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Abstract

Bone marrow mesenchymal stem cells (BMSCs) are associated with immune thrombocytopenia (ITP), the underlying
mechanism has not been fully elucidated. Here, we attempted to investigate whether BMSCs can regulate Th17/Treg imbal-
ance in ITP through the exosome pathway. We first assessed the proportions of Th17 cells and Tregs in ITP patients, show-
ing that ITP patients exhibited an evident imbalance of Th17/Treg. BMSCs-exosomes’ treatment significantly reduced
Th17/Treg ratio in the CD4" T cells of ITP patients. Moreover, miR-146a-5p was highly expressed in BMSCs-exosomes.
The expression of miR-146a-5p was obviously increased in CD4" T cells following the treatment of BMSCs-exosomes.
BMSCs-exosomal miR-146a-5p silencing promoted the proportions of Th17 cells and repressed the proportions of Tregs in
CD4* T cells. In addition, miR-146a-5p directly interacted with IL-1R-associated kinase-1 (IRAK), and repressed IRAK1
expression. IRAK1 overexpression promoted Th17/Treg ratio in CD4* T cells, which was abolished by BMSCs-exosomal
miR-146a-5p. In conclusion, these findings demonstrate that BMSC-derived exosomal miR-146a-5p regulates Th17/Treg
imbalance in ITP by repressing IRAK1 expression. Thus, this work suggests that BMSCs-exosomal miR-146a-5p may be

a potential therapeutic target for ITP.
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Introduction

Immune thrombocytopenia (ITP) is a clinically common
acquired autoimmune bleeding disease. The typical clinical
manifestations of ITP are decrease of peripheral blood plate-
let count, bone marrow megakaryocyte maturation disorder,
and clinical bleeding symptoms [1]. The pathogenesis of ITP
is very complicated and has not yet been clearly explained.
The increased destruction and insufficient production of
platelets caused by abnormal humoral and cellular immunity
are the main causes of ITP. [2]. Autoimmune abnormalities
caused by autoimmune tolerance defects are considered as
the central link in the occurrence of ITP [3]. Therefore, it
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is worth to better understand the pathogenesis of ITP, and
develop more efficient therapies for ITP.

The pathogenic role of T-cell imbalance in ITP has
become a consensus [4]. Helper T (Th) cells are the most
important regulatory cells in T-cell immune system, and
play a crucial role in autoimmune diseases, infectious
diseases, and tumors. According to the type of cytokine
secreted, Th cells can be divided into Th1 cells, Th2 cells,
Th17 cells, and regulatory T cells (Tregs). The imbal-
ance of Th cell subgroups is an important pathogenesis
of ITP [5]. Th17 and Tregs are two important subgroups
of Th cells, and Th17 and Treg cells can achieve mutual
transformation in different immune environments. The
increase of Th17 cells is accompanied by the decrease
of Tregs, indicating that there is continuous inflamma-
tion. Elevated Tregs inhibit the progression of inflamma-
tion. The balance between Th17 cells and Tregs is closely
associated with various infectious diseases and autoim-
mune diseases [6, 7]. Previous studies have shown that the
plasma of ITP patients exhibits an increase of Th17/Tregs
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ratio [8, 9]. Liu et al. have studied immune-related miR-
NAs in peripheral blood mononuclear cells (PBMC) of
ITP patients, founding that down-regulation of miR-146a,
miR-326, and miR-142-5p may be associated with ITP
[10]. MiR-142-5p and miR-146a are negatively correlated
with the levels of Th17 cells, and miR-146a is positively
correlated with the levels of Tregs and platelet counts.
Therefore, immune-related miRNAs may be inherently
related to Th17/Treg balance in ITP.

Bone marrow mesenchymal stem cells (BMSCs) exert
an immunomodulatory function in autoimmune tolerance.
Previous studies have confirmed that the biological signs
and immunological characteristics of BMSCs are abnormal
in various autoimmune diseases including ITP [11-13].
Thus, the dysfunction of stem cells may participate in the
pathogenesis of ITP, and stem cells may be the potential
therapeutic target for ITP. Ma et al. have found that trans-
plantation of human umbilical cord mesenchymal stem cells
significantly ameliorates the dysfunction of megakaryocytes
and promotes platelet counts in ITP patients [14]. After
transplantation of BMSCs into ITP mice, the platelet pro-
duction, the number of Tregs, and the levels of IL-10 and
TGF-p are significantly increased [15]. Additionally, mesen-
chymal stem cells (MSCs) play a role in paracrine manner,
such as exosomes [16]. Exosomes are membranous vesicles
that secreted by cells through exocytosis. Exosomes con-
tain proteins, lipids, transcription factors, DNA, mRNA, and
microRNA (miRNA), which act on target cells and perform
their functions by binding to target-tissue receptors or fusing
with plasma membranes [17]. In addition, MSC-exosomes
exhibit an up-regulation of miR-146a, suggesting that MSC-
exosomal miR-146a may regulate Th17/Treg imbalance in
ITP [18]. Predictive analysis of the target genes of miR-
146a revealed that miR-146a interacted with IL-1R-asso-
ciated kinase-1 (IRAK1). IRAK1 has been confirmed to be
involved in the regulation of Th17/Treg differentiation and
balance [19, 20]. Therefore, we speculated that exogenous
BMSCs may secrete exosomal miR-146a to CD4" T cells
of ITP patients, and regulate the imbalance of Th17/Treg by
targeting IRAK1 in ITP.

