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Abstract
T-cell-mediated immunity is crucial in the immunopathology of periodontitis. The restoration of the
equilibrium between the T helper cell 17 (Th17) and regulatory T cell (Treg) subsetsby extrcellular vesicles
(EVs) obtained from human bone marrow stem cells (hBMSCs) promotes new bone formation and
suppresses in�ammation. Uncovering the functions of hBMSC-derived EVs in the immune
microenvironment of periodontal tissue and their underlying regulatory mechanisms may shed new light
on the development of a potential cell-free immunotherapy for periodontal regeneration. Here we report
that The Th17/Treg ratio was elevated in peripheral blood from periodontitis patients. Furthermore,we
found that hBMSC-derived EVs could reduce the Th17/Treg ratio in CD4+ T cells from periodontitis
patients in vitro and ameliorated experimental periodontitis in mice. Additionally, miRNA sequencing was
used to investigate the differentially expressed miRNAs and target genes in EVs from hBMSCs stimulated
with P. gingivalis LPS. Our �ndings indicate that EV-miR-1246 is highly effective at down-regulating the
ratio of Th17/Treg in vitro. Mechanistically, EV-miR-1246 suppressed angiotensin-converting enzyme 2
(ACE2) expression and increased the p-Yes-associated protein (YAP)1/YAP1 ratio in CD4+ T cells. Our
results indicate that hBMSC-derived EVs improve periodontitis by miR-1246, consequently
downregulating Th17/Treg ratio, and represent a promising therapeutic target for precision treatment in
periodontitis.

Background
Periodontitis a prevalent in�ammatory disease of the periodontium, is a major contributor to alveolar
bone resorption and tooth loss in adult population. This disease is associated with sigini�cant global
burden and has profound socioeconomic impacts worldwide [1]. The host-microbe relationship
imbalance in the oral cavity dysregulates the immuno-in�ammatory response, initiating periodontal
destruction [2,3]. The recruitment of a surplus of neutrophils and secretion of proin�ammatory cytokines
interleukin (IL)-17 and orphan receptor gamma transcription (RORγt) by T helper 17 (Th17) lead to the
osteoclast-mediated destruction of periodontal tissue and alveolar bone [4,5]. Our previous studies
revealed that IL-17 promoted bone resorption through osteocyte-speci�c signaling pathways and
regulated the osteogenesis of mesenchymal stem cells (MSCs) [6,7,8]. In contrast, regulatory T (Treg)
cells, which express forkhead box P3 (FOXP3) and interleukin (IL)-10 are involved in immunosuppression
and tissue repair, which are critical for the maintenance of periodontal health [9]. An elevated Th17/Treg
ratio in peripheral blood is reportedly associated with periodontal in�ammation and alveolar bone
destruction [10]. Notably, an imbalance in the Th17/Treg ratio contributes to the development of
periodontitis [11].

MSC-based tissue engineering therapy has considerable potential for periodontal regeneration in clinical
practice [12,13]. However, the effectiveness of MSCs in periodontal treatment is hindered by challenges
such as low tissue retention, low survival rate, and di�culty controlling cell fate[14]. It is worth noting that
MSCs exhibit signi�cant immunomodulatory effects via paracrine communication, particularly through
the secretion of EVs [15,16]. These EVs, which are abundant in miRNAs and proteins and derived from
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human bone marrow MSCs (hBMSCs), have been shown to effectively suppress macrophage
in�ammatory responses, and promote periodontal regeneration [17,13].

In various aspects of eukaryotic life, miRNAs, which are small non-coding RNAs, modulate gene
expression, primarily via RNA-silencing mechanisms [18]. The levels of various miRNAs (e.g., miR-17, miR-
19, miR-155, and miR-301) are signi�cantly increased in periodontitis patients compared with healthy
controls. Such increases are closely associated with the progression of periodontal disease [19,20]. In
addition, miRNAs also have regulatory effects on T-cell differentiation and macrophage polarization
[21]. In an experimental periodontitis mice model, EV-miRNAs derived from dental pulp stem cells can
restore Th17/Treg homeostasis [22]. However, the therapeutic applications of MSC-derived EVs and EV-
miRNAs remain limited in terms of restoring Th17/Treg homeostasis in periodontitis. 

