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Abstract

Cell-free based therapy is an effective strategy in regenerative medicine as it avoids controversial issues, such as immu-
nomodulation and stability. Recently, exosomes have been explored as a favorable substitution for stem cell therapy as they
exhibit multiple advantages, such as the ability to be endocytosed and innate biocompatibility. This study aimed to investigate
the effects of stem cells from human exfoliated deciduous teeth (SHED)-derived exosomes (SHED-Exo) on bone marrow
stromal cells (BMSCs) osteogenesis and bone recovery. SHED-Exo were isolated, characterized, and applied to the bone
loss area caused by periodontitis in a mouse model. We found that the injection of SHED-Exo restored bone loss to the
same extent as original stem cells. Without affecting BMSCs proliferation, SHED-Exo mildly inhibited apoptosis. Moreover,
SHED-Exo specifically promoted BMSCs osteogenesis and inhibited adipogenesis compared with SHED-derived conditioned
medium. The expression of osteogenic marker genes, alkaline phosphatase activity, and Alizarin Red S staining of BMSCs
was significantly increased by co-culturing with SHED-Exo. Moreover, Western blot analysis showed that Runx2, a key
transcriptional factor in osteogenic differentiation, and p-Smad5 were upregulated upon SHED-Exo stimulation. Expres-
sion of the adipogenic marker PPARy and the amount of lipid droplets decreased when exosomes were present. Low doses
of exosomes inhibited the expression of the inflammatory cytokines IL-6 and TNF-a. In conclusion, SHED-Exo directly
promoted BMSCs osteogenesis, differentiation, and bone formation. Therefore, exosomes have the potential to be utilized
in the treatment of periodontitis and other bone diseases.
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of cell therapy. However, the use of mesenchymal stem
cells in transplantation is controversial due to their unclear
immunomodulatory mechanisms, paracrine modulation,
and effects on dying cells (Bianco et al. 2013; Haniffa et al.
2009). Therefore, further experiments are needed to over-
come these challenges.

Exosomes, which have a mean diameter of 40—160 nm,
mediate cell-cell communication and are secreted by virtu-
ally all cells (Mathieu et al. 2019). They participate in organ
homeostasis and disease through multiple biological and
pathological functions and pathways. As a result, not only
their diagnostic, but also their therapeutic potential has been
investigated (Fitts et al. 2019; Kalluri and LeBleu 2020).
The use of bone marrow mesenchymal stem cell-derived
exosomes has emerged as a therapeutic approach for cardio-
vascular protection (Yuan et al. 2018). Human mesenchymal
stem cell-derived exosomes have been reported to promote
chondrogenesis and suppress cartilage degradation, and may
therefore serve as an osteoarthritis drug (Mao et al. 2018).
SHED have strong proliferative and multi-differentiation
capabilities and immunosuppressive abilities, but it remains
to be elucidated whether their secreted exosomes carry the
same advantages and whether they could be applied in tissue
regeneration and cell transplantation.

In this study, we: (i) investigated the effects of SHED-
derived exosomes (SHED-Exo) in the treatment of inflam-
mation-induced bone loss in a murine periodontitis model
and (ii) compared these effects with those of their cells of
origin. The effects of SHED-Exo on the proliferation and
multi-differentiation abilities of bone marrow stromal cell
(BMSCs) were examined in vitro, as well as their inflam-
mation modulatory effects. Our findings improve our under-
standing of the mechanisms underlying the effects of SHED
and SHED-Exo on bone formation and provide a foundation
for future studies aiming to develop or ameliorate cell-free
based therapy.

Materials and methods
Animals and cell culture

Male CD-1 mice (9—10 months old) were purchased from
Peking University Health Science Center. Periodontitis was
induced by silk ligature as previously reported (Abe and
Hajishengallis 2013). Briefly, the first molar of the upper
jaw was tied with a 5-0 silk ligature (Jinhuan, China) for
14 days. Our experimental protocol was approved by the
Ethics Committee of Peking University School of Stomatol-
ogy (Approval number: LA2019148).

SHED were provided by the Oral Stem Cell Bank of
Beijing, Tason Biotech Co., Ltd. and cultured in DMEM
(Gibco, MA, USA) with 10% fetal bovine serum (Gibco)
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and 1% penicillin/streptomycin (Gibco). Bone marrow
stromal cells (BMSCs) were isolated from femur and tibia
bone marrow of CD-1 mice (9—10 months old). The mouse
bone marrow cells were flushed from long bones with 2%
fetal bovine serum (FBS) in PBS. All cells were passed
through a 40-pm strainer (BD Falcon, USA) to obtain a
single-cell suspension. Cells were seeded in 60-mm cell
culture dishes with a-modified essential medium («-MEM,
Gibco, MA, USA) with 10% FBS (Gibco) and 1% peni-
cillin/streptomycin (Gibco) at 37 °C in 5% CO,. After
2 days, cells were washed with PBS to exclude the non-
adherent cells. The attached cells were cultured for another
10-12 days. Primary cells were passaged and applied for
studies.

