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Abstract
Background: Mesenchymal stem cells (MSCs) can play an important role in anti-in�ammatory function
because it can induce Treg cells formation. Recent studies have con�rmed that Tregs can release
exosomes and induce immune tolerance as important immune cells. Thus, to clarify the function and
regulatory mechanism of Treg cells-derived exosomes on osteogenic differentiation of BMMSCs is very
important.

Methods: CD4+ T cells isolated from mouse spleens were induced into CD4+ Foxp3+ Treg cells and co-
cultured with BMMSCs. Then we isolated exosomes derived from Treg cells and tracked the exosomes
using �uorescent labeling PKH67.

Starbase, miRWalk, targetscan, bioinformatics analysis and functional complementation experiments to
�nd relative lncRNA-miRNAs which involed in osteogenic differentiation of BMMSCs.

Results: We found that exosomes derived from Tregs could enter BMMSCs and the expression of
osteoblast-related genes were signi�cantly up-regulated compared to the BMMSCs co-cultured with naïve
T cells. LncRNA H19 from Tregs-derived exosomes could affect the osteogenic differentiation of
BMMSCs in vitro by regulating POSTN expression via sponge miR-154-5p.

Conclusions: This study demonstrated that important role of exosomes from Tregs in regulating
osteogenic differentiation of BMMSCs. lncRNA H19 from Tregs-derived exosomes plays a positive
regulatory role in osteogenic differentiation of BMMSCs through miR-154-5p/POSTN axis. It might has
important clinical implications for in�ammatory diseases and exosomes released from Tregs could be
used as a new type of immunoregulation reagent for the treatment of periodontitis.

Introduction
Periodontitis is a chronic infectious disease that leads to a progressive destruction of periodontal tissue
and is a major cause of tooth loss in adults[1]. Though conventional therapies can successfully control
periodontal in�ammation but often cannot achieve recovery of damaged periodontal tissue. In recent
decades, the biomedical applications of mesenchymal stem cells (MSCs) have attracted increasing
attention and various stem cells have been investigated for periodontal regeneration, including
periodontal ligament stem cells (PDLSCs), bone marrow mesenchymal stem cells (BMMSCs), induced
pluripotent stem cells and et al [2–5]. Many studies have demonstrated that human PDLSCs has the
potential for use as a practical cell-based treatment for periodontal diseases[6, 7]. However, access to the
periodontal ligament requires removal of teeth and the number of recoverable PDLSCs is limited due to
their rarity and the small sample size. In contrast, BMMSCs are being increasingly used for periodontal
regeneration because they can be harvested in much larger numbers and relative ease of acquisition[8, 9].
Previous studies also revealed that periodontal ligament stem cells had impaired immunomodulatory
function after exposure to an in�ammatory environment[10]. Recently, some results showed that
BMMSCs had higher osteogenic capacity than PDLSCs when used the PDLSCs and BMMSCs with
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biomaterials to repair bone defects in beagle alveolar bone[11]. Our preliminary study also showed that
BMMSCs had higher osteogenic capacity than PDLSCs under the in�ammatory conditions. We
speculated that the BMMSCs might own the stronger immunomodulation in local microenvironment via
anti-in�ammatory functions, compared to PDLSCs[12].

In recent years, the regulatory effect of mesenchymal stem cells (MSCs) on immune cells has drawn
more and more attention. Studies have demonstrated that when exposed to an in�ammatory
environment, MSCs can orchestrate local and systemic innate and adaptive immune responses through
the release of various mediators, including immunosuppressive molecules, growth factors, exosomes,
chemokines, complement components and various metabolites[13–16]. As the central link of immune
regulation, the role of T cells in periodontal in�ammatory alveolar bone absorption has been con�rmed by
more and more studies [17]. Among them, regulatory T cells (Tregs) are important immunoregulatory
functional cells. Treg cells prevent in�ammatory damage but the precise mechanisms of suppression are
incompletely understood[18–21]. Recent studies have con�rmed that MSCs can secrete soluble factors,
including TGF-β1, IL-6, IL-8, IDO, PGE2 and so on. These soluble factors make MSCs interact with immune
cells and exert their anti-in�ammatory and immunosuppressive effects by regulating the local
microenvironment of injury and reducing the secretion of in�ammatory factors [22, 23]. Therefore, MSCs
can play an important role in anti-in�ammatory function because it can induce Treg cell formation [24,
25].

Previous studies have found that Tregs-mediated anti-in�ammatory microenvironment promotes bone
regeneration. For example, overexpression of the Foxp3 gene in mice can protect bone loss from
ovariectomy [26]. CD4+ Foxp3+ Tregs enhance MSCs-mediated bone formation by inhibiting the number
of neutrophil in�ltration and the expression of IFN-γ, IL-6 and TNF-α in the MSCs receptor implantation
area [27]. However, how MSCs (including BMMSCs) interact with Treg cells is not clear. Therefore,
studying the regulatory mechanism of the interaction between BMMSCs and Tregs is of great value for
the repair of periodontal bone defects. Recently, a large number of studies have shown that lncRNAs and
miRNAs act as ceRNAs to inhibit each other, forming an accurate regulatory network and regulating the
target genes of miRNAs. For example, LncRNA LINC00707 sponges miR-370-3p to promote osteogenesis
of human BMMSCs through up-regulating WNT2B [28]. LncRNA MALAT1 promotes osterix expression to
regulate osteogenic differentiation by targeting miRNA-143 in human BMMSCs [29]. Although roles of
lncRNA-miRNA networks in BMMSCs osteogenic differentiation have been reported, their functions in the
regulatory mechanism of the interaction between BMMSCs and Tregs remain poorly understood.