The target of MSC-derived EV-miRNAs on cluster of differentiation (CD)4+ T cells during periodontitis
remains unclear, and subsequent pathways have not been elucidated. Recent evidence has highlighted
that angiotensin-converting enzyme 2 (ACE2), a key T-cell receptor involved in infectious diseases [23],
can be stimulated by miR-146a and miR-155 in the periodontal in�ammatory microenvironment [24].
Moreover, Yes-associated protein 1 (YAP1), an important protein in the Hippo signaling pathway, can
restrict CD4+ T-cell activation and proliferation [25,26]. These studies suggest that MSC-derived EV-
miRNAs may regulate the Th17/Treg ratio among CD4+ T cells via ACE2 and YAP1 signalings in
periodontitis. Therefore, this study aims to investigate whether hBMSC-derived EVs and their key miRNAs
affect the Th17/Treg ratio among CD4+ T cells in periodontitis and the downstream pathways.

Materials And Methods
Participant Recruitment 

This study protocol was approved by the Ethics Committee of the Stomatological Hospital of Tongji
University (Approval No. 2020-R-011), and the study adhered to the Declaration of Helsinki. Each
participant provided written informed consent to take part in the study, and they legally authorized their
next of kin to oversee the use of any biological sample. Periodontitis was selected with probe depth ≥ 5
mm in at least four teeth with each ≥ 1 site, clinical attachment level ≥ 5 mm on the same site, and
observed bleeding upon probing.  The periodontal disease diagnosis followed the World Workshop 2017
criteria [27]. All participants met the following inclusion criteria: presence of periodontitis, age 18–40
years, and no systemic disease. The exclusion criteria were consumption of antibiotics or anti-
in�ammatory medications within the preceding 3 months, previous periodontal treatment, any systemic
diseases that may affect periodontal conditions (e.g., immunode�ciency or pregnancy), and a history of
smoking (past or present). Detailed participant data are shown in Appendix Table 1.

 

Analysis of peripheral blood from human participants
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RNA and serum were extracted from the fasting peripheral blood of eight healthy volunteers and eight
periodontitis patients (age 18–40 years). Total RNA was extracted from peripheral blood and reverse
transcribed to single-stranded cDNA with a PrimeScriptTM RT Reagent Kit (Takara, Nojihigashi, Japan).
Quantitative reverse transcription PCR (qRT-PCR) was conducted using the CFX96™ Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). The sequences of primers for human
RORC and FOXP3 (Sangon Biotech, Shanghai, China) are shown in Appendix Table 2. Serum levels of IL-
17A and FOXP3 were measured using corresponding enzyme-linked immunosorbent assay (ELISA) kits
(Abcam, Cambridge, UK), in accordance with the manufacturer’s protocol. 

 

hBMSC extraction and identi�cation

The cancellous bone marrow was extracted from discarded maxilla bone tissue of 5 orthognathic
patients (3 females and 2 males, 18-25 years old) with good oral health in the Stomatological Hospital of
Tongji University. The bone marrow was washed with PBS once and then resuspended with minimum
essential medium Alpha (α-MEM, Hyclone, Utah, USA) containing 10% fetal bovine serum (Gibco,
Waltham, MA, USA) and 1% penicillin/streptomycin (Hyclone, Utah, USA). When the con�uence reached
about 80%, the cells were digested by trypsin/EDTA. The cells at passage 3 were assessed by �ow
cytometry analysis with the surface markers CD90, CD73, CD44, and CD105, using the Human MSC
Analysis Kit (B.D. Biosciences, San Jose, CA).

 

hBMSC-derived EVs extraction and identi�cation

When hBMSCs grew to 80% con�uence, the medium was replaced with serum-free α-MEM. After 48 hours,
the medium was concentrated to 1/10 of the original volume in an Amicon® Ultra 15 mL Centrifugal
Filters (Membrane NMWL 100 KDa, Millipore, Bedford, MA) at 800 g for 5 min. And then, the concentrates
were transferred to a sterile container, mixed with an appropriate amount of ExoQuick precipitation
solution (Invitrogen, Carlsbad, USA), and incubated at 4 °C for 16 hours. The EV pellet was collected by
centrifugation at 10,000 g, 4 °C for 2 hours, and resuspended with 200 μl PBS.  