Preparation of SHED-derived exosomes
and conditioned medium

SHED were seeded into 10-cm dishes with cell density of
2 10%/ml in DMEM with 10% fetal bovine serum and 1%
penicillin/streptomycin. Passage 4 to 7 SHED was used for
exosomes collection (Du et al. 2018). When the cells reached
70% confluence, culture medium was changed to serum-free
DMEM with 1% penicillin/streptomycin for 24 h. The super-
natant was collected and centrifuged at 300xg for 10 min,
and the supernatant was collected and centrifuged at 2000xg
for 10 min. Upon removing non-adherent cells and debris,
conditioned medium was collected and named SHED-CM.
SHED-CM and BMSCs culture medium were mixed as 1:1
and treated BMSCs in the following experiments. Extracel-
lular vesicles were further purified by ultracentrifugation
as previously reported (Jiang et al. 2017). Ultracentrifuga-
tion was performed as follows. The supernatant was centri-
fuged at 10,000xg for 60 min. The supernatant was filtered
through a 0.22-pm filter (Millipore) to remove microvesicles
(Catalano and O’Driscoll 2020) and ultracentrifuged (Beck-
man Coulter, USA) at 100,000xg for 70 min. The pellet was
washed with PBS to eliminate contamination of proteins and
centrifuged again at 100,000xg for 70 min. The pellet (extra-
cellular vesicles) was resuspended in PBS and characterized
by transmission electron microscopy (TEM) and Western
blot analysis.

Transmission electron microscopy

Exosomes were collected and fixed in 2% paraformaldehyde
(PFA), washed, and loaded onto formvar/carbon-coated
grids. After washing, exosomes were post-fixed in 2% glu-
taraldehyde for 2 min and contrasted in 2% phosphotungstic
acid for 5 min. Samples were washed, dried, and examined
by TEM (JEM-1400, Japan).
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Western blot

To detect exosomal proteins, total protein was extracted from
cell lysates, supernatants, and secreted exosomes. Proteins
were separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane (Millipore), which was probed with anti-
CD63 (1:500, Santa Cruz Biotechnology) and anti-GM130
(1:250, Abcam).

To measure the levels of endogenous proteins, cells
were lysed in RIPA buffer (Thermo Scientific, Rockford,
IL), and lysate proteins (20 pg per lane) were separated by
4-12% SDS-PAGE and transferred to a nitrocellulose or
PVDF membrane (Invitrogen), which was probed with anti-
GAPDH (1:1000, Proteintech) and anti-runt-related tran-
scription factor 2 (Runx2) (1:250, Abcam), anti-phospho-
Smad1/Smad5/Smad9 (1:500, Cell Signaling Technology)
and Smad5 (1:500, Cell Signaling Technology). IRDye®
800CW Secondary Antibodies (1:10,000, LI-COR, Lincoln,
NE) were applied for 60 min. The signals were detected with
an Odyssey® Imaging System.

Proliferation and multi-lineage differentiation
of mouse BMSCs

Mouse BMSCs (1 x 10*well) were seeded on a 96-well
plate (Nunc, USA) and treated with exosomes, conditioned
medium, or PBS. Cell proliferation was analyzed with a
CCK-8 reagent (APExBIO, USA) following the manufactur-
er’s instructions. Experiments were performed in triplicate.

For osteogenic differentiation, passage one BMSCs
were cultured to confluence for 1-2 weeks in 10 mM
f-glycerophosphate, 100 pM L-ascorbic acid 2-phosphate,
and 10 nM dexamethasone (Sigma), in the presence of
SHED-Exo, SHED-CM, or PBS. Alkaline phosphatase
activity was examined using p-Nitrophenyl Phosphate Liq-
uid Substrate (Sigma). Cells were stained with 1% Alizarin
Red S (Sigma) to detect mineral nodules after fixed with
4% PFA. For adipogenic differentiation, passage 1 BMSCs
were treated with adipogenic differentiation medium (Cya-
gen, Sunnyvale, CA, USA) and cultured to confluence for
2 weeks. Cells were fixed with 4% PFA and stained with
Oil Red O. Total RNA was extracted from at least three
independent samples for assaying osteogenesis and adipo-
genesis markers by quantitative reverse-transcription PCR
(qQRT-PCR).