In this study, we found that coculture of Tregs and BMMSCs can promote osteogenic differentiation of
BMMSCs. To further clarify the regulatory mechanism, we isolated and puri�ed exosomes which are
released from Tregs. The results showed that lncRNA H19 from tregs-derived exosomes can be bound by
miR-154-5p, and thus regulate the expression of its target gene periostin (POSTN). In summary, our study
demonstrates that the H19-miR-154-5p-POSTN signal axis plays a key role in the regulation of osteogenic
differentiation of BMMSCs.
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Materials And Methods

Cell culture
Human bone marrow-derived mesenchymal stem cells (BMMSCs) were purchased from ScienCell, (CA,
USA, catalog number:7500) and maintained in mesenchymal stem cell medium, consisting of basal
medium, 5% of fetal bovine stem serum, 1% mesenchymal stem cell growth supplement and
penicillin/streptomycin solution (MSCM, ScienCell, catalog number:7501). The passages from 5th to 8th
were used in all the experiments.

CD4+ naïve T cells isolation and in vitro induction of Treg
cells differentiation
The splenocytes were washed with PBS for 3 times and the mouse naïve CD4+ T cell isolation kit was
used to isolate the naïve CD4+ T cells according to the manufacturer’s instruction. In Brief, CD4+

activated/memory T cells and non-CD4+ T cells were depleted by indirect magnetic labeling using a
cocktail of biotin-conjugated antibodies against various markers including CD8a, CD11b, CD11c, CD19,
CD25, CD45R, CD49b, CD105, anti-MHC class II, Ter-119 and TCR γ/δ followed by addition of antibiotin
microbeads. 5 µg/ml plate-bound anti-CD3, 2 µg/ml anti-CD28, 2 ng/ml TGFβ and 100 Unit/ml IL-2 were
used to activate the isolated cells (1×106 cells/well). The cells were stained with FITC-conjugated anti-
CD45RA and APC-conjugated anti-CD4 antibodies. After washing, the cells were �xed and made
permeable using permeabilization buffer and then stained with PE-labeled anti-Foxp3 antibody. The tests
were detected by �ow cytometry.

RNA extraction and qRT-PCR
The extraction of total RNA and the analysis of qRT-PCR were performed according to the previous
description [30]. We used TRIZOL reagent (Thermo�sher, USA) to extract total RNA by in cells and tissues.
Taqman probes (Applied Biosystems, USA) were used to quantify miRNAs. Brie�y, 1 µg of total RNA was
transcribed to cDNA using AMV reverse transcriptase (Takara, Japan) and a RT primer. The reaction
conditions were: 16 oC for 30 min, 42 oC for 30 min and 85 oC for 5 min. Real-time PCR was performed
using a Taqman PCR kit on an Applied Biosystems 7300 sequence detection system (Applied
Biosystems, USA). The reactions were performed in a 96-well plate at 95 oC for 10 min, followed by 40
cycles of 95 oC for 10 sec and 60 oC for 1 min. U6 was used as the internal control.

Western blotting analysis
Cells were lysed in 1% n-octyl-p-D-glucopyranoside (OG) buffer (20 mM Tris–HCl (pH 8.0), 150 mM NaCl,
1% OG, 1 mM EDTA, 10 g/ml leupeptin, 2 g/ml aprotinin, 1 mM PMSF). The total protein density was
determined using bicinchoninic acid (BCA) protein assay kit (synthgene, China).The protein was then
incubated overnight with the following primary antibodies at 4°C: CD9, CD63 and TSG101 (1:500, SBI,
USA), POSTN (1:1500, Abcam, USA), GAPDH (1:2000, Abcam, USA). GAPDH served as a loading control.
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After incubation with the corresponding second antibodies, protein bands were quanti�ed using Image J
Software.

In vitro mineralization assay
Mesenchymal stem cell osteogenic differentiation medium (MODM, Sciencell, Sandiego, CA, USA) was
used to induce osteogenic differentiation of BMMSCs. After 3 days of induction, alkaline phosphatase
(ALP) activity was assayed with an ALP activity kit according to the manufacturer’s protocol (Sigma-
Aldrich). To detect mineralization, cells were induced for 2 weeks, �xed with 70% ethanol and stained with
2% Alizarin Red (Sigma-Aldrich). To quantify the calcium mineral density, Alizarin Red was destained with
10% cetylpyridinium chloride (CPC) in 10 mmol/L sodium phosphate for 30 minutes at room temperature.
The calcium concentrations were determined by an absorbance measurement at 562 nm on a multiplate
reader and compared to a standard calcium curve with calcium dilutions in the same solution. The �nal
calcium level in each group was normalized to the total protein concentration detected in a duplicate
plate.