 

EVs stained with antibodies against CD63 and CD81 were examined by �ow cytometry using a BD
LSRFortessa™ Cell Analyzer (B.D. Biosciences), and the data were analyzed using FlowJo v7.6. For the
Transmission electron microscope (TEM) analysis, samples were dried and examined under an electron
microscope (FEI, Tecnai G2 F20 S-TWIN, USA). For the nanoparticle tracking analysis (NTA), the pellets
collected from programmed centrifugation were resuspended in PBS. Then the size of the vesicles was
detected using a nanoparticle tracing assay (NanoSight, Particle Metrix, Meerbusch, German).
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Isolation of naïve CD4+ T cells from periodontitis patients (PD-CD4+ T cells)

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of �ve periodontitis patients’
blood using Ficoll-Paque gradient centrifugation (GE Healthcare, Madison, WI, USA). PD-CD4+ T cells were
prepared from pooled PBMCs via positive selection by depletion of non-T lymphocytes using a human
naïve CD4+ T cell isolation kit (Miltenyi Biotechnologies, Teterow, Germany), in accordance with the
manufacturer’s instructions. 

 

Analysis of PD-CD4+ T-cell differentiation 

For EVs group, PD-CD4+ T cells were incubated for 24 hours with hBMSC-derived EVs (10 µg/mL) from
healthy volunteers.  Flow cytometry was used to identify differentiated Th17 and Treg cells. After
incubation with phycoerythrin-labeled anti-CD4, allophycocyanin-labeled anti-IL17A, and �uorescein
isothiocyanate-labeled anti-FOXP3 antibodies in FIX & PERM cell permeabilization reagents (Invitrogen,
California, USA), cells were examined using a BD LSRFortessa™ Cell Analyzer (BD Biosciences, New
Jersey, USA); the resulting data were analyzed using FlowJo v7.6. Additionally, mRNA expression levels of
RORC, FOXP3, IL10, and IL17A in PD-CD4+ T cells were analyzed by qRT-PCR. The primer sequences are
shown in Appendix Table 2. 

 

Internalization of EVs by PD-CD4+ T Cells

EVs were labelled with PKH67 Green Fluorescent Cell Linker Kit (Umibio, Shanghai, China). The stained
EVs were mixed into PD-CD4+ T cells resuspended in RPMI 1640 medium and cultured for 12 hours. The
nucleus was stained with DAPI (Sigma, USA). Observation and photographing were performed under a
microscope (NIKON ECLIPSE 80i, Nikon Corporation).

 

Animals

Eighteen male C57BL/6J mice (7 weeks of age, weighing 22–24 g; Leagene Biotech, Shanghai, China)
were used in this study. All animal procedures were approved by the Institutional Animal Care and Use
Committee of the Stomatological Hospital of Tongji University (Approval No. 2020-DW-026). A
prospective randomized controlled animal model design was adopted, in accordance with the Animal
Research: Reporting In Vivo Experiments (ARRIVE) guidelines. Mice were anesthetized by intraperitoneal
injection of ketamine (200mg/kg) . 
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Ligature-induced periodontitis model and EVs treatment

Mice were randomly allocated to the following groups: control, periodontitis (perio; with ligation); hydrogel
(hydrogel application after ligation); hydrogel + EVs (hydrogel + EV application after ligation). Silk sutures
(6–0) were placed on the upper second molars of mice without causing damage to periodontal tissues
[28]. On day 7, silk threads were removed after observance of clinical signs of gingival in�ammation
(swelling, redness, and loss of gingival adhesion to the tooth). Mice in the control (n = 6) and perio groups
(n = 6) were sacri�ced on day 7 for qRT-PCR and micro-computed tomography (CT) analysis.

Beginning on day 8, the remaining mice with ligature-induced periodontitis received local treatment
comprising hydrogel (n = 3) or hydrogel + EVs (n = 3). To prepare EV-loaded hydrogel, 40 mg of polyether
F127 thermosensitive hydrogel (EngineeringForLife, Suzhou, China) were added to 200 μL of EV–
phosphate-buffered saline (PBS; 1 μg EVs/1 μL PBS) suspension. Every other day, 10 μL of hydrogel with
or without EVs were injected into periodontal pockets using a 26-gauge syringe (Hamilton Company,
Reno, NV, USA). Mice in the hydrogel and hydrogel + EVs groups were sacri�ced on day 14. 

 

Histomorphological analysis and immuno�uorescence

The maxillae were �xed, decalci�ed, and stained with hematoxylin & eosin (H&E, KeyGen, Nanjing, China).
The distance between the cementoenamel junction and alveolar bone crest (CEJ-ABC) was measured to
evaluate the bone loss. For immuno�uorescence, the sections were then incubated with either anti-RORγ
antibody or anti-FOXP3 antibody (Appendix Table 3), then incubated with secondary antibody Alexa
Fluor-488 (green) or Alexa Fluor-594 (red) afer PBS washes. Negative control sections were set by
omitting the primary antibodies. The sections were mounted with DAPI and examined under a
microscope (NIKON ECLIPSE 80i, Nikon Corporation).