Apoptosis and flow cytometry

BMSCs (1 x 10°/well) were seeded on a 6-well culture plate
(Nunc). When cells reached 70% confluence, they were pre-
treated with SHED-Exo, SHED-CM, or PBS for 24 h. To
induce apoptosis, 5 UM camptothecin was added to the cells
for 3 h. Cells were stained following the FITC Annexin V

Staining Protocol (BD Bioscience, USA) to measure apopto-
sis by flow cytometry. Briefly, cells were gently trypsinized,
washed twice with cold PBS, and then incubated with 5 pl
of FITC Annexin V and 5 pl PI for 15 min at room tempera-
ture in the dark. Apoptosis was analyzed by flow cytometry
within 1 h.

qRT-PCR

Total RNA was isolated using TRIzol (Invitrogen) following
the manufacturer’s protocol. Complementary DNA (cDNA)
was synthesized using a cDNA reverse transcription synthe-
sis kit (Invitrogen). qRT-PCR was performed using SYBR
Green Master Mix on an ABI Prism 7500 Real-Time PCR
system (Applied Biosystems). All of the reactions were run
in triplicate. Primers for Alp, Runx2, Osx, PPARy, TNF-a,
IL-6, and Gapdh are listed in Table 1. mRNA levels were
normalized to Gapdh.

Animal surgery and tissue preparation

After removing the silk ligature, SHED (1 x 10%), SHED-
Exo (20 pg), or PBS were injected into the buccal and lin-
gual sides of the first molar once per week. After 2 weeks,
the mice were sacrificed. All of the samples were harvested
and immersed in 4% PFA for 24 h, followed by micro-CT
and histology preparation.

The harvested upper jaw specimens were scanned by
micro-CT (Siemens). All of the specimens were placed
and scanned with the same setup parameters (pixel size,
8.99 pm; voltage, 80 kV; current, 500 pA; exposure time,
1.500 s). The 3D images were reconstructed with Inveon
Research Workplace 3.0 software (Siemens), and relevant

Table 1 Real- time PCR primers

Genes Primers
Gapdh Forward 5'-3": aacgaccccttcattgacctc
Reverse 5'-3": actgtgccgttgaatttgee
Runx2 Forward 5'-3": atgatggtgttgacgctgac
Reverse 5'-3': tcaatatggccgccaaacag
Alp Forward 5'-3": ccaactcttttgtgccagaga
Reverse 5'-3": ggctacattggtgttgagctttt
Osx Forward 5'-3": tccetggatatgactcatecct
Reverse 5'-3": ccaaggagtaggtgtgttgcc
PPARy Forward 5'-3": tttcaagggtgccagtttcg
Reverse 5'-3": acttgagcagagtcacttggtc
IL-6 Forward 5'-3": acaaagccagagtccttcagag
Reverse 5'-3": ttagccactccttctgtgacte
TNF-a Forward 5'-3": cacactcacaaaccaccaagtg

Reverse 5'-3': tttgagatccatgccgttgg
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distances were calculated. Each group included at least four
samples for analysis.

After scanning, specimens were prepared for decalcifi-
cation in 0.5 M EDTA (pH 7.4) for 14-21 days, embedded
in paraffin, and cut into 5-um sections. Randomly selected
sections were used for H&E staining and Masson trichrome
staining using a kit (Zhongshan Golden Bridge Biotechnol-
ogy, China) for bone formation analysis. Immunohistochem-
istry was performed using a two-step detection kit (Zhong-
shan Golden Bridge Biotechnology). Briefly, specimens
were applied in antigen retrieval solution for 10 min, blocked
with 5% bovine serum albumin (BSA) for 30 min, and incu-
bated with primary antibody against TNF-a (1:100, santa
cruz) overnight at 4 °C. On the second day, after rinsing
thoroughly in PBS, the horseradish peroxidase-conjugated
secondary antibody (Zhongshan Golden Bridge Biotechnol-
ogy) was dropped onto slides. The defect area of each slide
was observed using a Zeiss light microscope.

Statistical analysis

All of the quantitative data were analyzed using Imagel.
After confirming data were normally distributed, data were
analyzed by one-way ANOVA followed by Tukey’s post hoc
test. Differences were considered statistically significant if
P<0.05.