Exosome isolation and labeling
Exosome-depleted FBS was used in the following experiments to avoid the impact of exosomes. FBS was
depleted of exosomes by ultracentrifugation at 1×106 g at 4°C for 16 h (Beckman Coulter Avanti J-30I,
USA). After being incubated for 48–72 h, the culture medium was harvested and exosomes were isolated
by ultracentrifugation. Brie�y, cell culture medium was sequentially centrifuged at 300 g for 10 min, 2,000
g for 15 min, and 12,000 g for 30 min to remove �oating cells and cellular debris. These were then passed
through a 0.22-µm �lter. The supernatant was further ultracentrifuged at 1×106 g for 2 h at 4°C, washed in
phosphate-buffered saline (PBS), and submitted to a second ultracentrifugation in the same conditions.
Exosomes were quanti�ed with bicinchoninic acid (BCA) method. Exosomal protein was measured by
BCA protein assay kit (synthgene, China). Puri�ed exosomes were �uorescently labeled using PKH67
(Sigma, USA), according to the protocol.

Transmission electron microscope
Exosomes were precipitated and immediately �xed in 2.5% glutaraldehyde at 4°C for the electron
microscope observation. After �xation, specimens were processed through dehydration in gradient
alcohol, and in�ltrated in epoxy resin and then embedded. The ultrathin sections were stained with uranyl
acetate and lead citrate, and were observed under transmission electron microscope (TEM) (JEM-1010;
JEOL,

Tokyo, Japan).

NanoSight tracking analysis (NTA)
Isolated exosomes were analyzed using Nanosight LM10 system (Nanosight Ltd, Navato, CA) equipped
with a blue laser (405 nm). Nanoparticles were illuminated by the laser and their movement under



Page 6/23

Brownian motion was captured for 60 seconds and the video recorded was subjected to NTA using the
Nanosight particle tracking software to calculate nanoparticle concentrations and size distribution.

Exosome labeling
For exosome tracking experiments, PKH67 membrane dye (Sigma) was used to label exosomes. Labeled
exosomes were washed in 10 ml of culture medium, collected by ultracentrifugation (1×105g, 2h) and re-
suspended in culture medium. Exosome labeling with PKH67 (Sigma) was performed following the
manufacturer’s procedures.

Luciferase reporter assay
pMIR-POSTN‐3'‐UTR‐WT (or pMIR-H19‐3'‐UTR‐WT) as well as pMIR- POSTN‐3'‐UTR‐MUT (or pMIR-
H19‐3'‐UTR‐MUT) luciferase reporter plasmids were constructed by Synthgene Biotech (Nanjing, China).
The sequences that could binding to miR-154-5p were partly mutated and inserted into the reporter
plasmid in order to identify the binding speci�city. The implementation method refers to previous study
[31]. Brie�y, BMMSCs cells were seeded in a 24 well plate until reaching 60% con�uence. Each well was
co-transfected with luciferase reporter plasmids (0.5µg) and RNA mimics (100 pmol) using
Lipofectamine 2000 (Thermo�sher, USA) according to the manufacturer's protocol. The luciferase activity
was measured after 48 h of transfection, by using the Dual-Luciferase Reporter Assay (Promega,
Shanghai, China) according to the manufacturer's instructions and normalized to Renilla signals.

RNA immunoprecipitation
RIP assay was performed using an RNA Binding Protein Immunoprecipitation Kit (Millipore) according to
the manufacturer’s instructions with an anti-Ago2 antibody (2 µg; Millipore) and normal mouse IgG as an
NC. qPCR was performed using Taqman Universal PCR Mix as described above.

RNA pull-down
A Pierce™ Magnetic RNA-Protein Pull-Down Kit (ThermoFisher, USA) was used to perform RNA pull-down
assays according to the manufacturer’s instruction. Biotinylated H19 RNA was synthesized by Synthgene
(China). In brief, 50 pmol biotinylated RNA were incubated with 50 µl prewashed streptavidin-agarose
beads for one hour at 4°C for each assay. Then, RNA-bound beads were incubated with lysates from
BMMSC cells cytosolic/nuclear extracts and eluted proteins were detected by western blot.

Statistical analyses
All experiments were repeated three times and the data are presented as the mean ± standard deviation
using SPSS 18.0 (SPSS, inc.). One-way ANOVA and post hoc Dunnett's T3 test were performed in order to
compare the differences among and between groups, respectively. P < 0.05 was considered to indicate a
statistically signifcant result.

