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Type 1 diabetes mellitus is characterized by progressive pancreatic β-cells failure and progressive autoimmunity. It is difficult to
diagnose T1DM and to prevent the pancreatic β-cells destruction because of the undetectable pancreatic β-cell necrosis and
abnormal autoimmunity. Here, we built streptozotocin-induced T1DM mouse model and performed MSC injection at the early
stage of T1DM. We found that MSC infusion displayed enhanced effects on reducing the pathological damage and improving
the survival quality. Moreover, the delivery of MSCs inhibited Th1 cell polarization and downregulated the Th1 subset ratio.
The immunomodulatory mechanism of MSC was further investigated. Real-time PCR and ELISA assays demonstrated that
IFN-γ expression at both mRNA and protein level in MSC infusion T1DM mice was downregulated, partially regulated by
MSC-exosome-derived miR-148a-3p. Taken together, this early therapeutic strategy may improve the clinical efficacy of
MSC-based therapy in T1DM.

1. Introduction

Diabetes mellitus (DM) and its complications have become
one of the major threats to public health nowadays. Both type
1 and type 2 diabetes result from progressive pancreatic
β-cell failure. Type 1 diabetes mellitus (T1DM) is often
diagnosed during childhood or adolescence. T1DM is
thought to be caused by progressive autoimmunity [1]
and associated with obesity and metabolic disorder [2].
The defective immune disorder results in the destruction
of pancreatic β-cells, and consequently, patients with
T1DM remain life span insulin-dependent. Frequently,
early T1DM is difficult to be diagnosed in time because
of the undetectable pancreatic β-cells necrosis and abnor-
mal autoimmunity [3]. Hence, it is of great importance to
balance the immune system for T1DM prevention [4].

The abnormal autoimmunity results in the infiltration
of various immune cells into pancreatic β-cells and thus
initiates the secretion of proinflammatory cytokines such

as IL-1β, TNF-α and IFN-γ [5–7]. The subsequent inflam-
matory cytokines storm and progressive autoimmunity
destroy the pancreatic β-cells, and consequently, patients
with T1DM remain insulin-dependent for their life span.
T1DM results in series of complications such as nephrop-
athy, retinopathy, cardiovascular diseases, infections, and
even depression [8, 9]. Thus, intervention in the autoim-
mune initiation plays a pivotal role in T1DM prevention
and contributes to the progression and outcome of T1DM.

Mesenchymal stem cells (MSCs) are adult stem cells and
have been successfully isolated from a variety of tissues [10].
The multilineage differentiation potentials, tissue restoration
capabilities, and immunoregulation properties of MSC have
made it a promising stem cell source for clinical cell therapy
[11]. MSC therapy has been studied in clinical trials for the
treatment of acute graft-versus-host disease (aGvHD), sys-
temic lupus erythematosus (SLE), and inflammatory bowel
disease, strongly arguing for the potential application in
curing autoimmune diseases including T1DM and T2DM
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[12, 13]. Over the past decades, great efforts have been made
to clarify the feasibility, safety, and efficacy of MSC. However,
the complicated products and diverse origins of MSCs limit
the clinical application.

Early studies in MSC have revealed that MSCs secrete
soluble factors such as PGE2, iNOS, IDO, and miRNAs for
long-range immunoregulatory effects [14, 15]. Recent work
has uncovered that MSC-derived extracellular vesicles (EVs),
including exosomes and microvesicles (MV), are involved in
cell-cell communication, cell signaling, and altering cell or tis-
sue metabolism [16, 17]. In the study of MSC therapies, Shao
found that MSC-derived exosome shows better therapeutic
effect than MSCs for cardiac repair in a rat myocardial infarc-
tion model [18], while Nojehdehi observed the immunomod-
ulatory effects of MSC-derived exosome on experimental
T1DM [17]. Thus, to uncover the molecular mechanisms of
MSC’s immunoregulation has far-deep implications for the
T1DM prevention and therapy [19–21].

Here, we built a treptozotocin (STZ)-induced T1DM
mouse model [22–25] and found that early MSC intervention
could reduce the pathological damage caused by T1DM. We
present both in vivo and in vitro evidence that MSC infusion
upregulates the serum miR-148a-3p via secreting exosomes.
MiR-148a-3p inhibits the expression of mFasl and mIFN-γ,
and delays the initiation of the autoimmune and inflamma-
tory response, thus contributes to preventing the T1DM pro-
gression. Our data demonstrated that MSC-exosome-derived
miR-148a-3p displayed immune-regulatory effects, and early
MSC intervention could prevent T1DM progression.

2. Materials and Methods

2.1. Mice. Six-week-old C57BL/6 (H2b) female mice were
purchased from SPF (Beijing) Biotechnology Co., Ltd.
(http://www.spf-tsinghua.com/). All procedures and experi-
ments performed in this study followed the Academy of
Military Medical Sciences Guide for Laboratory Animals
(IACUC-AMMS-017-2016-003). The mice were divided into
different groups at random.