 

Micro-computerized tomography (micro-CT) 

micro-CT was used to quantify bone remodeling using the Scanco Medical µCT50 system and related
analysis software. A region of interest (ROI) that contained the areas of maxillae was selected. The key
parameters were set as follows: 70 kV, 110 mA, and 10-μm increments. For quantifying trabecular bone
volume/total volume (BV/TV), a total of 300 μm (30 layers) of the alveolar bone between the �rst and
second molars were analyzed. 

 

miRNA sequencing (miRNA-seq) 

hBMSCs were treated with 1 μg/mL of Porphyromonas gingivalis lipopolysaccharide (P. g. LPS, Sigma-
Aldrich, St Louis, USA) for 24 hours, and the corresponding EVs were isolated. Small RNAs were isolated
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from the EVs for miRNA-seq. The miRNA-seq libraries were prepared and sequenced using an Illumina
HiSeq (Illumina, San Diego, USA) at Wayen Biotechnologies, Inc., (Shanghai, China). Feature counts were
used to determine read counts, and DESeq2 was used to analyze differential expression (genes with a
corrected p-value < 0.05 and an absolute log2 fold change > 2). 

 

Transfection of miR-1246

miR-1246 mimic, inhibitor, nc on and nc off (Ribobio, Guangzhou, China) were transfected into healthy
hBMSCs for 48 hours using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocols. The e�ciency of transfection was checked by qRT‐PCR. The primers  used in
the process are shown in Appendix Table. 2. Human miR-1246 was normalized to U6 (RNU6‐1). 

 

Western blot

The polyvinylidene �uoride membrane onto which separated proteins was transferred was
immunoblotted with primary antibodies against human YAP1 (Abcam), human P-YAP1 (S127) (Abcam),
human ACE2 (Abcam), mouse RORγ (A�nity), mouse FOXP3 (A�nity), and human / mouse β-actin
(A�nity). The antibody concentration was shown in Appendix Table. 3. The protein bands were visualized
with enhanced chemiluminescence and imaged using an Amersham™ Imager 680 (G.E. Healthcare Bio-
Sciences, Uppsala, Sweden).

 

Target gene prediction and dual luciferase reporter assay 

miR-1246 target genes were selected using miRDB, miRWalk, and TargetScan. The ACE2 gene, which was
associated with miR-1246, was selected for further investigation. miR-1246-binding sites on the 3’-
untranslated region (UTR) of ACE2 were identi�ed via TargetScan online bioinformatics software. Dual
luciferase activity was analyzed using a dual luciferase assay kit (Promega, Madison, WI, USA) in
accordance with the manufacturer’s instructions. Brie�y, ACE2 recombinant plasmids (ACE2-WT and
ACE2-Mut) and mimic N.C. or miR-1246 were transfected into 293T cells. 

 

Data analysis

Results represent independent experiments (n ≥ 3); Data were presented as mean ± standard deviation. A
2-tailed Student’s t-test was used for comparison between 2 groups, and one-way analysis of variance
test was used for multiple comparisons. P < 0.05 was considered statistical signi�cance. All statistical
analyses were performed using GraphPad Prism software (version 9.0).
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Results
Identi�cation of hBMSCs and EVs

hBMSCs with �broblast-like were isolated from the discarded maxillae of periodontally healthy volunteers
during orthognathic surgery (Fig. 1A). The osteogenic and adipogenic characteristics of the cells were
con�rmed by means of alizarin red and oil red O staining (Fig. 1A, C). The stemness properties of
hBMSCs were assessed by �ow cytometry focused on surface markers (CD90, CD44, CD105 and CD73)
(Fig. 1D). hBMSC-derived EVs exhibited round or tea receptacle microvesicle structures with diameters of
100–400 nm (Fig. 1E, F) and were found to express the surface markers CD63 and CD81 (Fig. 1G). 

Peripheral levels of Th17- and Treg-related biomarkers in periodontitis patients 

The presence of biomarkers for Th17 and Treg cells was evaluated in peripheral blood from periodontitis
patients and healthy volunteers. mRNA expression analysis revealed that the level of RORC was
signi�cantly upregulated and the level of FOXP3 was downregulated in periodontitis patients, compared
with healthy volunteers (Fig. 2A). Consistent with these �ndings, ELISA showed that the serum level of IL-
17A was signi�cantly greater in periodontitis patients than in healthy controls; conversely, the serum level
of FOXP3 was signi�cantly lower in periodontitis patients (Fig. 2B) (P < 0.001). These results implied that
periodontitis disrupts immune homeostasis by enhancing Th17 function and impairing Treg function.