Materials and methods
Participant

A total of 20 ITP patients were recruited at The First Affili-
ated Hospital of Nanchang University in this study. Twenty
healthy controls (HC) were recruited and served as control.
There was no significant difference in age and sex between
ITP patients and healthy volunteers. One patient undergo-
ing a total hip replacement was recruited for bone marrow

Table1 The clinical characteristics of the ITC patients and the
healthy controls

Number Sex Age (years) PLT (10°/L)
P1 Female 19 4
P2 Female 24 12
P3 Male 28 10
P4 Female 45

P5 Male 40

P6 Female 51 17
P7 Female 33 18
P8 Male 56 13
P9 Male 30 23
P10 Male 46 3
P11 Female 42

P12 Male 66 5
P13 Female 60

P14 Female 40 15
P15 Male 35 19
P16 Female 70 22
P17 Female 38 21
P18 Female 46 3
P19 Female 30

P20 Male 39 10
Cl1 Male 32 156
c2 Male 28 188
C3 Female 43 225
C4 Male 41 192
C5 Female 32 275
Cc6 Male 24 256
C7 Male 20 229
C8 Female 48 249
c9 Female 54 154
C10 Female 58 139
Cl1 Male 31 219
C12 Female 27 211
C13 Female 44 177
Cl4 Male 49 278
Cl15 Male 52 261
Cle Female 60 220
C17 Male 30 203
C18 Female 22 155
C19 Female 64 132
C20 Male 41 128

P indicates ITC patients, C indicates healthy controls

extraction. The clinical characteristics of all participants are
shown in Table 1. All patients signed informed consents. All
protocols were authorized by the Ethics Committee of The
First Affiliated Hospital of Nanchang University.
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Fig. 1 Identification of BMSCs and BMSCs-exosomes. a Flow
cytometry was performed to identify the surface molecule of BMSCs.
b, ¢ Exosomes were extracted from BMSCs, and the ultrastructure

Isolation and identification of human BMSCs

BMSCs were separated from bone marrow of patient who
undergoing a total hip replacement by density-gradient cen-
trifugation. BMSCs were cultured in DMEM/F12 (Gibco,
Camarillo, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco) and 1% penicillin/streptomycin (Solar-
bio, Beijing, China) at 37 °C and 5% CO,.

For identification of BMSCs, BMSCs were cultured
to the third generation. BMSCs were resuspended in the
0.1 M PBS at a concentration of 1x 10° cell/mL. BMSCs
were blocked with 10% bovine serum albumin (BSA) at 4
°C for 10 min. Then, BMSCs were incubated with 10 pL
CD29-FITC, CD106-APC (Abcam, Cambridge, MA, USA),
CD34-PE, or CD45-PE (Abcam) at darkness, 4 °C for 30
min. FITC, APC or PE-conjugated IgG1 used as an isotype
control. After that, BMSCs were fixed with 4% paraform-
aldehyde. The expression of surface molecule of BMSCs
was detected using an FACSCalibur (BD Biosciences, San
Jose, CA, USA).

Isolation and identification of exosomes
BMSCs were cultured in exosome-free DMEM/F12 medium
(Gibco) to the third generation. Exosomes were separated

from culture supernatant of BMSCs by ultracentrifuga-
tion. The culture supernatant of BMSCs was collected by
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and positive markers (CD9, CD63, and TSG101) and negative marker
(Calnexin) of exosomes were identified by transmission electron
microscopy and WB. N=3

centrifugation at 3000 g for 45 min, and then filtrated by
a 0.22 um filter under sterile condition to remove debris.
Subsequently, the supernatants were centrifuged at 200,000
g, 4 °C for 2 h to collect the pellets. The pellets were washed
with PBS for several times, and centrifuged again at 200,000
g, 4 °C for 2 h. The ultrastructure of BMSCs-exosomes was
analyzed using a transmission electron microscopy (Thermo
Fisher Scientific, Waltham, MA, USA). Western blot (WB)
was performed to assess the expression of exosome positive
markers, CD9, CD63, and TSG101, and exosome negative
marker Calnexin.

