 could abol-
ish the effect of SFs-exo. ELISA results showed that SFs-exo
induced increase of IL-17, IL-1b, and TNF-a levels in the
serum and joint cavity fluid, and exosomes extracted from
miR-424 knockdown cells showed no obvious increase of
the inflammatory factors compared with the RA group
(Figure 5(d)). All the data suggested that exosomal miR-
424 could enhance the inflammatory response of RA.

Discussion

In our research, HIF1a protein and mRNA expression were
up-regulated in RA compared to OA, which indicated that
there is hypoxic microenvironment in RA. Moreover, miR-
424 is one part of miR-16 family, which involves in the pro-
liferation and phenotypic differentiation of immune cells.
We found that miR-424 from SFs-exo was dramatically
increased under 1% O2. And then SFs-exo promotes T cell
differentiation, in which Th17 cells count was raised, but
Treg cells count was dropped. Our study data suggested
that exosomalmiR-424 inhibited inflammatory factors expres-
sion by targeting FOXP3, one of the key transcription factors
that control the development and function of Treg cells. We
also found that miR-424 KD could improve RA in vivo.

miRNA regulates gene expression by binding to 30-UTR
after transcription.35 Previous studies have shown that a
class of miRNA has a key role in regulating CD4þ T cell
differentiation. In our study, we found that miR-424 from
SFs-exo was significantly upregulated under 1% O2. To
date, at least five different subsets of CD4þ T cells
have been identified, namely Th1, Th2, Th17, Treg, and

Figure 2. Hypoxia induces exosomal miR-424 expression in SFs. Synovial fibroblasts were treated with 20% O2 or 1% O2 to establish cell model in vitro. (a)

Representative images of immunofluorescence staining for HIF1a. HIF1a is shown as green color and the nuclei are shown as blue color. Scale bar¼ 20 lm. (b) HIF1a
protein expressions in OA and RA mice were measured by Western blot. (c) Relative values of HIF1a protein expressions was analyzed by Image J. (d) Representative

TEM images of exosomes. Scale bar¼ 200 nm. (e) The average diameter of exosome size analyzed by NTA system. (f) Exosomes marker CD9 and CD81, TSG101 in

the CAFs lysate and CAFs-derived exosomes were detected by Western blot. (g) Relative values of CD9 and CD81, TSG101 protein expressions was analyzed by

Image J. Data are shown as mean�S.E.M. **P< 0.01, ***P< 0.001, n¼ 6. (A color version of this figure is available in the online journal.)
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Tfh cells.36 It has been reported that miR-146a inhibits Th1
cell differentiation by targeting STAT1,37 and miR-155 can
downregulate the INF-c on the surface of T cells by sup-
pression of IFNc regulator to promote the differentiation of
T cells into Th1 cells.38 Furthermore, multiple miRNAs
were found to be related to Th2 cell differentiation.
Sawant et al. found that miR-21 downregulates Sprouty1
by over-expression on T cells, thereby stimulating Th2 dif-
ferentiation.39 Th17 and Treg cells differentiation are also
regulated by miRNAs. For example, miR-26a inhibits the
generation of Th17 cells by targeting IL-6, which is positive-
ly correlated with FOXP3 expression and promotes the
development of Treg cells, thus suppresses self-reactive
inflammation.9 We found that SFs-exo promotes T cell dif-
ferentiation, which Th17 cells were increased, Treg cells
were decreased. miR-21 maintains the biological function
of Treg cells by positively regulating FOXP3 expression.40

In RA patients, the low content of miR-21 inhibits the activ-
ity of STAT5 and limits Treg cells differentiation and devel-
opment, resulting in an imbalance in the Th17/Treg ratio

and the generation of chronic inflammation.41 In our study,
we found that miR-424 exerts a role in the pathology Of RA.

miR-424 KD significantly inhibited pro-inflammatory
factors’ expression in RA.miR-424 belongs to the miR-16
family, which plays a regulatory part in cell cycle and
phenotype. A large number of studies have shown that
miR-424 has a clinical prognostic effect and acts as a poten-
tial molecular therapeutic target. Studies have found that
miR-424 has a significant change in different organs during
the onset of infectious and immune diseases and also
involves in regulating viral replication,41 the proliferation
of lesion cells,42 and the proliferation and phenotypic dif-
ferentiation of immune cells.43 Therefore, miR-424 regu-
lates the occurrence and development of infectious
diseases such as tuberculosis, AIDS, viral hepatitis, enteri-
tis, psoriasis, and pemphigus, as well as immune diseases
such as leukemia and lymphoma. Recovery of miR-424
expression reversed chemoresistance via activating T cell
immune response through blocking the immune check-
points of PD-L1 in vitro and in vivo.44 Our study data

Figure 3. SFs-exosomes promote T cell differentiation. Exosomes extracted from the synovial fibroblasts which were treated with 20% O2 or 1% O2 were used to

incubated with T cells. (a) PKH67-labeled SFs-derived exosome were taken up by T cells. PKH67-labeled exosomes were incubated with T cells at 37�C for 12 h.

T cells fused with exosomes were analyzed by flow cytometry. (b) IL-17 and FOXP3-positive cells were determined by flow cytometric analysis to indicate the T cells

differentiation. (c) ELISA were used to measure the IL-10, IL-17, IL-22, IL-1b, IFN-c, TNF-a, and TGF-b expression of exosomes-treated T cells. Data are shown as

mean�S.E.M. **P< 0.01, ***P<0.001, n¼ 6. (A color version of this figure is available in the online journal.)
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suggested that exosomal miR-424 increased inflammatory
factors’ expression.