2.2. STZ-Induced Murine T1DM Model and MSC Prevention
Experimental Designs. Six-week-old mice of the MSC preven-
tion group (MP) and the diabetes mellitus group (DM)
underwent STZ-induced T1DM according to the following
protocol. Briefly, STZ (Sigma-Aldrich) was dissolved in Cit-
rate Buffer Solution (0.05M, pH = 4:2 ~ 4:4) and injected
intraperitoneally (50mg/kg/d) within 15min of dissolution
for 5 consecutive days. The murine bone-debris-derived
MSCs (as described in Supplementary Material 1) were
injected intravenously at 5 × 105 to the MSC prevention
group (MP) mice on the 7th and 8th days, respectively. The
mice of blank control group (BC) and diabetes mellitus
group (DM) received PBS buffer solution without MSCs
correspondingly.

2.3. Body Weight, Blood Glucose, and Serum IFN-γ and
TNF-α Monitoring. Monitoring of the mice body weight
and the blood glucose level was determined at 4~6 p.m.
weekly. The STZ-induced mouse T1DM model was deter-

mined successfully built up with the blood glucose level
greater than 16.7mmol/L within three successive days,
from the 12th to the 14th day.

On the 56th day of the experiment, the serum IFN-γ and
TNF-α concentration were determined according to the
reagent protocols of the quantitative determination kit
(eBioscience).

2.4. Exosomes Isolation and Identification. MSCs were iso-
lated from the bone debris of 1-week-old C57BL/6 mice
and characterized according to Supplementary Material 1
and Supplementary Material 2 [26]. The conditional medium
was collected for exosome isolation and identification.
Briefly, the conditional medium was collected after culturing
MSCs for 72 hours. The culture medium was centrifuged to
remove the death cells and the cell debris. Then the superna-
tant was ultracentrifugation at 100,000 g for 4~6 hours at
4°C. TSG101 (Abcam) and CD63 (Abcam) were used to
detect the exosomes in the precipitation viaWestern blotting.
The particle concentration and the size distribution of iso-
lated exosomes were determined through NanoSight analysis
(Particle Metrix, Meerbusch, Germany). Transmission elec-
tron microscopy was used to observe the morphology of
exosomes (Hitachi H7500 TEM, Tokyo, Japan).

2.5. Histological Preparation and H&E, IHC, and Masson’s
Trichrome Staining Assessments. Mice of each group were
sacrificed at the end of experiments, and the kidneys were
dissected for Masson’s trichrome stain (TRI) to assess the
diabetes complications. The islets were dissected for H&E
and insulin-labeled insulin staining for assessment of the
islets morphology and area.

2.6. miRNAs and mRNA Determination via Quantitative
Real-Time PCR. Total RNA for qRT-PCR was extracted from
the kidneys, spleen lymphocytes, and MSC-derived exo-
somes. The qRT-PCR primers were designed as shown in
Supplementary Material 3. Procedure of mature miRNAs
quantification was carried out using miRNA probes. Briefly,
2μg of total RNA is reverse-transcribed to cDNA using
MMLV reverse transcriptase (Takara Biomedical Technol-
ogy (Beijing) Co., Ltd) and a stem-loop RT primer (Sangon
Biotech (Shanghai) Co., Ltd.). The reverse-transcribed cDNA
was performed real-time PCR using a TaqMan PCR kit on an
Applied Biosystems 7300 Sequence Detection System
(Applied Biosystems). The stem-loop RT primers were
designed as shown in Supplementary Material 4.

2.7. Flow Cytometry Analysis. Mice of each group were
sacrificed at the end of the experiments, and the spleen was
collected for lymphocytes isolation. The isolated lympho-
cytes were stimulated with the Cell Stimulation Cocktail
and Protein Transport Inhibitors (eBioscience) for 6~18 h.
The cells were fixed and permeabilized using the BD
IntraSure Kit and labeled with CD3, CD4, and IFN-γ
(eBioscience).

2.8. Luciferase Activity Assay. The wild-type 3′UTR of
mIFN-γ and mFasl sequence were cloned into psiCHECK-2
and cotransfected with miR-148a-3p mimics to HEK293
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cells, respectively. 48 hours post transfections, the firefly lucif-
erase activities and Renilla luciferase activities were measured
by a Dual-Luciferase Reporter Assay System (Promega).

2.9. Statistics. Data were statistically analyzed with the
GraphPad Prism software and are presented as means ±
standard errors of themean. We performed unpaired, 2-
tailed Student’s t-tests for statistical analysis, and ∗p < 0:05
was deemed significant.