Isolation and culture of CD4™ T cells

CD4* T cells were separated form peripheral blood of ITP
patients and healthy controls, respectively. Peripheral blood
was extracted from 20 ITP patients and 20 healthy controls.
The peripheral blood from 20 ITP patients or 20 healthy con-
trols was fully mixed. Then, PBMC were isolated from the
mixed peripheral blood by density-gradient centrifugation
with Ficoll. Then, CD4* T cells were separated from PBMC
using Dynabeads™ CD4 Positive Isolation Kit (Thermo
Fisher Scientific) as the manufacturers’ protocol described.
CD4* T cells were cultured in DMEM/F12 medium con-
tained 10% FBS and 1% penicillin/streptomycin at 37 °C
and 5% CO,. CD4™ T cells were incubated with BMSCs-
exosomes (BMSCs-Exo) or phosphate buffer saline (PBS).
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Fig.2 The ratio of Th17/Treg was enhanced in ITP patients. a—d
Flow cytometry was performed to assess the proportions of Th17
cells and Tregs in peripheral blood of ITP patients and healthy indi-

Flow cytometry analysis of the proportions of Th17
cells and Tregs

Flow cytometry was performed to examine the propor-
tions of Th17 cells and Tregs in peripheral blood and
CD4" T cells. Peripheral blood from ITP patients and
healthy individuals were mixed with 100 pL heparin to
and resuspended in DMEM/F12 medium. Peripheral blood
was incubated with 5 pL bredeldin, 4 pL ionomycin, and
5 pL PMA at 37 °C for 6 h. CD4™ T cells were resus-
pended in DMEM/F12 medium. Cell suspension (100
pL) was incubated with 10 pL. CD25-PE or CD4-APC
(Abcam) at 4 °C for 30 min in darkness. After fixation

viduals. e-g ELISA was performed to examine the concentrations
of IL-17, IL-10, and TGF-p in peripheral blood of ITP patients and
healthy individuals. N=3. “P <0.01 vs. HC

and permeabilization, cell suspension was stained with
10 pL Foxp3-APC or IL-17-PE (Abcam) at 4 °C for 30
min in darkness. The proportions of Th17 cells and Tregs
in peripheral blood or CD4* T cells were detected using a
FACSCalibur (BD Biosciences). Furthermore, CD25 and
Foxp3 were used to mark Tregs. IL-17 and CD4 were used
to mark Th17 cells.

Cell transfection
Full length of IRAK1 was subcloned into the vector

pcDNA3.1 (pcDNA3.1-IRAK1) (GeneChem, Shang-
hai, China). The empty pcDNA3.1 (pcDNA3.1-NC)
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Fig.3 BMSCs-exosomes repressed Th17/Treg ratio in CD4* T cells
of ITP patients. CD4* T cells were isolated from peripheral blood of
ITP patients. CD4* T cells were incubated with BMSCs-exosomes or
PBS. Normal CD4* T cells served as control. a—d Flow cytometry

served as control. The miR-146a-5p mimic and miR-
146a-5p inhibitor and the corresponding NC (mimic
NC or inhibitor NC) were synthesized by GeneChem.
BMSCs and CD4" T cells were transfected with these
plasmids using Lipofectamine 2000 Transfection Rea-
gent (Invitrogen, Carlsbad, CA, USA) as the protocol
described.
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was performed to assess the proportions of Th17 cells and Tregs in
the CD4" T cells. e-g ELISA was performed to examine the con-
centrations of IL-17, IL-10, and TGF- in the CD4" T cells. N=3.
“P<0.01 vs. PBS

Quantitative real-time PCR (qRT-PCR)

Exosome DNA/RNA Extraction Kit (Baiaolaibo, Bei-
jing, China) and TRIzol reagent (Invitrogen) was used
to extract total RNA from exosomes or cells as the pro-
tocol of manufacturer. RNA integrity was examined by
1.5% agarose gel electrophoresis. The extracted RNA was
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Fig.4 BMSCs-exosomes promoted miR-146a-5p expression in
CD4" T cells through delivery of miR-146a-5p. Exosomes were
extracted from BMSCs. The expression of miR-146a-5p in BMSCs
and BMSCs-exosomes was examined by qRT-PCR. b CD4* T cells
were incubated with BMSCs-exosomes or PBS. Normal CD4* T
cells served as control. The expression of miR-146a-5p in the CD4*
T cells was estimated by qRT-PCR. ¢ BMSCs were transfected with
miR-146a-5p inhibitor or inhibitor NC, and the exosomes were

reversed-transcribed into complementary DNA using Pri-
meScript™ RT Reagent Kit (Takara, Tokyo, Japan). The
relative expression of genes was assessed by performing
gRT-PCR using SYBR Green PCR Mix Kit (Takara) as the
protocol of manufacturer. QRT-PCR was performed on a
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extracted from the transfected BMSCs (miR-146a-5pl-Exo, NCI-
Ex0). QRT-PCR was performed to assess miR-146a-5p expression
of miR-146a-5pI-Exo, NCI-Exo. d CD4* T cells were incubated with
miR-146a-5pI-Exo or NCI-Exo. CD4" T cells incubated with nor-
mal BMSCs-exosomes served as control. QRT-PCR was performed
to estimate the expression of miR-146a-5p in the CD4* T cell. N=3.
“P<0.01 vs. BMSC. #P<0.01 vs. PBS; **P<0.01 vs. NCI-Exo