 

Periodontally healthy hBMSC-derived EVs restored the Th17/Treg ratio in PD-CD4+ T cells 

PD-CD4+ T cells were isolated from PBMCs of periodontitis patients (Fig. 2C, Appendix Fig. 1). PKH67-
labeled EVs were internalized in PD-CD4+ T cells after co-incubation for 12 hours. (Fig. 2D). Flow
cytometry assays revealed that EVs reduced the proportion of Th17 cells by 60% (P < 0.01) while
increasing the proportion of Treg cells by 10% (P < 0.05); these changes led to signi�cant downregulation
of the Th17/Treg ratio (P < 0.05) (Fig. 2E, F). Consistently, stimulation with hBMSC-derived EVs led to >
50% reduction in the mRNA expression levels of RORC and IL17A in PD-CD4+ T cells (P < 0.05). In
contrast, the mRNA expression levels of IL10 and FOXP3 were signi�cantly increased (P < 0.01) (Fig. 2G).
The data suggested that hBMSC-derived EVs from healthy volunteers possess the potential to mitigate
the imbalance in Th17/Treg differentiation from PD-CD4+ T cells in vitro.

Healthy hBMSC-derived EVs promoted bone regeneration in vivo 

Because hBMSC-derived EVs showed bene�cial immune modulation effects in vitro, we further examined
whether hBMSC-derived EVs could promote periodontal recovery in vivo. As shown in the schematic
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diagram of animal treatment (Fig. 3A and B), the mRNA expression levels of Rorc and Il17a were
signi�cantly upregulated in ligature-induced periodontitis (LIP) mice, compared with healthy mice; in
contrast, the Foxp3 and Il10 mRNA expression levels were signi�cantly downregulated in LIP mice (Fig.
3C). Hematoxylin and eosin staining indicated that the bone resorption level (cementoenamel junction
to alveolar bone crest) was signi�cantly lower in the group that received EV-loaded hydrogel than in the
group that received hydrogel alone (P < 0.01, Fig. 3D). Furthermore, micro-CT analysis showed that EV-
loaded hydrogel treatment led to substantially greater alveolar bone height and better bone volume/tissue
volume ratio, compared with treatment involving hydrogel alone (Fig. 3D). Immuno�uorescence staining
revealed that the expression level of Th17-related RORγ was greater in the periodontitis group; this
expression was inhibited by the injection of EV-loaded hydrogel (P < 0.05, Fig. 3E). Consistent with these
�ndings, suppression of the Treg-related FOXP3 level in in�amed periodontal tissue was enhanced after
EV-loaded hydrogel treatment (P < 0.001, Fig. 3E). These results suggested that hBMSC-derived EVs
promoted the recovery of alveolar bone in an in vivo model of periodontitis. 

miR-1246 from hBMSC-derived EVs regulated Th17/Treg homeostasis

After con�rming the importance of hBMSC-derived EVs for T-cell differentiation in periodontitis, we further
analyzed which miRNAs have central roles in such responses. EV-miRNA pro�les with or without
stimulation by P. g. LPS were examined by miRNA-seq. In total, 48 signi�cantly upregulated and 101
signi�cantly downregulated miRNAs were identi�ed in the P. g. LPS-stimulated group. Heatmap, volcano
plot, and principal component analysis assessments demonstrated the reduction of miR-1246 expression
(Fig. 4A–C, Appendix Table 4). The grouping of miR-1246 transfection is shown in Fig. 4D, and the
transfection e�ciency test con�rmed that the transfection was successful (Fig. 4E). Furthermore, naïve
PD-CD4+ T cells were treated with EVs from hBMSCs or miR-1246 mimic/inhibitor-transfected hBMSCs.
Flow cytometry assays revealed that the presence of miR-1246 in hBMSC-derived EVs contributed to the
regulation of Th17/Treg homeostasis (Fig. 4F, G).

hBMSC-derived EV miR-1246 targeted ACE2 on CD4+ T cells and regulated the YAP1 signaling pathway

