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Abstract

Imbalanced Th17/Treg ratio is implicated in the pathogenesis of aplastic anemia. Studies have indicated that bone marrow-
derived mesenchymal stem cells-derived exosomes (BMSC-Exo) could correct imbalanced Th17/Treg in aplastic anemia,
but the mechanism remains not fully understand. This study was designed to investigate whether BMSC-Exo regulates the
Th17/Treg balance in aplastic anemia by transferring miR-23a-3p. Here, miR-23a-3p inhibitor was utilized to knockdown the
expression of miR-23a-3p in BMSC-Exo. A co-culture system of CD4* T cells from aplastic anemia patients and BMSC-Exo
was used to explore the effects of BMSC-Exo on the Th17/Treg balance and the underlying mechanism in aplastic anemia.
The patients with aplastic anemia exhibited Th17/Treg imbalance favoring the Th17 cells. BMSC-Exo could balance the
percentage of Th17 and Treg cells in aplastic anemia, but the effects of BMSC-Exo can be eliminated when miR-23a-3p
expression was silenced in BMSCs. IL-6 was a direct target of miR-23a-3p. IL-6 overexpression could abrogate BMSC-Exo-
induced balance in Th17/Treg ratio. Overall, BMSC-Exo could balance Th17/Treg ratio in aplastic anemia via suppressing
IL-6 expression by transferring miR-23a-3p at least in part. These data indicated miR-23a-3p may be a potential target for
the treatment of aplastic anemia. Our study may provide a new idea for the therapy of the disease.
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Abbreviations Introduction

AA Aplastic anemia

BMSCs  Bone marrow-derived MSCs Aplastic anemia (AA) is a bone marrow hematopoietic fail-

IL Interleukin ure syndrome characterized by peripheral blood pancyto-

miRNAs MicroRNAs penia and hypocellular bone marrow. AA associates with a

MSCs Mesenchymal stem cells high mortality rate [1, 2]. Immune abnormality is the main

TGF-p1  Transforming growth factor-f1; Thl: T helper pathogenesis of AA [3]. CD4* T lymphocytes are the major
type 1 population involved in the cell-mediated immune response.

Treg Regulatory T Based on different microenvironments, CD4*T cells can dif-

ferentiate into T helper type 1 (Thl), Th2, Th17, or regula-
tory T (Treg) subsets. Among them, more and more attention
has been paid to the role of Th17 and Treg cells in hema-
tological diseases associated with bone marrow failure [4].
Th17 cells, a pro-inflammatory cell type, contribute to the
occurrence of autoimmune diseases. Oppositely, Treg cells
have an immunosuppressive function. Treg cells are essen-
tial for the maintenance of immunologic tolerance. The bal-
ance between Th17 cells and Treg cells is critically impor-
tant for the maintenance of immune homeostasis. A large
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Mesenchymal stem cells (MSCs) are multi-potent stem
cells with self-renewal and multi-lineage differentiation
potential. MSCs have immunomodulatory functions, which
have been widely used in the treatment of immune diseases
[7, 8]. It has been reported that transfusion with bone mar-
row-derived MSCs (BMSCs) may be a good choice for the
treatment of AA [9]. MSCs can exert their immunomodula-
tory functions through secreting exosomes [10]. Exosomes
are nano-sized (30—150nm) membrane vesicles, which can
be released by almost all cell types. Exosomes are crucial
mediators for intercellular communication by transmitting
bioactive molecules from donor cells to recipient cells [11,
12]. It has been reported that BMSCs could correct the
Th17/Treg imbalance in AA through secreting exosomes
containing sphingosine 1-phosphate [13].