Real-Time PCR Instrument (Applied Biosystems, Carlsbad,
CA, USA). The results were analyzed using 2~2A¢r method
for quantification. GAPDH was used as reference gene for
normalization. The primer sequences were as follows: miR-
146a-5p: forward: 5'-GCG AGG TCA AGT CAC TAG TGG

@ Springer



1366 Y.He et al.
a Exo NCI-Exo miR-146a-5pl-Exo
o ()DH‘IVAPC‘n ' o C'DDAJ\PCD ' o Clj):—AP(;ﬂ ’
o fooe e IS o el -
w 10t w 10t w o'y
g d 0 B Ui - ®
o Ff.))(‘pnﬁi—AP(‘)nx ° o FDXZS—APCO‘ ’ o Fo)(:fi—AP(‘?a1 ¢
b 2.5, *k C 6.5 d 0.6 *%
N 6.0 A
< < o .0
< 2.0 < 5.5 o s 0.4-
0 K] =
= = [e]
~ 0 . o =
= 1.5 @ 4.5 = 0.2-
= = <
4.0 =
1.0 T r r 35 . . : 0.0 . : T
& & & & +° +° & &° &°
& o S K & R
i < <
I\g N N
e 18- f 8 g 600+
*%
164 71 -
< < £ 500
2 2 %% = %%
< 121 < % L 400
= = e
10 - 4
8 . . . 3 r ’ r 300 . r .
o o o o (] (] (] o o
2l \gj- K & < \g;\- \g;\- & $ i \,@"'
& R & R & R
& G i
N g Na
PN, & &
& & &

Fig.5 BMSCs-exosomal miR-146a-5p regulated the proportions of
Th17 cells and Tregs in the CD4* T cells. BMSCs were transfected
with miR-146a-5p inhibitor or inhibitor NC, and the exosomes were
extracted from the transfected BMSCs (miR-146a-5pl-Exo, NCI-
Exo0). CD4™ T cells were incubated with miR-146a-5pI-Exo or NCI-

T-3', reverse: 5'-CGA GAA GCT TGC ATC ACC AG AGA
ACG5-3'; IRAKI: forward: 5'-TCA GCT TTG GGG TGG
TAG TG-3', reverse: 5'-TAG ATC TGC ATG GCG ATG
GG-3'; GAPDH: forward: 5'-CTT TGG TAT CGT GGA
AGG ACT C-3', reverse: 5'-GTA GAG GCA GGG ATG
ATG TTC T-3'.
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Exo. CD4" T cells incubated with normal BMSCs-exosomes served
as control. a—d Flow cytometry was performed to assess the propor-
tions of Th17 cells and Tregs in the CD4* T cells. e-g ELISA was
performed to examine the concentrations of 1L-17, IL-10, and TGF-f
in the CD4* T cells. N=3. %P <0.05, ¥P <0.01 vs. NCI-Exo

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of IL-17, IL-10, and TGF-f in peripheral
blood and CD4™ T cells were assessed by performing using
Human ELISA Kit (SenBeilia, Nanjing, China) according to
the manufacturer’s instructions. The optical density values
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Fig.6 Exosomal miR-146a-5p repressed IRAKI1 expression in
CD4* T cells. a Luciferase reporter assay was performed to verify
the interaction between miR-146a-5p and IRAKI. RIP (b) and RNA
pull-down (c) assays were performed to determine the relationship
between miR-146a-5p and IRAK1 in CD4* T cells. d, e CD4™ T cells
were transfected with miR-146a-5p mimic, mimic NC, miR-146a-5p
inhibitor, or inhibitor NC. QRT-PCR and WB were performed to esti-
mate the gene and protein expression of IRAK1 in the CD4" T cells.

f, g BMSCs were transfected with miR-146a-5p inhibitor or inhibitor
NC, and the exosomes were extracted from the transfected BMSCs
(miR-146a-5pl-Exo, NCI-Exo0). CD4" T cells were incubated with
miR-146a-5pl-Exo, NCI-Exo, normal BMSCs-exosomes, or PBS.
Normal CD4" T cells served as control. QRT-PCR and WB were per-
formed to estimate the gene and protein expression of IRAK1 in the
CD4™ T cells. N=3. “P<0.01 vs. mimic NC; #P <0.01 vs. inhibitor
NG; %P <0.01 vs. PBS; ¥¢P <0.01 vs. NCI-Exo
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of samples were detected using a microplate reader (Thermo
Fisher Scientific).