Results
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Tregs can promote osteogenic differentiation of BMMSCs
in vitro
To identify whether the Tregs has an effect on the differentiation of BMMSCs, we �rst isolated and
identi�ed mouse naïve CD4 + T cells of splenocytes. Then, we induced the differentiation of CD4+ T cells
into CD4+ Foxp3+ Treg cells in vitro (Fig. 1A). We cocultured the naïve T cells with BMMSCs and Treg cells
with BMMSCs respectively. The expression levels of Runx2, ALP and OCN in BMMSCs were determined.
The results showed that the expression of osteoblast-related genes in the group of BMMSCs cocultured
with Tregs was signi�cantly up-regulated, whereas added exosome inhibitors (GW4869) resulted in
decreased osteogenic gene expression (Fig. 1B). To further investigate the effects of Tregs on the
osteogenic process of BMMSCs, ALP activity assay, calcium content assay, ALP staining, and alizarin red
staining were performed and revealed that Tregs could promote osteogenic differentiation of BMMSCs
(Fig. 1C-E). All these results suggest that Tregs could promote osteogenic differentiation of BMMSCs.

Treg-Cell-Derived Exosomes can promote osteogenic
differentiation of BMMSCs
To determine whether Treg-Cell-Derived exosomes are involved in regulating osteogenic differentiation of
BMMSCs, we isolated and identi�ed exosomes from Tregs (Fig. 2A-C). To test whether Treg-Cell-Derived
exosomes contributed to the osteogenic differentiation of BMMSCs in vitro, we tracked the exosomes
using �uorescent labeling PKH67 (Fig. 2D). Based on this result, the mRNA expression of Runx2, ALP and
OCN were tested. And ALP staining, alizarin red staining, ALP activity assay and calcium content assay in
BMMSCs also were used to evaluate the osteogenic differentiation (Fig. 2E-G). All these results
demonstrate that exosomes derived from Tregs are indeed involved in regulating osteogenic
differentiation of BMMSCs.

POSTN protein promotes osteogenic differentiation of
BMMSCs
The extracellular matrix (ECM) has recently been reported to play a vital role in bone formation and
POSTN has been suggested as a key member in constructing the ECM in bone tissue [31]. To test the role
of POSTN in the osteogenic differentiation, we used WB and PT-PCR(Fig. 3A-B). We found that POSTN
overexpression markedly upregulated the mRNA levels of RUNX2, ALP and OCN. However, POSTN
knockdown signi�cantly downregulated the expression of RUNX2, ALP and OCN mRNA. To further
investigate the effects of POSTN on the osteogenic process, ALP staining, alizarin red staining, ALP
activity assay and calcium content assay were performed and revealed that POSTN overexpression
increased ALP activity, calcium content and mineralized bone matrix formation in BMMSCs (Fig. 3C-E).
Therefore, POSTN could promote osteogenic differentiation of BMMSCs.
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MiR-154-5p affects osteogenic differentiation of BMMSCs
by regulating the expression of POSTN.
The expression levels of POSTN were determined with different concentration exosomes (0, 10, 20 and 30
µL). And an obviously positive correlation between the expression levels of POSTN and exosomes
concentration (Fig. 4A). However, the mRNA expression of POSTN was not signi�cantly higher along with
the increment of exosome concentration. (Fig. 4B). This data suggest that POSTN has a post-
transcriptional regulatory mechanism in BMMSCs. Based on this prediction, we used Starbase, miRWalk
and targetscan to �nd relative miRNAs and results showed that 26 miRNAs were screened (Fig. 4C). Five
miRNAs (including miR-135b-5p, miR-154-5p, miR-296-3p, miR-185-5p and miR-18a-5p) were randomly
selected, and the expression of these miRNAs with exosomal treated (10µL) BMMSCs was detected by
qRT-PCR. The results showed that the expression of miR-154-5p was signi�cantly downregulated
(Fig. 4D). To further investigate the effects of miR-154-5p on the osteogenic process, RT-PCR was
performed and revealed that there was an obviously negative correlation between the expression levels of
miR-154-5p and Treg-Cell-Derived exosomes concentration (Fig. 4E). Following the above �ndings,
luciferase reporter assay was used to con�rm the binding site of miR-154-5p and POSTN (Fig. 4F). To
further investigate whether miR-154-5p targets POSTN in BMMSCs, luciferase reporter constructs carrying
a POSTN reporter were generated. Compared with control groups, POSTN-wt reporter activity was strongly
inhibited by miR-154-5p mimic,While the POSTN-mut reporter was not affected by miR-154-5p (Fig. 4G).
And a negative correlation between miR-154-5p and POSTN expression was con�rmed (Fig. 4H). In
addition, ALP staining, alizarin red staining, ALP activity assay and calcium content assay were also
performed and revealed that miR-154-5p knockdown increased osteogenic differentiation of BMMSCs
(Fig. 4I-K). Therefore, miR-154-5p could regulate osteogenic differentiation of BMMSCs.