To investigate the function of EV-miR-1246, potential miR-1246 target genes were sought via miRDB,
miRWalk, and TargetScan. In total, 216 intersections were identi�ed in a Venn diagram (Fig. 5A, Appendix
Table 5). ACE2 is an important gene in periodontitis and CD4+ T-cell differentiation; miR-1246 could bind
to the ACE2 3’-UTR (Fig. 5B). Dual-luciferase reporter assays con�rmed that the activity of the ACE2 3’-
UTR decreased upon transfection with hsa-miR-1246 (P < 0.01), suggesting that hsa-miR-1246 acts on
the wild-type ACE2 3’-UTR (but not its mutant counterpart) (Fig. 5C). The expression of ACE2 in CD4+ T
cells was reduced by EVs overexpressing miR-1246, whereas the expression was increased by EVs
containing miR-1246 inhibitor (Fig. 5F, G). We explored the ACE2 interaction network using the STRING
database (Fig. 5D). Furthermore, we found the top 5 most important pathways according to Kyoto
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Encyclopedia of Genes and Genomes (KEGG) analysis, based on examination of miRNA-seq datasets
(Fig. 5E, Appendix Table 6). Because there was strong support for the Hippo signaling pathway as a
potential downstream pathway of hBMSC-derived EV-miRNAs, we analyzed this pathway. Our western
blotting analysis showed that YAP1 expression was inhibited, whereas p-YAP1 (S127) was activated.
Thus, we speculate that the YAP1/Hippo signaling pathway is regulated by EV-miR-1246 (Fig. 5F, G).

Discussion
The present study sheds light on the potential use of EVs derived from hBMSCs as a therapeutic strategy
for periodontitis. Our data demonstrate that the Th17/Treg ratio was elevated in the peripheral blood of
patients with periodontitis, and hBMSC-derived EVs have the ability to decrease this ratio in CD4+ T cells
from periodontitis patients in vitro. Moreover, in vivo experiments showed that hBMSC-derived EVs could
ameliorate experimental periodontitis in mice. Our study further identi�ed EV-miR-1246 as a crucial factor
in regulating the Th17/Treg ratio, as it signi�cantly down-regulated this ratio in vitro. Mechanistically, this
was accomplished through the suppression of ACE2 expression and increased p-Yes-associated protein
(YAP)1/YAP1 ratio in CD4+ T cells.

In line with previous studies, an imbalance involving Th17 and Treg cells in periodontal tissue and an
elevated Th17/Treg ratio in peripheral blood are both closely associated with the progression of
periodontal in�ammation and alveolar bone destruction [9,29,30]. Our study revealed that the Th17/Treg
ratio was substantially elevated in periodontitis patients and LIP mice, compared with healthy volunteers
or healthy mice. Thus, modulation of the Th17/Treg ratio may serve as a new approach to periodontitis
treatment. This study showed that hBMSC-derived EVs can effectively reduce the Th17/Treg ratio in
periodontitis, both in vitro and in vivo. Considering the present �ndings, the putative roles of hBMSC-
derived EVs in Th17/Treg cell differentiation are summarized in Fig. 6.

In recent years, MSCs have emerged as a promising therapy for periodontal regeneration [31]. hBMSC-
derived EVs suppressed macrophage in�ammatory responses during exposure to P. gingivalis and
promoted periodontal regeneration [13,17]. Consistently, our in vivo study demonstrated that hBMSC-
derived EVs promoted periodontal regeneration in a mouse model. In our in vitro study, hBMSC-
derived EVs restored Th17/Treg homeostasis, decreasing the Th17 cell population by 75%. Notably, in
contrast to the periodontal ligament stem cell-derived EVs in the work of Zheng et al. [32], our hBMSC-
derived EVs demonstrated more potent inhibition of Th17 differentiation. 