wB

RIPA lysis buffer (Auragene, Changsha, China) was used to
extract total protein from CD4" T cells following the proto-
col described. The concentration of proteins was estimated
using Bicinchoninic acid protein assay kit (Beyotime Bio-
technology, Shanghai, China). Protein samples (25 pg) were
separated by 10% SDS-PAGE protein electrophoresis, and
then transferred onto PVDF membranes (Merck Millipore,
Billerica, MA, USA). The membranes were blocked with 5%
skimmed milk at room temperature for 2 h to block the non-
specific sites. Subsequently, the membranes were incubated
with the primary antibody IRAK1 (1:1000, Proteintech,
Wuhan, China) at 4 °C for 12 h. The horseradish peroxi-
dase-linked secondary antibodies (1:5000, Proteintech) were
incubated with the membranes at room temperature for 2 h.
For normalization, p-actin antibody (1:5000, Proteintech)
was used as a reference protein. The data were analyzed by
Image J software.

Luciferase reporter assay

To explore whether miR-146a-5p interacted with 3’
untranslated region (UTR) of IRAK1, pmir-Glo-IRAK1-
WT and pmir-Glo-IRAK1-Mut vectors containing the
wild-type (WT) or mutant type (Mut) of 3'UTR of IRAK1
were constructed (GeneChem). The sense and anti-sense
strands of the oligonucleotides of the IRAK1-3’-UTR
contained predicted binding sites of miR-146a-5p. WT/
Mut 3'UTR of IRAK1 vector was transfected into 293
cells together with miR-146a-5p mimic or mimic NC.
After 48 h of transfection, dual-luciferase assay kit (Pro-
mega, Madison, USA) was used to measure the activities
of firefly and renilla luciferase on luciferase assay system
(Ambion, Austin, TX, USA). The relative Rluc/Luc ratio
was calculated.

RNA-binding protein immunoprecipitation (RIP)

The interaction between miR-146a-5p and IRAK1 in CD4*
T cells was verified through RIP assay applying Millipore
Magna RIP Kit (Merck Millipore). CD4* T-cell lysate were
stained with anti-IRAK1 (1:1000, Proteintech) at 4 °C for
12 h. Subsequently, the intracellular protein—-RNA complex
was collected and digested with proteinase K to elute RNAs.
Finally, qRT-PCR was performed to detect the expression of
miR-146a-5p in the immunoprecipitated RNAs. Cell lysate
were served as input.
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RNA pull-down

RNA pull-down was performed to examine the relationship
between miR-146a-5p and IRAK1 in CD4* T cells using
Pierce™ Magnetic RNA—Protein Pull-Down Kit (Thermo
Fisher Scientific). Streptavidin magnetic beads were used to
capture the labeled RNA form the CD4* T-cell lysate. Then,
total protein of CD4™ T cells was incubated with magnetic
beads-RNA to obtain RNA-binding protein complexes. The
expression of IRAKI1 in the eluted proteins from the RNA-
binding protein complexes were analyzed by WB.

Statistical analysis

Each assay was performed for 3 times. Data were reported
as mean =+ standard deviation. SPSS 22.0 statistical software
(IBM, Armonk, NY, USA) was used for statistical analysis.
Two-tailed Student’s t, one-way or two-way ANOVA was
used to analyze the statistical difference. P <0.05 was con-
sidered as a significant difference.

Results

BMSCs-exosomes repressed the proportions of Th17
cells and enhanced the proportions of Tregs in ITP

To investigate the mechanism of action of BMSCs-derived
exosomes in ITP, we separated and identified BMSCs
from healthy individual. Flow cytometry data showed
that BMSCs were positive for CD29 (92.9%) and CD106
(93.5%), whereas negative for CD34 (3.6%) and CD45
(3.7%) (Fig. 1a). Exosomes were extracted from BMSCs
and identified by transmission electron microscopy and WB
analysis. The diameter of exosomes was approximately 100
nm (Fig. 1b). Compared with BMSCs, exosomes exhibited
an up-regulation of exosome positive markers, CD9, CD63,
and TSG101. The negative marker Calnexin was hardly
expressed in the exosomes (Fig. 1c). Thus, BMSCs and
BMSCs-exosomes were isolated and identified successfully,
and can be used for further analysis.

We first compared the proportions of Th17 cells and
Tregs between peripheral blood of ITP patients and healthy
individuals by flow cytometry. Compared with healthy
individuals, ITP patients exhibited a significant increase
in the proportions of Th17 cells, whereas the proportions
of Tregs were decreased in ITP patients (Fig. 2a—c). The
ratio of Th17/Treg was notably enhanced in ITP patients as
compared with healthy individuals (Fig. 2e). We also found
that ITP patients displayed a boost in the levels of IL-17
with respect to healthy individuals (Fig. 2e). However, there
was no significant difference in the levels of IL-10 between
ITP patients and healthy individuals (Fig. 2f). The levels
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«Fig.7 MiR-146a-5p overexpression repressed Th17/Treg ratio in
CD4* T cells by repressing IRAK1 expression. CD4" T cells were
transfected with miR-146a-5p mimic or mimic NC and pcDNA3.1-
IRAKI1 or pcDNA3.1-NC. a-d Flow cytometry was performed to
assess the proportions of Th17 cells and Tregs in the CD4% T cells.
e—g ELISA was performed to examine the concentrations of IL-17,
IL-10, and TGF-B in the CD4* T cells. N=3. “"P<0.01 vs. mimic
NC + Vector; #P <0.01 vs. mimic NC +IRAK1