LINC H19 negatively regulates miR-154-5p
It has previously been reported that the regulatory network (ceRNA) composed of lncRNAs and miRNAs
plays an important role in the osteogenic differentiation of BMMSCs [32]. Through bioinformatics
analysis (lncRNABase) and literature reading, 5 lncRNAs were found that are closely related to MSCs
osteogenic differentiation, including lncRNA OG, lncRNA KCNQ1OT1, lncRNA H19, lncRNA MEG3 and
lncRNA MALAT1. The expressions of these lncRNAs after adding exosomes (Induced group) were
detected by qRT-PCR. A heatmap describing the changes in lncRNAs is shown in (Fig. 5A). To further
determine whether H19 regulates miR-154-5p, dual-luciferase reporter constructs carrying a H19 reporter
were generated. The results showed that the H19-wt reporter activity was predominantly decreased in
BMMSCs cells when transfected with miR-154-5p mimic, while the H19-mut reporter was not affected by
miR-154-5p (Fig. 5B-C). In addition, the RNA immunoprecipitation (RIP) assay showed that compared with
the anti-normal IgG group, H19 and miR-154-5p expression levels were signi�cantly higher in the anti-
Ago2 group (Fig. 5D and E). RNA pull-down assays con�rmed that H19 could directly bind with AGO2 in
BMMSCs (Fig. 5F and G). To elucidate the key role of Treg-cell-derived exosomes in the H19-miR-154-5p
signal axis, we co-incubated exosomes with BMMSCs and detected the expression of H19 using qRT-PCR.
We found that Tregs-derived exosomes signi�cantly increased the expression level of H19 in BMMSCs
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(Fig. 5H). To determine whether H19 acts as an miRNA sponge that competes with mRNA for binding to
miR-154-5p, we constructed H19-overexpressing, miR-154-5p-overexpressing, H19-knockdown and miR-
154-5p-knockdown BMMSCs cell lines, examined the expression of miR-154-5p and H19. The result
showed that H19 has negative correlations with miR-154-5p (Fig. 5I-J). Taken together, our results provide
strong evidence that H19 is able to directly bind to miR-154-5p and negatively regulate its expression.

LncRNA H19 /miR-154-5p axis regulates POSTN expression
during osteogenesis
From previous research, H19 has negative correlations with miR-154-5p and POSTN is a direct target of
miR-154-5p, so we assessed whether H19 could upregulate POSTN expression by sponging miR-154-5p.
The expression levels of miR-154-5p were con�rmed using functional complementation experiments. The
results showed that H19 overexpression signi�cantly decreased miR-154-5p expression, and co-
transfection of miR-154-5p mimic rescued miR-154-5p expression (Fig. 6A). In contrast, H19 knockdown
signi�cantly increased miR-154-5p expression and co-transfection of miR-154-5p inhibitor decreased miR-
154-5p expression. The variation trend of POSTN protein was opposite to that of miR-154-5p, which was
in line with expectations (Fig. 6B). Furthermore, the expression of Runx2, ALP and OCN were further
con�rmed at the miRNA level. Our results revealed that H19 overexpression signi�cantly increased Runx2,
ALP and OCN mRNA expression, while H19 knockdown signi�cantly decreased Runx2, ALP and OCN
mRNA expression, and co-transfection of miR-154-5p inhibitor rescued Runx2, ALP and OCN mRNA
expression (Fig. 6C). Then alkaline phosphatase (ALP) staining, alizarin red staining, ALP activity assay
and calcium content assay were performed and revealed that H19 overexpression increased ALP activity
and mineralized bone matrix formation in BMMSCs. In contrast, H19 knockdown signi�cantly decreased
ALP activity and mineralized bone matrix formation, and co-transfection of miR-154-5p inhibitor rescued
ALP activity and mineralized bone matrix formation (Fig. 6D-F). In summary, the H19-miR-154-5p-POSTN
axis regulated POSTN in BMMSCs during osteogenesis.

LINC H19 regulates osteogenic differentiation of BMMSCs
To further determine the effect of LncRNA H19 from Tregs-cell-derived exosomes on osteogenic
differentiation of BMMSCs, we constructed H19-overexpressing and H19-knockdown Tregs cell lines and
co-cultured with BMMSCs. H19 expression levels were con�rmed using qRT-PCR (Fig. 7A). The results
showed that Treg/H19-overexpressing group signi�cantly increased the expression of H19 in BMMSCs
and Treg/H19-knockdown group signi�cantly reduced the expression of H19. To further investigate the
effects of H19 on the osteogenic process, we assessed the mRNA expression levels of Runx2, ALP and
OCN in BMMSCs (Fig. 7B). Next, we further evaluated the effect of H19 on BMMSCs osteogenic
differentiation. H19 overexpression increased osteoid formation whereas knockdown of H19 resulted in
decreased osteoid formation compared with the control group (Fig. 7C-E). Pearson’s correlation scatter
plots was used to further analyze the correlation between H19/miR-154-5p/POSTN (Supplementary
Fig. 1). The results are consistent with expectations.

Discussion
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Currently, it is well established that MSCs rely on different mechanisms to exert their suppressive
properties under in�ammatory microenviroments. One important mechanism is the capacity of MSCs to
induce functional regulatory T cells (Tregs)[33–36]. Another study established that immune tolerance of
human dental pulp-derived mesenchymal stem cells mediated by CD4 + CD25 + FoxP3 + Regulatory T-
Cells and induced by TGF-beta1 and IL-10[37]. These studies con�rmed that Tregs are a key population in
immune tolerance and their potential use in the treatment of chronic in�ammatory diseases has been
increasingly investigated. Previous study found that Tregs affect osteogenic differentiation of MSCs in
mouse models of postmenopausal osteoporosis[38]. Accordingly, herewith, we explored the effect of Treg
cells on osteogenesis differentiation of BMMSCs. When coculture of Tregs and BMMSCs, we found that
Tregs can promote osteogenic differentiation of BMMSCs. However the mechanisms of Treg cells in the
regulation of osteogenesis differentiation of BMMSCs under in�ammatory microenviroments has not
been investigated.