The dysfunction of microRNAs (miRNAs) has been
proved to be associated with various autoimmune diseases,
including AA [14—16]. The available evidence has suggested
that miRNAs are one of the main components of exosomes.
A previous study has shown that miR-23a-3p was highly
expressed in the exosomes derived from BMSCs [17]. This
prompted us to investigate whether miR-23a-3p contributes,
at least partially, to the biological function of exosomes. In
the present study, we explored whether the exosomes derived
from BMSCs regulate Th17/Treg balance in AA by trans-
ferring miR-23a-3p. Our data may provide a novel idea for
AA therapy.

Materials and methods

Collection of blood sample and isolation
of peripheral blood mononuclear cells

Fifteen patients with AA treated in our hospital were
enrolled as the AA group. Another 15 healthy volunteers
receiving routine physical examination during the same
period were selected as the control group. This study was
approved by the Ethics Committee of Renmin Hospital of
Wuhan University. Informed written consents were obtained
from all participants. The basic information of patients and
healthy volunteers is listed in supplementary table.

Peripheral venous blood samples (30 mL) were col-
lected from healthy volunteers and AA patients and were
then kept in anti-coagulated tubes with heparin. Peripheral
blood mononuclear cells were isolated from the peripheral
venous blood using a Ficoll (Solarbio Life Sciences, Bei-
jing, China) density gradient according to the manufacturer’s
instructions.

@ Springer

Isolation and culture of AA CD4* T cells

CD47" T cells were isolated from the peripheral blood
mononuclear cells of patients with AA using anti-CD4-
conjugated magnetic beads and a magnetic-activated cell
sorting column (Miltenyi Biotec, Germany). The obtained
CD4* T cells were cultured in human T cell culture
medium (Lonza, USA) at 5% CO, under 37 °C.

BMSC culture and identification

The human BMSCs (ScienCell, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, USA) at 37 °C in an incubator with 5% CO,. The
BMSCs at the fourth passage were used in the follow-
ing experiments. For identification of BMSCs, the immu-
nophenotype of BMSCs was analyzed using antibodies
against CD29, CD34, CD45, and CD90 (BD PharMingen,
USA) on a flow cytometer (FACSCalibur; Becton Dick-
inson, USA).

BMSC transfection

The inhibitor of miR-23a-3p and inhibitor negative control
were purchased from GenePharma (Shanghai, China). They
were transfected into BMSCs using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s instruc-
tions. The BMSCs transfected with miR-23a-3p inhibitor
were named as BMSC™R-23 and the BMSCs transfected
with inhibitor negative control were named as BMSCNC,

Isolation and identification of BMSC-derived
exosomes

Exosomes were isolated and purified from the supernatant
of BMSCs using the ExoQuick-TC PLUS Exosome Puri-
fication Kit (SBI, USA) according to the manufacturer’s
instructions. To avert contamination with FBS-derived
exosomes, exosome-depleted FBS (Gibco, USA) was used
to culture BMSCs. Exosome pellets were resuspended in 200
pL of PBS for identification. The exosomes derived from
BMSC™R2! and BMSC™NC were named as BMSC™®23LExo
and BMSC™C.Exo, respectively.

The morphologic characteristics of exosomes were
observed by transmission electron microscopy (TEM). The
particle diameter and concentration of exosomes were meas-
ured using Nanosizer™ technology (Malvern Instruments,
Malvern, UK). Exosomes were quantified using the BCA
protein kit (Thermo Scientific, USA) and were subjected
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to western blot to determine the protein levels of exosomal
surface markers including CD9 and CDS1.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells or exosomes using Tri-
zol reagent (Invitrogen, USA) according to the manufac-
turer’s instructions. The levels of miR-23a-3p, [L-17 mRNA,
IL-6 mRNA, and Foxp3 mRNA were examined by qRT-
PCR as described in detail elsewhere [18]. The expression
of miR-23a-3p was normalized to U6, and the mRNA levels
of other genes were normalized to GAPDH. Data were ana-
lyzed using the 2724 method.