of TGF-P were lower in ITP patients than that in healthy
individuals (Fig. 2g). Next, we separated CD4* T cells from
the mixed peripheral blood of 20 ITP patients. CD4" T cells
were then incubated with BMSCs-exosomes to determine
the influence of BMSCs-exosomes on Th17/Treg imbal-
ance. Flow cytometry data revealed that the treatment of
BMSCs-exosomes significantly repressed the proportions
of Th17 cells in CD4" T cells, and enhanced the propor-
tions of Tregs in CD4™" T cells (Fig. 3a—c). Thus, Th17/Treg
ratio was severely decreased in CD4* T cells in the pres-
ence of BMSCs-exosomes (Fig. 3d). ELISA results showed
that BMSCs-exosomes significantly suppressed the levels
of IL-17 in CD4* T cells, while BMSCs-exosomes notably
enhanced the levels of IL-10 and TGF-B in CD4* T cells
(Fig. 3e—g). Additionally, we examined whether BMSCs-
exosomes affected Th17/Treg imbalance in CD4* T cells
of healthy individuals. The data obtained from flow cytom-
etry and ELISA all revealed that BMSCs-exosomes had no
impact on Th17/Treg imbalance in CD4" T cells of healthy
controls (Supplementary figure 1A-G). Thus, CD4" T cells
from ITP patients were used for further analysis.

Taken together, these data demonstrated that BMSCs-
exosomes repressed the proportions of Th17 cells and
enhanced the proportions of Tregs in ITP, suggesting that
BMSCs-exosomes may be participated in regulating the
imbalance between Th17 cells and Tregs in ITP.

BMSCs-derived exosomal miR-146a-5p regulated
the imbalance of Th17 cells and Tregs in the CD4* T
cells

To investigate whether BMSCs-exosomes exerted function
by delivering miR-146a-5p, we compared the expression of
miR-146a-5p between BMSCs and BMSCs-exosomes. The
results of qRT-PCR revealed that miR-146a-5p was highly
expressed in BMSCs-exosomes as compared with BMSCs
(Fig. 4a). Then, we treated CD4* T cells with BMSCs-
exosomes. Figure 4b shows that miR-146a-5p was up-regu-
lated in CD4* T cells in the presence of BMSCs-exosomes.
Moreover, we silenced miR-146a-5p in BMSCs, and miR-
146a-5p expression was severely decreased in the BMSCs-
exosomes following the transfection of miR-146a-5p
inhibitor (Fig. 4c). Then, CD4" T cells were incubated
with the exosomes from miR-146a-5p-silenced BMSCs
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(miR-146a-5pl-Exo0). Compared with NCI-Exo group, miR-
146a-5p was down-regulated in CD4" T cells in the presence
of miR-146a-5pl-Exo (Fig. 4d). In addition, we estimated
the influence of miR-146a-5pI-Exo treatment on the pro-
portions of Th17 cells and Tregs in CD4* T cells by flow
cytometry. MiR-146a-5pl-Exo enhanced the proportions of
Th17 cells, and repressed the proportions of Tregs in CD4*
T cells. Th17/Treg ratio was significantly enhanced in CD4*
T cells following miR-146a-5pl-Exo treatment (Fig. 5a—d).
Moreover, the levels of IL-17, IL-10, and TGF-B in CD4"
T cells were assessed by ELISA. Compared with NCI-Exo
group, the levels of IL-17 were significantly enhanced in
miR-146a-5pl-Exo group. The levels of IL-10 and TGF-p
in CD4" T cells were decreased in the presence of miR-
146a-5pl-Exo (Fig. 5e—g). Thus, these data suggested that
BMSCs-exosomes regulated the imbalance of Th17 cells and
Tregs through delivery of miR-146a-5p.