In our in vivo study, LIP mice were injected with EV-loaded hydrogels. The hydrogel (F127) used in this
study is reportedly safe and effective in periodontal repair applications [33]. We observed a similar
therapeutic effect when the hydrogel was used alone. Furthermore, a signi�cant synergistic effect was
observed when LIP mice were treated with EV-loaded hydrogels. The decreased level of Th17-related
RORγ expression and increased level of Treg-related FOXP3 expression indicated that periodontal
homeostasis had been restored, with the improvement of alveolar bone height.
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P. gingivalis-associated miRNAs in�uence the innate immune response, whereas P. g. LPS may affect the
nature of host miRNAs and their mRNA targets [34]. In the present study, stimulation with P. g. LPS led to
the upregulation of 48 miRNAs and downregulation of 101 miRNAs in hBMSC-derived EVs. miRNA-seq
revealed downregulation of miR-1246, which reportedly regulates Th17/Treg homeostasis in Henoch-
Schönlein purpura [35] and hepatic ischemia/reperfusion injury [36]. Thus, we investigated the role of
miR-1246 in the differentiation of CD4+ T cells in periodontitis. We sequenced EV-miRNAs from hBMSCs
stimulated with or without P. g. LPS because the periodontitis microenvironment usually involves P.
g. LPS. Our transfection analysis con�rmed that miR-1246-overexpressing EVs could promote restoration
of Th17/Treg homeostasis; this effect was reversed by the use of miR-1246 inhibitors. Zhang et al.
sequenced EV-miRNAs derived from dental pulp stem cells cultured in two-dimensional and three-
dimensional systems, and found that miR-1246 exhibited one of the most differential expression patterns
[22]. Additionally, EV-miR-1246 derived from the stem cells of human deciduous exfoliated teeth
reportedly inhibits angiogenesis and oral squamous cell carcinoma [37]. In vivo, antagomir-1246 reverses
the effects of EVs in alveolar bone loss in mice with periodontitis [38]. Our �ndings extend the knowledge
regarding miR-1246-speci�c regulatory effects in periodontal immunity, whereby hBMSC-derived EVs
modi�ed with an innovative miR-1246-mimic can exert an enhanced immunomodulatory effect on
Th17/Treg homeostasis in vitro. 

Through bioinformatics analysis and dual luciferase assays, we identi�ed ACE2 as the target gene of
hBMSC-derived EV-miR-1246. A recent study showed that ACE2 was the target gene of miR-146a and
miR-155 in salivary glands and masticatory mucosa [24]. EVs containing miR-1246 inhibitor reduced
ACE2 expression in Escherichia coli LPS (E. c. LPS)-stimulated pulmonary endothelial cells [39]. In the
present study, miR-1246-overexpressing EVs signi�cantly inhibited ACE2 expression in PD-CD4+ T cells.
This disparity may be related to differences between E. c. LPS and P. g. LPS, as well as differences
between pulmonary endothelial cells and PD-CD4+ T cells. Consistent with our �ndings, the inhibition of
miR-1246 led to increased ACE2 expression in the small airway epithelium of smokers [40]. In addition to
ACE2, EV-miR-1246 has various target genes, such as nuclear factor of activated T cells 5 (NFAT5) in
MSCs from in�amed periodontium [22] and glycogen synthase kinase 3 beta in human umbilical cord
blood MSCs from hepatic tissues damaged by ischemia/reperfusion [36]. Further studies are needed to
identify other possible targets of EV-miR-1246.

We found that hBMSC-derived EVs downregulated YAP1 expression, and this suppression was enhanced
by exosomes overexpressing miR-1246, whereas the opposite trend was observed for p-YAP1. YAP1 (the
unphosphorylated form) is located in the nucleus when the Hippo pathway is inactive. Activation of the
Hippo pathway leads to the phosphorylation of YAP1; p-YAP1(S127) is located in the cytoplasm, where it
mediates multiple downstream genes [41]. Our results suggested that lower expression of total YAP1 is
associated with a lower Th17/Treg ratio, consistent with the �ndings by Zhou et al. [42] that abundant
expression of YAP1 led to increased Th17 cell differentiation in patients with asthma exacerbation. 
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Figure 1

Extraction and identi�cation of hBMSCs and hBMSC-derived EVs. (A) Cell morphology of hBMSCs from
periodontally healthy volunteers(bar = 100 µm). (B) Alizarin red S staining of calcium deposits in hBMSCs
(bar = 100 µm). (C) Oil red O staining of oil droplets in hBMSCs (bar = 100 µm). (D) The hBMSC-speci�c
markers CD90 (92.4%), CD44 (64.1%), CD105 (91.9%), and CD73 (92.3%) were detected by �ow
cytometry. (E) Transmission electron micrographs of hBMSC-derived EVs. (F) Particle sizes of hBMSC-
derived EVs, as determined by nanoparticle tracking analysis (NTA). (G) Positive expression of CD63 and
CD81 in isolated EVs, as determined by �ow cytometry.
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Figure 2