The specific primers were as follows:

miR-23a-3p—forward, 5’-ATCACATTGCCAGGGATT
TCC-3’;

miR-23a-3p—reverse, 5’-CAGTGCGTGTCGTGGAGT
3%,

U6—forward, 5’-CTCGCTTCGGCAGCACA-3’;

U6—reverse, 5’-AACGATTCACGAATTTGCGT-3’;

IL-17—forward, 5’-CGGACTGTGATGGTCAAC

CTGA-3’;

IL-17—reverse, 5’-GCACTTTGCCTCCCAGAT
CACA-3’;

IL-6—forward, 5°-AGACAGCCACTCACCTCT
TCAG-3’;

IL-6—reverse, 5’-TTCTGCCAGTGCCTCTTTGCTG-3’;

Foxp3—forward, 5’-GGCACAATGTCTCCTCCA
GAGA-3’;

Foxp3—reverse, 5’-CAGATGAAGCCTTGGTCA
GTGC-3’;

GAPDH—forward, 5’-GTCTCCTCTGACTTCAAC
AGCG-3’;

GAPDH—reverse, 5’-ACCACCCTGTTGCTGTAG
CCAA-3".

Detection of Th17 and Treg cells proportion

The proportions of Th17 cells and Treg cells were deter-
mined by flow cytometry as previously described [13].
Briefly, the cells were incubated with the APC-conjugated
anti-human RORyt (Miltenyi Biotec, USA) and PE-conju-
gated anti-human Foxp3 (eBioscience, USA) for 40 min at
4 °C in the dark. All stained cells were analyzed utilizing
a flow cytometer (FACSCalibur; Becton Dickinson, USA)
equipped with the BD CellQuest software.

Enzyme-linked immunosorbent assay (ELISA)

The levels of interleukin (IL)-6, IL-17, IL-10, and trans-
forming growth factor-f1 (TGF-f1) in serum, and cell cul-
ture supernatants were measured using their commercial
ELISA kits (R&D Systems, USA).

Co-culture of BMSC-Exo and CD4™ T cells

To investigate whether BMSC-Exo regulates the percentage
of Th17 and Treg cells in AA by transferring miR-23a-3p,
CD4* T cells were co-cultured with PBS, BMSC-Exo,
BMSC™C-Exo, and BMSC™R*I.Exo for 24 h. Then, the
percentage of Th17 and Treg cells and their related tran-
scriptional factors or cytokines were examined using flow
cytometry, ELISA, and qRT-PCR assay.

In order to determine the role of IL-6 in the regulation of
BMSC-Exo to Th17/Treg balance in AA, CD4* T cells were
transfected with the IL-6 overexpression vector (GeneP-
harma, Shanghai, China) and then were co-cultured with
BMSC-Exo for 24 h. Then, Th17 and Treg cells proportions
and their related transcriptional factors or cytokines were
examined utilizing flow cytometry, ELISA, and qRT-PCR
assay.

Luciferase activity assay

The 3’-UTR of IL-6, which putatively harbors the binding
sites of miR-23a-3p, was amplified by PCR and subsequently
cloned into the pGL3 vector (Promega, USA), generating
pGL3-IL-6-wild-type vector. The pGL3-IL-6-mutant vec-
tor was generated by mutagenesis at the miR-23a-3p bind-
ing sites of the 3’-UTR region. For luciferase activity assay,
HEK?293T cells were co-transfected with the pGL3-IL-6-
wild-type vector or the pGL3-IL-6-mutant vector, and miR-
23a-3p mimic or mimic negative control (NC). MiR-23a-3p
mimic and mimic NC were purchased from GenePharma
(Shanghai, China). The luciferase activity was examined
using the dual luciferase assay kit (Promega, USA) accord-
ing to the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7. The Student’s ¢-test was used to analyze the differ-
ences between two independent groups, and one-way analy-
sis of variance (ANOVA) was used to analyze the differences
among groups. P values < 0.05 were considered statistically
significant.