BMSCs-exosomal miR-146a-5p repressed IRAK1
expression in CD4* T cells by interacting with IRAK1

We further explored the molecular mechanism of exosomal
miR-146a-5p in regulating the imbalance of Th17 cells and
Tregs. Bioinformatics analysis revealed that IRAK1 may be
the target gene of miR-146a-5p. We performed luciferase
reporter assay to verify the relationship between miR-146a-5p
and IRAK1, showing that miR-146a-5p interacted with IRAK1
(Fig. 6a). RIP and RNA pull-down assays also demonstrated
that miR-146a-5p directly targeted IRAK1 in CD4" T cells
(Fig. 6b, c). Subsequently, we examined the influence of miR-
146a-5p overexpression or knockdown on IRAKI1 expression
in CD4" T cells by gRT-PCR and WB. MiR-146a-5p overex-
pression caused a down-regulation of IRAK1 gene and protein
in CD4™" T cells. The gene and protein expression of IRAK1
was enhanced in CD4* T cells in the presence of miR-146a-5p
inhibitor (Fig. 6d, e). Furthermore, we determined the effect
of BMSCs-exosomal miR-146a-5p on IRAK1 expression in
CD4* T cells. After treated with BMSCs-exosomes, the gene
and protein expression of IRAK1 was significantly decreased
in CD4" T cells. However, the gene and protein expression
of IRAK1 was obviously enhanced in the CD4" T cells in
the presence of miR-146a-5pl-Exo (Fig. 6f, g). Thus, these
data demonstrated that BMSCs-exosomes repressed IRAK1
expression in CD4* T cells through delivery of miR-146a-5p.

BMSCs-exosomal miR-146a-5p repressed Th17/Treg
ratio in CD4* T cells by repressing IRAK1 expression

Finally, we investigated the biological role of miR-146a-5p/
IRAKI1 in the regulation of Th17/Treg ratio. CD4* T cells
were transfected with miR-146a-5p mimic and pcDNA3.1-
IRAKI1. Flow cytometry data showed that miR-146a-5p
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Fig.8 BMSCs-exosomal miR-146a-5p repressed Th17/Treg ratio in
CD4* T cells by repressing IRAK1 expression. CD4" T cells were
transfected with pcDNA3.1-IRAK]1 or pcDNA3.1-NC, and then incu-
bated with BMSCs-exosomes or PBS. a-d Flow cytometry was per-

formed to assess the proportions of Th17 cells and Tregs in the CD4*
T cells. e-g ELISA was performed to examine the concentrations of
IL-17, IL-10, and TGF-f in the CD4" T cells. N=3. “P<0.01 vs.
PBS + Vector; #P <0.01 vs. PBS +IRAK1
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overexpression reduced the proportions Th17 cells, and
enhanced Treg proportions in CD4™ T cells. However, up-
regulation of IRAK1 caused an increase in the proportions of
Th17 cells, and led to a decrease in the proportions of Tregs
in CD4* T cells. MiR-146a-5p overexpression abolished
the influence of IRAK1 up-regulation on the proportions
of Th17 cells and Tregs in CD4" T cells (Fig. 7a—c). Th17/
Treg ratio was decreased in CD4" T cells in the presence
of miR-146a-5p mimic. IRAK1 up-regulation promoted the
Th17/Treg ratio in CD4* T cells, which was rescued by miR-
146a-5p overexpression (Fig. 7d). We also found that the
levels of IL-17 were repressed by miR-146a-5p overexpres-
sion in CD4* T cells, whereas miR-146a-5p overexpression
enhanced the levels of IL-10 and TGF-p in CD4* T cells.
However, RAK1 up-regulation enhanced the levels of IL-17,
and reduced the levels of IL-10 and TGF-p in CD4* T cells.
The influence conferred by RAK1 up-regulation was abol-
ished by miR-146a-5p overexpression (Fig. 7e—g). In addi-
tion, CD4* T cells were transfected with pcDNA3.1-IRAK1,
IRAKI1 protein expression was significantly increased in
CD4* T cells in the presence of pcDNA3.1-IRAK1 (Sup-
plementary figure 2). IRAK1-overexpressed CD4" T cells
were incubated with BMSCs-exosomes. BMSCs-exosomes
reduced the proportions of Th17 cells and Th17/Treg ratio,
and enhanced the proportions of Tregs in CD4™ T cells.
IRAKI1 overexpression caused an increase in the propor-
tions of Th17 cells and Th17/Treg ratio, and a decrease of
Treg proportions of in CD4* T cells. The influence conferred
by IRAK1 up-regulation was rescued by BMSCs-exosomes
(Fig. 8a—d). ELISA data revealed that BMSCs-exosomes
reduced the levels of IL-17 and enhanced the levels of IL-10
and TGF-B in CD4" T cells. IRAK1 up-regulation promoted
IL-17 levels and inhibited the levels of IL-10 and TGF-
in CD4* T cells, which was partly abolished by BMSCs-
exosomes (Fig. 8e—g). Taken together, these findings con-
firmed that BMSCs-exosomal miR-146a-5p regulated the
imbalance of Th17/Treg in CD4* T cells by repressing
IRAKI1 expression.