3. Results

3.1. MSC Infusion at the Early Stage of T1DM Attenuates the
Progression of T1DM. We generated STZ-induced T1DM
mice model and monitored the blood glucose level and body
weight of each group. The experimental timeline is shown in
Figure 1(a). The general condition of mice including their
body size, body weight, and blood glucose level was moni-
tored. Compared with the mice of the diabetes mellitus group
(DM), MSC infusion reduced the blood glucose level of
T1DM mice in the MP group (Figure 1(b)). Additionally,
the slow gain in weight caused by hyperglycemia was con-
trolled by MSC infusion. The average body weight of the
MP group is larger than that of the DM group from the
14th day till the end of the experiment (Figure 1(c)). Further-
more, the T1DM mice that received MSC prevention (MP)

showed better body size, similar to the blank control group
(BC) (Figure 1(d)). It should be noted that MSC infusion at
early stage of T1DM maintained the blood glucose homeo-
stasis, relieved the growth inhibition caused by hyperglyce-
mia, and exhibited significant prevention effects.

To further determine whether MSC infusion could
reduce the pathological damage to T1DM mice, we con-
ducted histopathological examination of the mouse islets
via H&E and IHC staining. As shown in Figures 2(a) and
2(b), islets of MP group exhibit mild inflammation and
increased islet areas with preserved islet morphology,
indicating that MSC infusion at early stage of T1DM could
prevent the destruction of islets and delay the progression
of T1DM. Besides, the deterioration of renal function was
detected by Masson’s trichrome staining, and we observed
that MSC infusion helped attenuate the progression of glo-
merular fibrosis (arrowheads in Figure 2(c)) and maintained
the glomerular structural integrity (arrows in Figure 2(c)).
Moreover, the expression of TGF-β1 and Collagen I were
downregulated in the MP group (Figures 2(d) and 2(e)),
suggesting that MSC infusion prevents the deterioration of
renal function and thus contributes to preventing T1DM
progression.

3.2. MSC Infusion Downregulates Th1 Polarization and
Attenuates the Inflammatory Response. Recent studies have
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Figure 1: Mesenchymal stem cell infusion improves the survival quality of T1DMmice. The experimental timeline is shown in (a). The blood
glucose curves and the weight growth curves are shown in (b) and (c), respectively (n = 20). The mice body sizes of blank control group (BC),
diabetes mellitus group (DM), and MSC prevention group (MP) are shown in (d). Statistics of the p value between the MP group and DM
group is shown in Supplementary Material 5.
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reported that the polarization of T cell subpopulations is
tightly involved in the pathological damage in T1DM. Con-
sidering the pivotal role of T cells in T1DM progression, we
analyzed the spleen lymphocytes subsets via FACS. As shown
in Figures 3(a)–3(c), we observed a significant reduction of
the Th1 subset ratio in the MP group compared with that
in the DM group. Consistent with the statistical results of
the Th1 subset ratio (Figure 3(d)), the qRT-PCR results indi-
cated a reduced expression of the proinflammatory cytokine
IFN-γ (p = 0:0352, Figure 3(e)). In addition, serum ELISA
detecting the IFN-γ concentration supported the idea that
MSC infusion could downregulate the Th1 polarization
(p = 0:0084, Figure 3(e′)).

We further detected the influence of MSC infusion on the
inflammatory process of T1DM, and found the expression of
TNF-α in spleen lymphocytes was reduced according to
qRT-PCR (p = 0:0193, Figure 3(f)). Similarly, the level of
serum TNF-α was also downregulated in the MP group
(p = 0:0175, Figure 3(f′)), indicating that MSC infusion could
inhibit the expression of proinflammatory cytokines and thus
attenuate the immune response. This data suggests that MSC
infusion could prevent the T1DM progression via attenuat-
ing the inflammatory response.

3.3. MSC-Exosome-Derived miR-148a-3p Downregulates the
Expression of mIFN-γ and mFasl. Given that MSCs secrete
soluble factors such as PGE2, iNOS, IDO and miRNAs for
long-range immunoregulatory effects, we speculated that
there are factors regulating Th1 polarization progression.

Thus, we analyzed the conditioned culture medium of MSCs.
Surprisingly, we found plenty of microvesicles with the
diameter around 100 nanometers (Figures 4(a) and 4(b))
and coated with CD63 and TSG101 (Figure 4(c)), indicating
that MSCs produce and secret plenty of exosomes into the
culture medium.