Results

The patients with AA exhibited Th17/Treg imbalance
favoring the Th17 cells

The percentage of Th17 cells was significantly higher,
whereas the percentage of Treg cells was notably lower in
the peripheral blood of most AA patients when compared
to control subjects (Fig. 1a). We then performed ELISA
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Fig. 1 The patients with AA exhibited Th17/Treg imbalance favor-
ing Th17 cells. The peripheral blood samples were obtained from AA
patients (n = 15) and healthy volunteers (n = 15). a. The proportions

analysis to determine the levels of Th17-related cytokines
(IL-17 and IL-6) and Treg-related cytokines (TGF-f1 and
IL-10) in peripheral blood of AA patients and control vol-
unteers. Our results showed that the levels of IL-17 and IL-6
were noticeably higher, whereas the levels of TGF-f1 and
IL-10 were significantly lower in most patients with AA than
those in control subjects (Fig. 1b).

Characterization of BMSCs and BMSC-Exo

Flow cytometry analysis revealed that the MSC cell markers
(CD29 and CD90) were positively expressed in the BMSCs,
and the hematopoietic stem cell markers (CD34 and CD45)
were negatively expressed in BMSCs (Fig. 2a). Exosomes
were isolated from the supernatant of BMSCs and then
were identified by TEM, NTA, and western blot. The results
showed that the BMSCs-derived nanoparticles exhibited a
sphere-shaped morphology with a size distribution between
0 and 150 nm (Fig. 2b, ¢). Moreover, our results proved that
exosome markers, including CD9 and CD81, were enriched
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of Th17 and Treg cells were determined by flow cytometry. b. The
levels of IL-17, IL-6, TGF-p1, and IL-10 were determined by ELISA
analysis. P <0.01, vs. Control

in these nanoparticles (Fig. 2d). All these data confirmed
that these nanoparticles were exosomes.

BMSC-Exo balanced Th17/Treg ratio in AA
by transferring miR-23a-3p

As shown in Fig. 2e, the level of miR-23a-3p was signifi-
cantly higher in BMSC-Exo than in BMSCs. To elucidate
the contribution of miR-23a-3p to the effect of BMSC-Exo
on Th17/Treg balance, we developed miR-23a-3p-deficient
BMSC-Exo. BMSCs were transfected with miR-23a-3p
inhibitor (miR-23I) or inhibitor NC (INC). Then, exosomes
were isolated from the supernatants of INC-transfected
BMSCs (named as BMSC™C-Exo) and miR-23I-transfected
BMSCs (named as BMSC™®23LEx0). The gRT-PCR results
confirmed that miR-23a-3p level was successfully downreg-
ulated in BMSC™R-2LExo (Fig. 3a). Then, we co-cultured
CD4* T cells with PBS, BMSC-Exo, BMSC™®-Exo, or
BMSC™R-2LExo for 24 h. BMSC-Exo treatment signifi-
cantly increased the level of miR-23a-3p in CD4* T cells.
However, the upregulation of miR-23a-3p induced by
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Fig.2 Characterization of BMSCs and BMSC-Exo. a. Detection of
the MSC cell markers (CD29 and CD90), and hematopoietic stem
cell markers (CD34 and CD45) utilizing flow cytometry. b. Repre-
sentative transmission electron microscopy images of BMSC-Exo.
c. The particle size and concentration of BMSC-Exo were measured
using Nanosizer™ technology. d. The protein levels of exosomal sur-

BMSC-Exo can be partly reversed when the expression of
miR-23a-3p was silenced in BMSCs (Fig. 3b). Importantly,
BMSC-Exo treatment notably downregulated Th17 cell pro-
portion and the expression of Th17-related cytokines (IL-17
and IL-6), along with a significantly increased in Treg cell
proportion and the expression of Treg-related transcriptional
factor (Foxp3) and cytokines (TGF-1 and IL-10). How-
ever, these effects of BMSC-Exo were eliminated when miR-
23a-3p expression was inhibited in BMSC-Exo (Fig. 3c-e).
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Relative miR-23a-3p level
N

0-

face markers, CD9 and CD81, in BMSC-Exo were examined by west-
ern blot. e. The levels of miR-23a-3p in both BMSCs and BMSC-Exo
were examined by qRT-PCR analysis. ““P < 0.01, vs. BMSC. The
data are presented as mean + standard deviation from three independ-
ent experiments

These results suggested that BMSC-Exo corrected imbal-
ance in Th17/Treg in AA by transferring miR-23a-3p.