Discussion

BMSCs have been reported to be associated with the patho-
genesis of ITP. ITP patients exhibit an significant increase
in apoptosis of MSCs. MiR-98-5p inhibits PI3K/Akt sign-
aling pathway by interacting with IGF2BP1, and promotes
pS3 expression by regulating ubiquitylation of p53, thereby
inducing MSCs deficient in ITP [21]. The numeric and
functional abnormities of suppressor T cells participate in
the progression of ITP. Umbilical cord-derived MSCs effi-
ciently ameliorate the numbers and dysfunction of suppres-
sor T cells and platelet recovery in ITP [22, 23]. BMSCs
also have been confirmed to be beneficial to the increase
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of platelet counts in ITP [15]. Moreover, accumulating evi-
dences have demonstrated that MSCs play a role by secret-
ing exosomes. Miao et al. have found that human umbilical
cord-MSCs-derived miR-1246-contiaining exosomes effec-
tively attenuate hepatic ischemia reperfusion injury. Exo-
somal miR-1246 mediates the balance between Th17 cells
and Tregs through regulating IL-6-gp130-STAT3 axis in
hepatic ischemia reperfusion injury [24]. In aplastic anemia,
MSCs-derived exosomal S1P regulates Th17/Treg balance
[25]. Whether BMSCs-derived exosomes can regulate Th17/
Treg balance in ITP has not been reported. We compared the
proportions Th17 cells and Tregs between ITP patients and
healthy individuals, founding that ITP patients displayed an
imbalance of Th17/Treg. The proportions Th17 cells were
enhanced and the proportions of Tregs were decreased
in ITP patients, which were consistent with the previous
report [26]. However, BMSCs-exosomes had no impact on
Th17/Treg imbalance in CD4* T cells of healthy controls.
Subsequently, we found that BMSCs-exosomes effectively
repressed Th17/Treg ratio in CD4* T cells. The levels of
Th17 cytokine IL-17 were decreased, and the levels of Treg
cytokines IL-10 and TGF-$ were enhanced in CD4* T cells
in the presence of BMSCs-exosomes. Thus, these data sug-
gested that BMSCs-exosomes regulated the imbalance of
Th17/Treg in ITP.

MiR-146a-5p participates in the progression of various
diseases. In the serum and tissue of non-small cell lung can-
cer patients, the expression of miR-146a-5p is significantly
increased. MiR-146a-5p has a promoting effect on prolif-
eration, migration and apoptosis resistance of non-small
cell lung cancer cells by targeting TRAF6/NF-kB-p65 axis
[27]. MiR-146a-5p acts as a key factor in KCNQ1OT1/miR-
146a-5p/ACER3 axis, and it represses radiosensitivity and
promotes the tumorigenesis of hepatocellular carcinoma
[28]. Moreover, human MSCs prevent group 2 innate lym-
phoid cell-dominant allergic airway inflammation in mice
by delivering miR-146a-5p [29]. In early syphilis patients,
miR-146a-5p is highly expressed, and treponema pallidum-
stimulated macrophage-derived miR-146a-5p-containing
exosomes reduce endothelial cells permeability and mono-
cyte transendothelial migration through interacting with
JAM-C [30]. In our work, we further explored the underlying
mechanism of BMSCs-exosomes in regulating the imbalance
of Th17/Treg in ITP. We found that miR-146a-5p was abun-
dant in BMSCs-exosomes. Moreover, BMSCs-exosomes
enhanced the expression of miR-146a-5p in CD4* T cells,
and promoted Th17/Treg ratio in CD4* T cells. Thus, these
results demonstrated that BMSCs-exosomes regulated Th17/
Treg imbalance in CD4* T cells through the delivery of
miR-146a-5p.

IRAKI1 is a target gene of miR-146a-5p. Previous study
has found that miR-146a-5p regulates autophagy to repress
particulate matter caused inflammation in THP-1 cells by
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targeting IRAK1 [31]. IRAK1 is highly expressed in breast
cancer, and miR-146a-5p represses IRAK1 expression by
directly targeting IRAKI1, thereby inhibiting migration,
and invasion of breast cancer cells [32]. Consistently, we
also confirmed that miR-146a-5p interacted with IRAK1,
and repressed IRAK1 expression in CD4* T cells. BMSCs-
exosomes inhibited IRAK1 expression in CD4* T cells
through the delivery of miR-146a-5p. IRAK1 overexpres-
sion enhanced the proportions of Th17 cells, and repressed
the proportions of Tregs in CD4* T cells. Overexpression
of miR-146a-5p or exosomal miR-146a-5p effectively abro-
gated the influence conferred by IRAK1 overexpression on
Th17/Treg ratio in CD4% T cells. Taken together, these data
confirmed that exosomal miR-146a-5p regulated the imbal-
ance of Th17/Treg in ITP by interacting with IRAK1.

In conclusion, this work demonstrates that BMSCs-
derived exosomes regulate the imbalance of Th17/Treg in
ITP through the delivery of miR-146a-5p. MiR-146a-5p
repressed IRAK1 expression by targeting IRAK1 in ITP.
Thus, this work suggests that BMSCs-exosomal miR-
146a-5p may be a potential therapeutic target for ITP.
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