A number of secretory molecules and transcription factors have been identi�ed as regulators controlling
osteoblastogenesis. It is well established that the exosomes are exciting newly recognized extracellular
vesicles that transfer a variety of bioactive compounds[39–41]. Many cells can secrete exosomes, such
as tumor cells, dendritic cells, CD4 + and CD8 + T cells or cells from different tissues or organs[42–47].
Based on the constituents of exosomes, they are believed to transport intercellular information between
tissue microenvironments. In this study, we isolated exosomes from Tregs and cocultured with BMMSCs,
the results showed that exosomes could enters BMMSCs using �uorescent PKH67. And we found that the
expression of osteoblast-related genes were signi�cantly up-regulated compared to the BMMSCs co-
cultured with naïve T cells when exosomes cocultured with BMMSCs. This observation supports other
studies revealing that exosomes from Tregs play a critical role in the immune regulation of MSCs and it
can promote osteogenic differentiation of BMMSCs[48, 49].

POSTN is a 90-kDa matricellular protein that is usually highly expressed in connective tissues such as
periosteum, periodontal ligaments, and tendons[50]. Previously published studies have shown that
POSTN plays an important role in bone formation and bone metabolism and can regulate bone
homeostasis [51–53]. We also demonstrated that the mRNA levels of RUNX2, ALP, OCN and mineralized
bone matrix formation were signi�cantly increased when POSTN overexpression. We founded that there
was a dose dependently between the expression levels of POSTN protein and Treg-cell-derived exosomes
concentration. These observation supports that POSTN play a critical role in osteogenic differentiation of
BMMSCs. While, the mRNA expression of POSTN was not signi�cantly higher along with the increment of
exosomes concentration. This result showed that POSTN has a post-transcriptional regulatory function.

MicroRNAs (miRNAs) emerge as important regulators of stem cell lineage commitment and bone
development. Rencent study has shown that miR-154-5p expression was associated with metastasis of
nasopharyngeal carcinoma[54].Other study con�rmed that miR-154-5p functions as a tumor suppressor
in glioblastoma[55]. Li et al. demonstrated that MiR-154-5p regulates osteogenic differentiation of
adipose-derived mesenchymal stem cells under tensile stress through the Wnt/PCP pathway by targeting
Wnt11 MSCs[56]. However, the role and potential molecular mechanism of miR-154-5p in osteogenic
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differentiation of BMMSCs under in�ammatory microenviroments is still undiscovered. In this study, we
found the miR-154-5p expression was signi�cantly decreased when Treg-cell-derived exosomes
concentration were increased. Additionally, we identi�ed that MiR-154-5p could bind to the 3'-UTR of
POSTN and negative regulate POSTN. Knockdown of miR-154-5p increased osteogenic differentiation of
BMMSCs. However, the molecular mechanisms governing differentiation of BMMSCs between Treg-cell-
derived exosomes and miR-154-5p has not been investigated.

There is accumulating evidence that microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular
RNAs (circRNAs) are closely related to the occurrence and development of various diseases, including
in�ammatory diseases, metabolic diseases, and cancer [57–59]. Long non-coding RNA (lncRNA) is an
RNA molecule greater than 200 nucleotides in length and recent studies have also shown that lncRNAs
play an important role in the osteogenic differentiation of BMMSCs[60–62]. Growing research has
demonstrated that lncRNA modulates gene expression at multiple levels such as epigenetic,
transcriptional and post transcriptional [63]. And lncRNAs could act as competitive endogenous RNAs
and regulate the expression and activity of miRNAs. Among LncRNAs, H19 has been addressed in various
cancers as an oncogene, and regulated cell proliferation, apoptosis and migration [64]. It has been found
that H19 down-regulation modulated osteogenic differentiation of BMSCs from ovariectomized mouse,
which suggested an important role of H19 in postmenopausal osteoporosis [65]. LncRNA H19 also
mediates mechanical tension-induced osteogenesis of BMMSCs via FAK by sponging miR-138 [32].
Recent study showed that LncRNA H19 promotes odontoblastic differentiation of human dental pulp
stem cells by regulating miR-140-5p and BMP-2/FGF9[66]. To our knowledge, no study has addressed the
role of lncRNA H19 from Tregs-derived exosomes in osteogenic differentiation of BMMSCs. We therefore
investigated the correlation between lncRNA H19 and miR-154-5p. In the present study, we observed
lncRNA H19 from Tregs-derived exosomes could bind to miR-154-5p and negatively regulate its
expression. And more importantly, our results indicated that lncRNA H19 could affect the osteogenic
differentiation of BMMSCs in vitro by regulating POSTN expression via sponge miR-154-5p. These data
indicated that H19 was involved in the regulation of BMMSCs through modulating miR-154-5p.