BMSC-Exo corrected Th17/Treg imbalance in AA
through miR-23a-3p-mediated targeting of IL-6

Using target prediction software (TargetScan), we found the

presence of binding sites for miR-23a-3p in IL-6 3’-UTR.
Evidences have indicated that IL-6 contributes Th17
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Fig.3 BMSC-Exo balanced Th17/Treg ratio in AA by transfer-
ring miR-23a-3p. a. The miR-23a-3p expression was detected by
gRT-PCR analysis in BMSC™C-Exo and BMSC™®23LExo. CD4*T
cells were incubated with PBS, BMSC-Exo, BMSC™NC.Exo, and
BMSC™R-23LExo for 24 h. Then, b. The miR-23a-3p expression was
determined by qRT-PCR analysis. ¢. The proportions of Th17 and

differentiation [19]. These findings prompted us to inves-
tigate whether exosomal miR-23a-3p inhibits Th17 cell
differentiation and promotes Treg cell differentiation by
targeting IL-6. To this end, we performed luciferase activ-
ity assay and found that miR-23a-3p mimic transfection
significantly decreased the luciferase activity in IL-6 WT
group, but not in IL-6 Mut group, suggesting IL-6 as a direct
target of miR-23a-3p (Fig. 4a). Furthermore, BMSC-Exo
treatment decreased the IL-6 mRNA expression in CD4*
T cells, while the effect of BMSC-Exo was impaired when
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of IL-17 and Foxp3 were determined by qRT-PCR analysis. e. The
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miR-23a-3p expression in BMSCs was knocked down (Fig.
4b). Moreover, transfection with miR-23a-3p mimics in
CD4* T cells significantly suppressed IL-6 mRNA expres-
sion (Fig. 4c). These results together indicated that BMSC-
Exo might downregulate IL-6 expression level in CD4" T
cells by transferring miR-23a-3p. We also found that IL.-6
overexpression significantly increased Th17 cell proportion
and the expression of Th17-related cytokines (IL-17 and
IL-6), but decreased Treg cell proportion and the expression
of Treg-related transcriptional factor (Foxp3) and cytokines
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Fig.4 BMSC-Exo balanced Th17/Treg cells in AA by miR-23a-
3p-mediated suppressing of IL-6. (a) The interaction between
miR-23a-3p and IL-6 3’-UTR was analyzed by luciferase activ-
ity assay. (b). CD4™T cells were maintained with PBS, BMSC-
Exo, BMSC™C-Exo, and BMSC™®#LExo for 24 h, and then, the
level of IL-6 mRNA was determined by qRT-PCR analysis. (¢) The
mRNA level of IL-16 was determined by qRT-PCR analysis in the
AA CD4'T cells transfected with mimic NC or miR-23a-3p mim-

IL-17
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ics. The proportions of Th17 cells and Treg cells were determined
by flow cytometry (d), mRNA levels of IL-17 and Foxp3 were deter-
mined by qRT-PCR analysis (e), and levels of IL-17, IL-6, TGF-$1,
and IL-10 were determined by ELISA analysis (f) in the groups of
BMSC-Exo, BMSC-Exo + NC, and BMSC-Exo + IL-6. “P < 0.05,
P < 0.01, vs. mimic NC or PBS or BMSC-Exo + NC; #¥P < 0.01,
vs. BMSCINC_Exo. The data are presented as mean + standard devia-
tion from three independent experiments
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(TGF-B1 and IL-10). Importantly, IL-6 overexpression could
abrogate the regulation of BMSC-Exo to Th17/Treg cell bal-
ance in AA (Fig. 4d-f).