Results
Isolation and characterization of SHED-Exo

We isolated SHED and SHED-Exo and explored their mor-
phology and the levels of exosomal markers. Passage 4-7
cells were used for experiments. They maintained a homo-
geneous spindle-like morphology (Fig. 1a) and sustained a
stable growth rate and stable protein levels (Du et al. 2018).
SHED-Exo were harvested by ultracentrifugation from cul-
ture medium and identified by TEM and western blot. TEM
revealed that collected extracellular vesicles were ~ 100 nm

Fig. 1 Characterization of SHED-Exo. a SHED were cultured to pas-
sage 4—7 and had a typical spindle-like cell morphology. b The iso-
lated extracellular particles in culture medium, examined by trans-
mission electron microscopy, showing a membrane-encapsulated
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1

in diameter and had a spherical and membrane-encapsulated
structure (Fig. 1b) typical of exosomes. Harvested vesicles
were positive for CD63, but negative for the Golgi marker
GM130, as shown by Western blot analysis (Fig. 1c). These
results show that SHED-Exo had exosomal characteristics
(Zhang et al. 2015).

Exosomes rescued ligature-induced periodontitis
bone loss in mice

To assess whether SHED-Exo have comparable effects on
bone metabolism as their cells of origin, we used a peri-
odontitis mouse model (induced by silk ligature around the
first molar for 14 days) (Fig. 2a). After 14 days of ligature
stimulation, severe alveolar bone loss was observed by
micro-CT on both the buccal and the lingual side (Fig. 2b).
After removing the ligature, we injected SHED-Exo, SHED,
or PBS into the mesial and distal spaces of the molar once
a week (n=4-6). SHED and SHED-Exo significantly
increased the bone height, while PBS did not. Furthermore,
we examined the distance from the cementoenamel junc-
tion (CEJ) to the alveolar bone crest in the sagittal view.
In Fig. 2c, the red line indicates the bone loss height. PBS
could not restore the alveolar bone height; more severe bone
loss was observed in the control group. In the SHED and
SHED-Exo groups, the bone loss height was significantly
decreased compared with the PBS group. In both groups,
at the distal site, the alveolar bone height nearly reached
the healthy unligatured level. Although the average alveolar
bone crest height was higher in the SHED group than in the
SHED-Exo group, this difference was not statistically sig-
nificant (Fig. 3a). SHED and SHED-Exo could both decrease
the bone loss distance at the first molar mesial site; however,
there was no significant difference between different treat-
ment groups (Fig. 3b).

To further examine the histology of alveolar bone regen-
eration structures, the area between the first and second
molars (M1 and M2) was stained. H&E staining showed an
alveolar bone outline, marked by a black dotted line. After
inducing periodontitis, the amount of alveolar bone from
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structure with a diameter of ~100 nm. The arrow indicates SHED-
Exo. ¢ Western blot analysis of total proteins isolated from parent
cells, vesicles, and exosome-free culture medium
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Fig.2 SHED possessed a stronger tissue regeneration ability than
exosomes in periodontitis. a Schematic showing the procedures of
periodontitis establishment and the following treatments with PBS,
SHED, and SHED-Exo. b Reconstructed 3D micro-CT images of the
upper jaw from the buccal and lingual sides in different groups. The
red dotted line indicates the alveolar bone border. ¢ Sagittal images of

the upper jaw displaying the distance from the cementoenamel junc-
tion (CEJ) to the alveolar bone crest (ABC), indicating the bone loss
and degree of recovery after ligature-induced periodontitis. The red
line shows the distance from the CEJ to the ABC of the mesial and
distal sides of the first molar. (Color figure online)
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the CEJ to the middle root level decreased, and adjacent
gingival tissue showed obvious invagination (Fig. 4a, b).
After the ligature was removed, upon PBS treatment, the
alveolar bone could recover to a certain degree, reaching
the upper root level (Fig. 4c). The bone crest level was
more elevated in the SHED and SHED-Exo groups and
almost recovered to the pre-periodontitis status (Fig. 4d,
e). The gingival tissue was also reconstituted in these two

groups. Masson staining showed newly formed organized
collagen fibers (blue color) in the SHED and SHED-Exo
groups (Fig. 4i, j), as well as in the healthy control group
(Fig. 4f). In the PBS treatment group, bundle-shaped fib-
ers were not observed (Fig. 4g, h). Collectively, these data
suggest that both SHED and SHED-Exo ameliorate peri-
odontitis bone loss.
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Fig.4 SHED-Exo promoted bone formation in vivo. a—e Representa-
tive histological sections of the alveolar bone between the first molar
(M1) and the second molar (M2) stained with H&E. The black dotted

SHED-Exo mildly promoted BMSCs proliferation
and did not inhibit apoptosis

To analyze whether SHED-Exo promote bone regeneration
by stimulating cell proliferation or inhibiting apoptosis,
we examined the effects of SHED-Exo and SHED-CM on
mouse BMSCs by supplementing the culture medium with
PBS, SHED-Exo (1 pg/ml), or SHED-CM. BMSCs grew
slowly at the beginning. On day 3, the absorbance of the
SHED-Exo group was significantly higher than that of the
PBS group, indicating SHED-Exo affect cell proliferation.
From day 5, cells treated with SHED-CM started to grow

>
w
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1 - Control

SHED

SHED-EXO

line indicates the height of the alveolar bone crest. f—j Masson stain-
ing showing the newly formed periodontal ligament collagen fibers in
different groups

more robustly than those treated with PBS, and even more
robustly than those treated with SHED-Exo (P <0.05;
Fig. 5a). Therefore, SHED-Exo mildly increased the cell
proliferation rate, but not as strongly as SHED-CM.