In conclusion, for the �rst time, our results indicated important role of exosomes from Tregs in regulating
osteogenic differentiation of BMMSCs. It further revealed that lncRNA H19 from Tregs-derived exosomes
plays a positive regulatory role in osteogenic differentiation of BMMSCs through miR-154-5p/POSTN
axis. Our study exhibited the complicated regulation within ncRNA and provided a promising target to
regulate the osteogenic potential of BMMSCs for treatment of periodontitis. Exosomes released from
Tregs could be used as a new type of immunoregulation reagent for the treatment of periodontitis.
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Coculture of Tregs and BMMSCs can promote osteogenic differentiation of BMMSCs. (A) Isolation and
identi�cation of Naïve CD4+ T cells and Treg cells by �ow cytometry. (B) The RUNX2, ALP and OCN
mRNA expression levels of BMMSCs were determined by qRT-PCR when BMMSCs cocultured with Naïve
CD4+ T cells, Tregs or Tregs+GW4869. The mRNA expression levels of RUNX2, ALP and OCN in Naïve
CD4+ T cells treatment group was arbitrarily set to 1, separately. (C)-(E) Osteogenic differentiations of
BMMSCs were determined by ALP staining, Alizarin Red S, ALP activity assay and calcium content
detection 7 or 21 days after osteogenic induction. Data are shown as mean ± SEM (n=3). Asterisks
indicate signi�cant differences from the control (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Figure 2

Coincubation of Tregs-derived exosomes and BMMSCs can promote osteogenic differentiation of
BMMSCs. (A) The transmission electron microscope (TEM) image of exosomes isolated from Tregs,
revealing the typical morphology and size (30 and 150 nm). (scale bar, 200 nm). (B) The particle diameter
(nm) of the population of small vesicles collected from Tregs was detected using qNano. (C) Western blot
showed that exosome marker CD9, CD63 and TSG101 were expressed in exosomes. (D) The confocal
image showing the internalization of PKH67-labeled exosomes by BMMSCs when added Tregs exosomes
treatment. 4’, 6-Diamidino-2-phenylindole was used to stain the nuclear of cells. (E) The RUNX2, ALP and
OCN mRNA expression levels of BMMSCs were determined by qRT-PCR when BMMSCs co-cultured with
Naïve CD4+ T cells or Tregs exosome. The mRNA expression levels of RUNX2, ALP and OCN in Naïve
CD4+ T cells treatment group was arbitrarily set to 1, separately. (F)-(H) Osteogenic differentiations of
BMMSCs were determined by ALP staining, Alizarin Red S, ALP activity assay and calcium content
detection 7 or 21 days after osteogenic induction when co-cultured with Naïve CD4+ T cells or Tregs
exosome. Data are shown as mean ± SEM (n=3). Asterisks indicate signi�cant differences from the
control (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3

Tregs-derived exosomes promote the osteogenic differentiation of BMMSCs by regulating the expression
of POSTN protein. (A) The expression of POSTN in BMMSCs by Western blot when BMMSCs co-cultured
with Naïve CD4+ T cells, BMMSCs/POSTN OE, exosomes and BMMSCs/POSTN KD, separately. (B) The
RUNX2, ALP and OCN mRNA expression levels of BMMSCs were determined by qRT-PCR when BMMSCs
co-cultured with Naïve CD4+ T cells, BMMSCs/POSTN OE, exosomes and BMMSCs/POSTN KD . The
mRNA expression levels of RUNX2, ALP and OCN in Naïve CD4+ T cells treatment group was arbitrarily
set to 1, separately. (C)-(E) Osteogenic differentiations of BMMSCs were determined by ALP staining,
Alizarin Red S, ALP activity assay and calcium content detection 7 or 21 days after osteogenic induction
when co-cultured with Naïve CD4+ T cells, BMMSCs/POSTN OE, Treg-exosomes and BMMSCs/POSTN
KD. Data are shown as mean ± SEM (n=3). Asterisks indicate signi�cant differences from the control (*, p
< 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 4

MiR-154-5p affects osteogenic differentiation of BMMSCs by regulating the expression of POSTN. (A)
The protein expression of POSTN in BMMSCs by Western blot when BMMSCs co-cultured with different
concentrations of exosomes. Concentration gradient: 0, 10, 20 and 30μL. (B) The mRNA expression of
POSTN in BMMSCs by qRT-PCR when BMMSCs co-cultured with different concentrations of exosomes.
Concentration gradient: 0, 10, 20 and 30μL. (C) Draw a Venn diagram after the intersection of multiple
miRNAs databases. (D) The mRNA expression of the 5 screened miRNAs was detected by qRT-PCR when
BMMSCs co-cultured with or without Tregs-derived exosomes. (E) The mRNA expression of miR-154-5p in
BMMSCs by qRT-PCR when BMMSCs co-cultured with these concentrations of exosomes. (F) 3'-UTR base
pairing diagram of miR-154-5p and POSTN. Replacement of Adenine bases with Uracil (A to U) can be
used for the construction of mutant reporter. (G) Cells were co-transfected with miR-154-5p mimics and a
luciferase reporter containing a fragment of the POSTN 3'-UTR harboring either the miR-154-5p binding
site (POSTN-3'-UTR-WT) or a mutant (POSTN-3'-UTR-MUT). (H) The protein expression of POSTN in
BMMSCs by Western blot when transfected with miR-154-5p inhibitor (KD). (I) –(K) Osteogenic
differentiations of BMMSCs were determined by ALP staining, Alizarin Red S, ALP activity assay and
calcium content detection 7 or 21 days after osteogenic induction when transfected with or without miR-
154-5p inhibitor (KD). Data are shown as mean ± SEM (n=3). Asterisks indicate signi�cant differences
from the control (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 5