Discussion

T lymphocytes are an important class of immune cells,
implied in the establishment and maintenance of memory,
homeostasis, and immune response [20]. In recent years, the
research for exploring the functions of Th17 and Treg cells
has been paid more attention. Th17 cells secrete IL-17A,
IL-17F, and IL-22, and express master transcription factor
RORyt. Treg cells secrete IL-10 and TGF-f, and express
Foxp3 [21, 22]. Increasing evidences have indicated that
imbalanced Th17/Treg cells ratio associates with the patho-
genesis of many autoimmune diseases, including AA. Lu
et al. have reported that the percentages of Th22 and Th17
cells were notably higher in the serum of AA patients than
that in the serum of control individual [23]. Cheng et al. have
indicated that the percentage of Th17 cells was significantly
higher in the serum of AA patients with poor curative effect
when compared to the AA patients with good curative effect
[24]. Furthermore, the percentage of Treg cells has been
proved to be notably decreased in mouse AA model [25].
Here, we also found that the percentages of Th17 and Treg
cells were imbalanced in the serum of AA patients. The
proportion of Th17 cells was increased, while Treg cells
proportion was decreased in AA.

Currently, the standard treatment of AA for patients who
lack a transplant option is immunosuppressive treatment;
some drug-like horse antithymocyte globulin and eltrom-
bopag were used for the treatment [2, 26]. However, the
treatment of AA is challenging. Dysfunction of MSCs con-
tributes to immune imbalance [27]. MSCs display genetic,
functional, and morphologic alterations in AA. Recently,
Zhao et al. have demonstrated that the MSCs derived from
human gingiva could effectively improve the bone marrow
failure through reducing the infiltration of CD8™T cells, Thl,
and Th17 cells and increasing the proportion of Treg cells
[4]. More and more studies have suggested that AA could be
relieved as the imbalance of Th17/Treg to be corrected. The
balance of Th17 versus Treg cells can be regulated by vari-
ous factors. Among them, MSCs have attracted increasing
attention [28]. MSCs could balance Th17/Treg cell ratio, and
this effect has been showed to be mediated, at least in part,
by their secreted exosomes containing many bioactive mol-
ecules [29]. Since exosomes derived from BMSCs also con-
tained a substantial quantity of miR-23a-3p, we speculated
that miR-23a-3p might similarly account for a part of the
effects of BMSC-Exo on the Th17/Treg balance in AA [17].
Our results showed that decreasing the level of miR-23a-3p
in BMSCs-Exo could partly subvert BMSC-Exo-induced

@ Springer

declining in Th17 cell percentage and increasing in Treg
cell percentage.

Furthermore, miRNAs mostly play their functions by
targeting the 3’-UTR of their target genes. As an important
member of the miRNAs family, miR-23a-3p acts as an onco-
gene or a tumor suppressor [30, 31]. It has been shown that
IL-6 contributed Th17 differentiation [19]. In this present
study, we proved that IL-6 was a novel target of miR-23a-3p.
Exosomal miR-23a-3p could inhibit Th17 cell differentiation
and promote Treg cell differentiation by suppressing IL-6.
However, many questions need to be explored. Many differ-
ent mRNAs can be regulated by the same miRNAs. It is no
clear that whether miR-23a-3p could regulate the Th17 and
Treg cells through targeting other molecules.

Conclusions

In summary, this study demonstrated that BMSC-Exo-trans-
ferred miR-23a-3p mediated, at least in part, the correction
of imbalanced Th17/Treg in AA through suppressing IL-6.
This study added a novel mechanism for how BMSC-Exo
corrected Treg/Th17 imbalance in AA, and our data might
encourage the use of MSCs infusions in patients with AA.
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