Apoptosis was examined by flow cytometry. Culture
medium was supplemented with PBS, SHED-Exo (1 pg/
ml), or SHED-CM for 24 h. On day 2, camptothecin was
added to the BMSCs for 3 h to induce the early stage of
apoptosis, which can be recognized with positive Annexin
V and negative PI staining (Fig. 5b). SHED-Exo and
SHED-CM decreased the proportion of apoptotic cells
from 32.37 to 23.9% and 22.43%, respectively; for SHED-
CM, this reduction was statistically significant.
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Fig.5 SHED-Exo increased BMSC proliferation. a The prolifera-
tion rate of BMSCs was measured daily from day 1 to day 8. Both
SHED-Exo and SHED-CM promoted cell proliferation. *P <0.05,
**P<0.01 versus the control group; #P<0.05, #P<0.01 versus the
SHED-Exo group, as analyzed by two-way ANOVA followed by
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Tukey’s post hoc test. Error bars indicate SD. b In vitro pre-treatment
with SHED-Exo did not affect the percentage of early apoptotic cells.
*P<0.05, as analyzed by one-way ANOVA followed by Tukey’s post
hoc test. Error bars indicate SD
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SHED-Exo specifically induced BMSC osteogenesis
and reduced the adipogenic ability

We further analyzed the effects of SHED-Exo on the
osteogenic differentiation potential of stem cells. BMSCs
were cultured in either culture medium (Ctrl) or osteo-
genic medium (OM) supplemented with PBS, SHED-Exo
(1 pg/ml), or SHED-CM. After 3 days, Alp and Runx2
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Fig.6 SHED-Exo promoted osteogenic differentiation in BMSCs.
a mRNA levels of Alp and Runx2 in BMSCs cultured in culture
medium (Ctrl) or osteogenic medium (OM) supplemented with PBS,
SHED-Exo, or SHED-CM on day 3, as analyzed by qRT-PCR. Data
are normalized to Gapdh (n=4). *P <0.05, **P <0.01. b Histogram
showing ALP activity on day 7 of different treatments (n=4-6).
*P<0.05, ¥**P<0.01 versus the Ctrl group; #P<0.05, #P<0.01
versus the PBS group. ¢ Representative images and quantification of
Alizarin Red staining of BMSCs treated with SHED-Exo or SHED-
CM (n=6-8). *P<0.05, **P<0.01 versus the Ctrl group; *P <0.05,
#p <0.01 versus the OM PBS group. d Runx2 and Osx mRNA lev-

mRNA levels were increased in the SHED-CM group; no
significant change was observed between the SHED-Exo
and PBS groups (Fig. 6a). After osteogenic induction for
7 days, SHED-Exo started to exhibit its effects on osteo-
genesis. Alkaline phosphatase activity was significantly
upregulated in the SHED-Exo and SHED-CM groups
(Fig. 6b). Moreover, after 14 days of osteogenic induction,
BMSC:s differentiated into osteoblasts that formed mineral
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els were measured by qRT-PCR on day 14. Data are normalized to
Gapdh (n=4). *P<0.05, **P <0.01 versus the Ctrl group; *P <0.05,
#pP <0.01 versus the OM PBS group. e Western blot showing protein
levels of Runx2 in differently treated cells and quantification of the
gray signal intensity. *P <0.05 versus the Ctrl group, as analyzed by
one-way ANOVA followed by Tukey’s post hoc test. Error bars indi-
cate SD. f Western blot analysis showing protein levels of Smad5 and
p-Smad5 in differently treated cells and quantification of the gray sig-
nal intensity. *P <0.05, **P <0.01 versus the Ctrl group, as analyzed
by one-way ANOVA followed by Tukey’s post hoc test. Error bars
indicate SD
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nodules (Fig. 6¢) and exhibited strong expression of the
osteogenesis-related marker genes Runx2 and Osx at the
mRNA and protein levels (Fig. 6d, e). As the time passed,
the SHED-Exo group showed stronger mineral nodule for-
mation potential and Runx2 expression than the SHED-
CM group. To investigate the underlying mechanisms
of the role of exosomes in osteogenic differentiation, we
examined the key factors in the transforming growth factor
(TGF)-p signaling pathway, which is closely involved in
osteogenic differentiation and bone metabolism. Western
blot analysis showed that p-Smad5 was activated in the
presence of exosomes (Fig. 6f). Collectively, these results

A

indicate that SHED-Exo are capable of inducing osteo-
genic differentiation in BMSCs.