Exosomes have been reported as the principal therapeutic
reagent that mediates the immunoregulatory effects of MSCs.
To investigate the role of MSC-derived exosomes in attenuat-
ing inflammatory response, we conducted microRNA screen
and detected the serum level of target miRNAs. Upon our
screen, we found serum miR-148a-3p was significantly
upregulated when MSC was injected into the STZ-induced
T1DMmice (Figure 4(d)). Moreover, bioinformatics analysis
indicated that miR-148a-3p regulated the expression mIFN-γ
and mFasl (Figure 4(e)), which is highly conserved between
mouse and human. Then, we cloned the 3′UTR of mIFN-γ
and mFasl into psiCHECK-2 and detected the luciferase
signal. As shown in Figure 4(f), cotransfection of miR-
148a-3p downregulated the expression of mIFN-γ and mFasl
significantly (pmIFN−γ = 0:0019, pmFasl = 0:0008). These data
suggest that MSC-exosome-derived miR-148a-3p attenu-
ates the inflammatory response initiation via inhibiting
the expression of mIFN-γ and mFasl.

4. Discussion

T1DM resulting from abnormal autoimmunity and pancre-
atic β-cells failure is a global health issue. Hence, prevention
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and intervention at early stage of T1DM are critical for
T1DM therapy. Early diagnosis and prediction contribute
to the progression and outcome of T1DM; recent work has
identified IGF1, islet-specific CD8+ T cells and miRNAs as
potential biomarkers for T1DM prediction [27–29]. In the
current study, we found that MSC infusion at the early stage
of T1DM could alleviate the STZ-induced T1DM symptoms
and signs, and could improve the survival quality of T1DM
mice. We conducted further experiments to clarify the effects
and molecular mechanism by which MSCs prevent the
progression of T1DM.

STZ specifically induces the pancreatic β-cells failure and
initiates the progressive autoimmunity. The Th1 subset and
the proinflammatory cytokines play pivotal roles in the
inflammatory response initiation [30]. Upon our work,
MSC was injected into the STZ-induced mice at the very
beginning of T1DM, and we observed reduced Th1 subset
ratio and relieved immune response, noting that MSC infu-
sion could inhibit Th1 polarization and could attenuate the
inflammatory response and T1DM progression.

The early intervention in T1DM requires powerful capa-
bility of immunosuppression, since STZ specifically induces

the pancreatic β-cells destruction and initiates the progres-
sive autoimmunity. MSC is a promising immunoregulator
because of its capability to produce diverse immunomodula-
tory molecules for long-range immunoregulation [14, 15].
However, MSC therapy has been proposed for decades but
has been limited for its complicated products and diverse
origins. There is accumulating evidence suggesting the bidi-
rectional immunoregulatory effects of MSC. MSCs have been
confirmed to promote proliferation and metastasis in various
tumors, including osteosarcoma, hepatocellular carcinoma,
and ovarian cancer [31–33]. The controversial immunoregu-
latory effects of MSC may result from the diverse tissue-
specific origins of MSC or the tissue-repair effects of MSC
in a different microenvironment. Recent studies revealed that
iPSC-MSCs rescue anthracycline-induced cardiomyopathy
through mitochondrial transferring and paracrine actions
[34, 35], supporting the tissue-repair effects and immunoreg-
ulatory effects of MSCs.

MSC is a promising immunoregulator because of its
powerful immunoregulatory capability. Thus, it is plausible
to speculate that there are factors produced by MSCs regulat-
ing Th1 polarization to prevent T1DM. Exosome secreted by
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MSC is a trafficking machinery for long-distance cargo trans-
portation, andMSC-derived exosome is potential for cell-free
therapy [16]. Plenty of miRNAs are packaged into exosomes
and transported to the target tissues or cells via circulation
for further biological function [36–38]. Upon our serummiR-
NAs screen and bioinformatics analysis [39–41], we identified
highly conserved miR-148a-3p as a potential regulator of
T1DM via inhibiting the expression of mIFN-γ and mFasl.
Previous studies have identified exosomes as diagnostic and

prognostic biomarkers for T1DM [29], and the endogenous
serum miR-148a-3p level is related to diabetes mellitus [42].
Thus, we conducted aforementioned experiments and have
provided compelling evidence that exogenous MSCs secrete
exosomes and release miR-148a-3p into the serum, which
inhibits the expression of proinflammatory cytokines and thus
alleviates the T1DM symptoms and signs, providing a hint
that early MSC intervention and the MSC-exosome-derived
miR-148a-3p could prevent the progression of T1DM.
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5. Conclusions

In summary, MSC intervention at early stage of T1DM could
reduce the pathological damage and prevent the T1DM pro-
gression in STZ-induced T1DM mice. The exogenous MSCs
secrete exosomes and release miR-148a-3p into the serum.
MiR-148a-3p inhibits the expression of mFasl and mIFN-γ.
Then, the Th1 polarity and the production of proinflamma-
tory cytokines were downregulated. Thus, the early MSC
intervention contributes to attenuating the inflammatory
response and shows T1DM prevention effects, shedding light
on the T1DM prevention strategies. However, this study only
identified miR-148a-3p as a regulator in T1DM progression.
The molecular mechanisms underlying the MSC-exosome-
miRNA-mediated immunoregulation still require further
investigation.
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