hBMSC-derived EVs reduced the Th17/Treg ratio in CD4+ T cells from periodontitis patients. (A) The
mRNA expression level of RORC was upregulated and the mRNA expression level of FOXP3 was
downregulated in CD4+ T cells from peripheral blood of periodontitis patients, compared with healthy
controls. (B) The level of IL-17A was upregulated and the level of FOXP3 was downregulated in peripheral
blood from periodontitis patients, compared with healthy controls detected by ELISA. (C) Micrographs of
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PBMCs and puri�ed naïve CD4+ T cells from periodontitis patients (bar = 100 µm). (D) PKH67-stained
hBMSC-derived EVs (green) and 4′,6-diamidino-2-phenylindole (DAPI)-stained CD4+ T cells (nuclei, blue)
(bar = 100 µm). (E) Flow cytometry analysis of Th17 and Treg cells after the uptake of hBMSC-derived
EVs. (F) Absolute counts and percentages of Th17 and Treg cells showed that hBMSC-derived EVs
decreased the Th17/Treg ratio. (G) mRNA expression levels of RORC, IL17A, IL10, and FOXP3 genes in
CD4+ T cells after stimulation with EVs. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 3

hBMSC-derived EVs reduced the Th17/Treg ratio and alleviated alveolar bone loss in vivo. (A) Modeling
schematic diagram. (B) mRNA expression levels of Rorc, Il17a, Il10, and Foxp3 in gingival tissue from
mice with or without periodontitis. (C) Histological staining and micro-CT: blue lines represent distance
between alveolar bone crest (ABC) and cementoenamel junction (CEJ), whereas red lines represent bone
loss (bar = 100 μm). Quantitative analysis of alveolar bone height loss via hematoxylin and eosin (H&E)
staining, and quantitative analysis of bone absorption density via micro-CT. (D) Immuno�uorescence
labeling and quantitative analysis of RORγ (red) and FOXP3 (green) (bar = 100 μm); negative controls are
shown in Appendix Fig. 2. *P < 0.05; **P < 0.01; ***P < 0.001
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Figure 4

hBMSC-derived EV-miR-1246 reduced the Th17/Treg ratio. (A) Heatmap of EV-miRNA levels from
hBMSCs stimulated with or without P. g. LPS (n = 3 per group). (B) Volcano plots showing differences in
EV-miRNA expression in hBMSCs stimulated with P. g. LPS versus PBS control. x-axis: log2 fold change, y-
axis: -log10 (p-value). (C) Principal component analysis of EV-miRNAs from P. g. LPS group and control
group. (D) Schematic diagram of transfection involving miR-1246 mimic and inhibitor. (E) Expression
levels of miR-1246 in hBMSC-derived EVs after transfection (nc on vs. mimic, nc off vs. inhibitor). (F)
Flow cytometry analysis of Th17 (CD4+ IL-17A+) and Treg (CD4+ FOXP3+) cells among CD4+ T cells
stimulated with transfected EVs. (G) Statistical analysis of Flow cytometry (Th17/Treg cell numbers,
percentages, and ratios). The reduction in Th17/Treg ratio after treatment with normal EVs was further
suppressed by transfection with miR-1246 mimic, which was reversed by EVs containing miR-1246
inhibitor.*P < 0.05; **P < 0.01; ***P < 0.001
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Figure 5

EV-miR-1246 targeted ACE2 and regulated the Hippo signaling pathway in CD4+ T cells. (A) Venn diagram
showing the intersection of 216 potential miR-1246 target genes. (B) Predicted active sites of miR-1246
and ACE2. Binding sites in the ACE2 3’-UTR were targeted by miR-1246. (C) Luciferase reporter assays
con�rmed that miR-1246 regulated the 3’UTR of the target gene ACE2. (D) STRING diagram showing
proteins associated with ACE2. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) functional
analysis revealed miRNAs that were strongly associated with several pathways, including the Hippo
signaling pathway. (F, G) Western blotting analysis showed that the p-YAP1 (S127)/YAP1 ratio in CD4+ T
cells was increased by hBMSC-derived EVs and further increased in the presence of EVs overexpressing
miR-1246, whereas it was decreased in the miR-1246 inhibitor group. ACE2 exhibited opposite effects in
the presence of miR-1246 or miR-1246 inhibitor. *P < 0.05; **P < 0.01; ***P < 0.001
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Figure 6

Schematic showing roles of hBMSC-derived EVs in Th17/Treg cell differentiation. hBMSC-derived EVs
modulate Th17/Treg homeostasis by transferring miR-1246, which targets ACE2 and regulates the
YAP1/Hippo signaling pathway in naïve PD-CD4+ T cells. Elevated expression of EV-miR-1246 inhibits
periodontal in�ammation and promotes tissue regeneration.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

20230328supplementary.docx

https://assets.researchsquare.com/files/rs-1961434/v2/5f445f1bf4d5c77547694a0a.docx