Since BMSCs have multi-differentiation abilities, we also
cultured BMSCs in adipogenic medium supplemented with
PBS, SHED-Exo, or SHED-CM for 14 days and observed
the accumulation of lipid droplets and measured the mRNA
expression levels of peroxisome proliferator-activated recep-
tor y (PPARy). Surprisingly, lipid droplets were fewer and
smaller in the SHED-Exo and SHED-CM groups than in the
PBS group (Fig. 7a, b). mRNA levels of PPARy confirmed
that SHED-Exo and SHED-CM significantly decrease adipo-
genic differentiation in BMSCs (Fig. 7¢). Collectively, these

Adipogenesis
Control PBS Exo CM
& 5 : < J s y A . : T { ; *.s.‘ 4 t.}
i K el ;
i " ‘B 3 : i iy o L) &
- o " " & () { aon “-_" e ‘
3 A " B G - ]
g 4 ) =5 3 &? . g
ey . o A - . :
e - 50 um
b o : ha - : e—
B QilRed O C PPARyY
quantification 4-
4- *%k
—
o 34 & 31 T
(o2} c *
c *% ©
o £
G 2- B o 2] #
L) *kk S
2 4. T 2 1. T
N.A 0
Control PBS EXO CM Control PBS EXO CM
Adipogenesis Adipogenesis

Fig.7 SHED-Exo inhibited the adipogenic potential of BMSCs. a
Representative images of cells stained with Oil Red O after cultur-
ing in culture medium (Control) or adipogenic medium supplemented
with PBS, SHED-Exo, or SHED-CM for 14 days. b Quantification
of Oil Red O staining of BMSCs treated with SHED-Exo or SHED-
CM (n=3-4). **P<0.01, ***P<0.001 versus the Control group;
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#P<0.05 versus the Adipogenesis PBS group. ¢ mRNA levels of
PPARYy in cells treated with SHED-Exo or SHED-CM for 14 days,
as analyzed by qRT-PCR. Data are normalized to GAPDH (n=4).
#P <0.05, **P <0.01 versus the Control group; *P <0.01 versus the
Adipogenesis PBS group, as analyzed by one-way ANOVA followed
by Tukey’s post hoc test. Error bars indicate SD
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results indicate that SHED-Exo could promote osteogenic,
but not adipogenic differentiation in BMSCs.

SHED-Exo repressed the expression of inflammatory
cytokines

SHED were previously demonstrated to have immunomodu-
latory functions (Yamaza et al. 2010). We speculated that
SHED-Exo could modulate the immune reaction of their
cells of origin. BMSCs were simulated with LPS (1 pg/ml)
for 24 h. The mRNA levels of inflammation-related genes
were analyzed by qRT-PCR. SHED-Exo and SHED-CM
could significantly decrease IL-6 and TNF-a expression
(Fig. 8a). High concentrations of SHED-Exo (10 pg/ml)
had opposite effects, increasing IL-6 and TNF-a expression
(Fig. 8b), which may enhance inflammation. Representa-
tive immunohistochemistry staining of TNF-« in periodon-
tal defect areas (Supplementary Figure Sla—d), the area
between the first and second molars, showed that SHED-Exo
group could decrease the expression level of TNF-a after
two weeks of treatment.

Discussion

Here, we characterized SHED-Exo and evaluated whether
they possess similar functions as their cells of origin, includ-
ing stimulating cell proliferation, promoting osteogenesis,
modulating inflammation, and increasing the regeneration
of bone tissue in vivo. Although SHED-Exo did not enhance
the multi-differentiation potential of BMSCs (e.g., SHED-
Exo did not stimulate adipogenic differentiation, which is
related to bone ageing and is a risk factor for osteoporo-
sis), they promoted the transcription of osteogenesis-related

genes and the formation of mineralized bone tissue. Based
on these findings, we speculate that SHED-Exo might be a
valuable source for bone regeneration therapies.