The highly expressed LncRNA H19 in Tregs can target miR-154-5p. (A) The mRNA expression of the
selected lncRNAs was detected by qRT-PCR, and a heat map was drawn. (B) 3'-UTR base pairing diagram
of miR-154-5p and H19. Replacement of Cytosine bases with Guanine (C to G) can be used for the
construction of mutant reporter. (C) Cells were co-transfected with miR-154-5p mimics and a luciferase
reporter containing a fragment of the H19 3'-UTR harboring either the miR-154-5p binding site (H19 -3'-
UTR-WT) or a mutant (H19 -3'-UTR-MUT). (D)-(E) RNA immunoprecipitation with an anti-Ago2 antibody
was used to assess endogenous Ago2 binding to RNA in BMMSCs, IgG was used as the control. H19 and
miR-154-5p levels were determined by qRT–PCR and presented as fold enrichment in Ago2 relative to
input. (F)-(G) RNA pull-down assays were used to examine the interaction of H19 and Ago2 in BMMSCs.
H19 and miR-154-5p levels were determined by qRT–PCR. (H) The mRNA expression of H19 in BMMSCs
by qRT-PCR when BMMSCs co-cultured with conventional T cells (NC) exosomes or Tregs exosomes. (I)
The mRNA expression of miR-154-5p in BMMSCs by qRT-PCR in NC OE, H19 OE, NC KD and H19 KD
BMMSCs cell lines. (J) The mRNA expression of H19 in BMMSCs by qRT-PCR in NC OE, miR-154-5p OE,
NC KD and miR-154-5p KD BMMSCs cell lines. All experiments were repeated three times. Relative
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expressions of lncRNA-H19 and miR-154-5p were normalized by β-actin and U6 in qRT-PCR, respectively.
Data are shown as mean ± SEM (n=3). Asterisks indicate signi�cant differences from the control (*, p <
0.05; **, p < 0.01; ***, p < 0.001).

Figure 6

LncRNA H19 regulates POSTN expression and osteogenic differentiation of BMMSCs by inhibiting miR-
154-5p. (A) The mRNA expression of miR-154-5p in BMMSCs by qRT-PCR in NC, H19 OE, H19 OE + miR-
154-5p OE, H19 KD and H19 KD + miR-154-5p KD BMMSCs cell lines. (B) The protein expression of
POSTN in BMMSCs by Western blot in NC, H19 OE, H19 OE + miR-154-5p OE, H19 KD and H19 KD + miR-
154-5p KD BMMSCs cell lines. (C) The RUNX2, ALP and OCN mRNA expression levels of BMMSCs were
determined by qRT-PCR in NC, H19 OE, H19 OE + miR-154-5p OE, H19 KD and H19 KD + miR-154-5p KD
BMMSCs cell lines. (D)-(F) Osteogenic differentiations of BMMSCs were determined by ALP staining,
Alizarin Red S, ALP activity assay and calcium content detection 7 or 21 days after osteogenic induction
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in NC, H19 OE, H19 OE + miR-154-5p OE, H19 KD and H19 KD + miR-154-5p KD BMMSCs cell lines. Data
are shown as mean ± SEM (n=3). Asterisks indicate signi�cant differences from the control (*, p < 0.05;
**, p < 0.01; ***, p < 0.001).

Figure 7

Tregs-derived exosomes LncRNA H19 participates in regulating osteogenic differentiation of BMMSCs in
vivo. (A) The mRNA expression of H19 in BMMSCs by qRT-PCR when BMMSCs co-cultured with Naïve
CD4+ T cells, Tregs, Treg/H19 OE and Treg/H19 KD. (B) The RUNX2, ALP and OCN mRNA expression
levels of BMMSCs were determined by qRT-PCR when BMMSCs co-cultured with Naïve CD4+ T cells,
Tregs, Treg/H19 OE and Treg/H19 KD. (C)-(E) Osteogenic differentiations of BMMSCs were determined by
ALP staining, Alizarin Red S, ALP activity assay and calcium content detection 7 or 21 days after
osteogenic induction when BMMSCs co-cultured with Naïve CD4+ T cells, Tregs, Treg/H19 OE and
Treg/H19 KD. Data are shown as mean ± SEM (n=3). Asterisks indicate signi�cant differences from the
control (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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