To further explore the function of miR-424 on RA,
FOXP3 was predicted to contain anmiR-424 3-UTR binding
site and experimentally validated. FOXP3 is a member of
the forkhead transcription factor family, encoded by the X
chromosome gene, and plays an important transcriptional
regulatory role in the development and function of Treg
cells.45 Human FOXP3 gene mutations could lead to the
occurrence of autoimmune diseases at an early stage,
such as IPEX (immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome).46 Similarly, the lack of
FOXP3 in mice can cause severe autoimmune disease.47

Studies have found that FOXP3 in combination with differ-
ent transcription factors has different physiological func-
tions to mediate the functional heterogeneity of different
Treg subtypes. Treg cell specifically inhibits Th2 cell func-
tion via FOXP3 binding to IRF4, an important transcription
factor in Th2 cells.48 Moreover, the interaction of FOXP3
and T-bet, a major transcription factor expressed in Th1
cells, can promote the inhibition of Treg cells on Th1
cells,49 and FOXP3 combined with signal transducers and

activators of transcription (STAT3), the key factors of Th17
cells, helps Treg cells effectively inhibit Th17 cell function.50

In this study, FOXP3 is a target gene of miR-424, and miR-
424 aggravated the development of RA via negatively reg-
ulating FOXP3 expression.

We also detected the change of inflammatory cytokines
induced by hypoxia in vitro and by exosomal miR-424 in
vivo. Change of the balance of Th17/Treg may result in the
expression change of a serious of inflammatory cytokines.51

Th17 cell is a novel cell lineage of CD4þT that is character-
ized by the secretion of distinct IL-17 cytokines which
promote inflammation.52 IL-22 is another important pro-
inflammatory cytokines secreted by Th17 cells.53 In the
present research, we investigate the IL-17 and IL-22 expres-
sion to identify the differentiation to Th17 cells and the
level of inflammation. We found that hypoxia induced
increase level of IL-17 and IL-22 in vitro, and exosomal
miR-424 induced increased level of IL-17 and IL-22 in
vivo. Treg cells secrete IL-10 and other inhibitory cytokines
such as TGF-b, to suppress the immune response harmful
to a host.54,55 In the present study, we found that hypoxia
induced decreased level of IL-10 and TGF-b in vitro, and

Figure 4. FOXP3 is a target gene of miR-424. (a) The predicted FOXP3 binding sites with miR-424 &was shown. (b) Two hundred and ninety-three T cells were

transfected with luciferase reporter plasmid containing WT or mutant form of FOXP3 and miR-424 mimic or miR-424 inhibitor, the luciferase signal were assessed 24 h

later. (c) Relative values of miR-424 expression in NC mimic, miR-424 mimic, NC inhibitor and miR-424 inhibitor was measured by qRT-PCR. (d) FOXP3 expression in

cells treated with miR-424 mimic and miR-424 inhibitor was examined by western blot. (e) Relative values of FOXP3 protein expression was analyzed by Image J. (f)

Flow cytometric analysis was used to identify the FOXP3-positive cells (P2). Data are shown asmean�S.E.M. *P< 0.05, **P< 0.01, ***P< 0.001, n¼ 6. (A color version

of this figure is available in the online journal.)
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Figure 5. Exosomal miR-424 promotes the development of RA. Exosome were extracted from SFs treated with miR-424 inhibitor or not, and then administrated to RA

mice by tail injection. (a) The efficacy of miR-424 KD was analyzed by qRT-PCR. (b) Representative images of immunohistochemistry staining for IL-17 (brown color) in

RA model. Relative intensity of IL-17 was analyzed by Image J. scale bar¼ 50 lm. (c) Expressions of IL-10, IL-17, IL-22, IL-1b, IFN-c, TNF-a, and TGF-b in synovial

tissue were determined by qRT-PCR. (d) Expressions of IL-17, IL-1b, and TNF-a in serum and joint cavity fluid were examined by ELISA. Data are shown as mean�S.

E.M. ##P< 0.01, ###P< 0.001, compared with the RA group; *P< 0.05, **P< 0.01, ***P< 0.001, compared with the RAþexosome group. n¼ 6. (A color version of this

figure is available in the online journal.)
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exosomal miR-424 induced decreased level of IL-10 and
TGF-b in vivo. TNF-a and IL-1b are important inflammato-
ry cytokines contributing to the progression of RA which
could be used as the inflammatory marker of RA.56,57 It was
reported that TNF-a promoted Th17 cell differentiation
through IL-1b which was produced by monocytes in RA,
and inhibition of IL-1b and TNF-a exhibited beneficial
effects in preventing RA.58,59 We found that hypoxia
induced increased level of IL-1b and TNF-a in vitro, and
exosomal miR-424 induced increased level of IL-1b
and TNF-a in vivo. All these data suggested that
exosomal miR-424 could induce Th17 differentiation and
inhibit Treg differentiation, with the increase of pro-
inflammatory cytokines and decrease of anti-
inflammatory cytokines.

In a word, our data indicated SFs-exo under hypoxia
aggravate RA by regulating Treg/Th17 balance. And
miR-424 plays main roles in the pathological process of
RA by regulating FOXP3. In-depth research on the func-
tions and molecular regulatory mechanisms of exosomes
in disease microenvironment will provide new drug targets
to overcome these immune-related diseases.
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