It has been established that extracellular vesicles,
exosomes, and microvesicles are released by virtually all
types of cells and mediate cell-cell communications. How-
ever, SHED-Exo have not yet been investigated. First, we
characterized SHED-Exo and showed that their shape, size,
and protein markers were consistent with those of exosomes
of mesenchymal cell origin (Huang et al. 2016; Jiang et al.
2017). We wish to emphasize that SHED, in contrast to other
types of stem cells, are easily accessible, have a strong stem
cell potential, and exhibit a stable telomerase expression
(Seo et al. 2008), even after cryopreservation (Ma et al.
2012). In this study, BMSCs treated with SHED-CM exhib-
ited robust proliferation, which was ~50% higher than in the
PBS group and ~30% higher than in the SHED-Exo group
since day 5. SHED-CM also exhibited significant effects on
the proportion of early apoptotic cells; these effects were
slightly stronger than those of SHED-Exo. Studies have
also proved that SHED are able to induce bone formation,
repair refractory neural injuries (Yamagata et al. 2013), and
elevate the ratio of regulatory T cells (Yamaza et al. 2010).
Moreover, SHED are not ethically controversial and easily
accessible, and their collection is easy, painless, and nonin-
vasive. Under the mechanical force exerted by the erupting
permanent tooth, the deciduous tooth crown, where SHED
are maintained in the living pulp, exfoliate ultimately (Wu
et al. 2020). Thus, exfoliated deciduous teeth could be a fea-
sible cell source for cell-based therapy and an ideal source
for exosome production.

Exosomes have been reported to participate in cancer pro-
gression (Zhang et al. 2015), immune modulation (Milane
et al. 2015), neural degeneration (Zhang and Yang 2018),
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Fig.8 Low doses of exosomes inhibited inflammation. a Relative
mRNA levels of the inflammation-related genes TNF-a and IL-6 in
BMSCs treated with exosomes (Exo) or conditioned medium (CM),
as analyzed by qRT-PCR. Data are normalized to Gapdh. *P <0.05,
##¥P <0.01 versus the control group; *P<0.05, #P <0.01 versus the

LPS group. b mRNA levels of TNF-a and IL-6 in BMSCs treated
with PBS, exosomes (10.0 pg/ml), or exosomes (1.0 pg/ml) in the
presence of LPS (n=4). *P <0.05, as analyzed by one-way ANOVA
followed by Tukey’s post hoc test. Error bars indicate SD
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cell differentiation (Mao et al. 2018), and organ development
(Hayashi and Hoffman 2017; Jiang et al. 2017). In the bone
metabolism environment, it has been shown that pre-osteo-
blast-derived exosomes promote BMSC differentiation into
osteoblasts (Cui et al. 2016), and exosomes from myoblasts
could enhance osteogenic differentiation of pre-osteoblasts
(Xu et al. 2018). Because exosomes can stimulate osteogen-
esis or angiogenesis, specific exosomes have been utilized
in the treatment of osteonecrosis and fractures (Fang et al.
2019; Zhang et al. 2019). In this study, we demonstrated that
exosomes from SHED could promote osteogenic differentia-
tion in BMSCs. SHED-Exo were injected as a therapeutic
tool to treat periodontitis in vivo, and we found that alveolar
bone loss was restored to similar levels to the healthy control
group. Periodontal ligament fibers, which are key elements
in the regulation of the periodontal microenvironment, had
a bundle-like structure after SHED or SHED-Exo treatment,
as shown by Masson staining. However, in the mesial bone
resorption area, neither SHED nor SHED-Exo could restore
alveolar bone loss. An important factor is the anatomical
bone structure of the mesial root, which has a gentle slope
and a thin bony land, as shown in Fig. 2b. As a result, it is
hard to form a bony pocket in the mesial space, as seen in
the distal part, to restrain injected cells or exosomes from
flowing away. Gel-like scaffolds can be applied with SHED-
Exo in further studies to maintain extracellular vesicles in
the bone defect area. We performed in vitro experiments
to corroborate the results from the mouse model. Alkaline
phosphatase activity, Alizarin Red staining, and mRNA lev-
els of osteogenesis-related genes indicated that the ability of
SHED-Exo to stimulate osteogenic differentiation is superior
to that of SHED-CM. Application of SHED-CM for 3 days
showed a higher efficiency in the early induction of osteo-
genic commitment, while SHED-Exo did not. In previous
studies (Tian et al. 2014), it was shown that cells internalize
exosomes via membrane fusion or endocytosis, which may
delay the biological functions stimulated by exosomes com-
pared with conditioned medium. We cannot exclude other
possibility that other biological mechanisms cause this dif-
ference in the early stage, which requires further study. To
explore the underlying mechanism, we tested the TGF-f§
signaling plays, which has been well known in the develop-
ment and maintenance of bone metabolism (Urist 1965).
After stimulation with SHED-Exo, p-Smad5 levels were
signifcantly upregulated. It has been proved that Runx2 is a
target of TGF-p signaling, and cooperation between Runx2
and Smad5 induces the expression of osteoblast-specific
genes. Collectively, we conclude that SHED-Exo partici-
pate in Smad5/Runx?2 signaling and activate osteogeneic
differentiation in BMSCs. This finding was supported by
another study discussing SHED-Exo effects on periodontal
ligament stem cells (PDLSCs). PDLSCs are a major com-
ponent of periodontal structures and could be induced to
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express osteogenic markers with SHED-Exo stimulation
through BMP and WNT signaling pathway (Wang et al.
2020). The bone recovery results we observed in mice peri-
odontal disease experiments, may not only contribute to
BMSCs osteogenic differentiation induced by SHED-Exo,
but also to PDLSCs osteogenesis process.

Interestingly, when we analyzed the adipogenic differ-
entiation of BMSCs, SHED-Exo and SHED-CM showed
inhibitory effects, as lipid droplets were fewer and smaller,
and the expression of adipogenesis-related genes was inhib-
ited. BMSCs can be progenitors of both osteoblasts and
adipocytes. SHED-Exo and SHED-CM enhance osteogenic
differentiation in BMSCs at the expense of adipogenic dif-
ferentiation; the underlying mechanisms will require further
exploration.

Additionally, previous studies focused on the application
of SHED in the treatment of immune disease, such as sys-
temic lupus erythematosus (Yamaza et al. 2010), and to alle-
viate hyposalivation caused by Sjogren syndrome (Du et al.
2019). SHED-CM suppressed the expression of pro-inflam-
matory cytokines, iNOS, and 3-nitrotyrosine and improved
the cognitive function of mice (Yamamoto et al. 2014). We
speculate that SHED-Exo may also carry genetic information
and participate in immunomodulation, as their parent cells.
Exosomes may have both pro- and anti-inflammatory prop-
erties and participate in different stages of the inflammatory
response, communicating with macrophages,(Li et al. 2016)
neutrophils, (Liu et al. 2016) microglia, (Li et al. 2019) and
epithelial cells (Shao et al. 2019), among others. In this ani-
mal study, the expression level of TNF-a in the periodontal
defect area was reduced after two-week treatment of SHED
and SHED-Exo. After inducing inflammation with LPS
in vitro, we showed that SHED-Exo and SHED-CM could
significantly inhibit the expression of pro-inflammatory
cytokines. Similarly to growth factors, the therapeutic effects
of exosomes are dose-dependent within a certain range.
For example, endothelial cell-derived exosomes promoted
angiogenesis in a dose-dependent manner (Nooshabadi et al.
2019). We founded that high concentrations of SHED-Exo
(10 pg/ml) had opposite effects, which is consistent with a
previous study (Smyth et al. 2015). There are few studies
on the toxicity of exosomes. One side effect was reported
by a study in which 200 pg of exosomes was injected into
mice. (Smyth et al. 2015) The mechanisms underlying the
dose-dependent effects of SHED-Exo on inflammation need
further investigation.

In comparison with stem cell transplantation, exosome
treatment, a cell-free therapeutic tool, has several advan-
tages. Exosomes are derived from endocytic compartments,
and hence, avoid the toxicity and immunogenicity issues
raised by biomaterial treatment (Fleury et al. 2014). They
have better endocytosis ability, immunogenicity, and espe-
cially innate biocompatibility (Heusermann et al. 2016; Tian
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et al. 2013). Therefore, they have been utilized as promising
tools for drug delivery and gene therapy (Pitt et al. 2016;
Usman et al. 2018) for multiple diseases, such as Alzhei-
mer’s disease (Alvarez-Erviti et al. 2011) and cancer (Liang
et al. 2019), and in tissue regeneration (Huang et al. 2016).
Furthermore, exosomes are very stable and can be stored for
approximately 6 months without loss of potency (Chaput
et al. 2004).

The therapeutic effects of exosomes have been discovered
because their content, including signaling proteins, lipids,
nucleic acids, and metabolites, can be transported to target
cells and activate downstream signaling pathways. The main
limitation of this study lies in the fact that we did not include
an analysis of the signals or components transferred from
exosomes to target cells. Further experiments will be needed
to unveil the underlying mechanisms of the observed effects
of exosomes.

In summary, the present data are consistent with our
hypothesis that the osteogenic capability of BMSCs is
enhanced by SHED-Exo. Our results improve our under-
standing of the mechanisms by which SHED transplantation
stimulates tissue regeneration and of the potential to utilize
exosomes as a cell-free therapeutic strategy to treat peri-
odontitis and other bone diseases.
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