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Abstract

Background Human mesenchymal stem cells (MSCs) are therapeutic for clinical applications because of their
excellent immunomodulatory and multiple lineage differentiation abilities at tissue injury sites. However, insufficient
number of cells and lack of regenerative properties during in vitro expansion still limit the clinical applicability of MSC
therapies. Here, we demonstrated a preconditioning strategy with trophoblast stem cell-derived extracellular vesicles
(TSC-EVs) to boost the proliferation and regenerative capacity of MSCs.

Methods We employed cell proliferation analyses such as CCK8 and BrdU assays to determine the proliferation-
promoting role of TSC-EVs on MSCs. Osteogenic effects of TSC-EVs on MSCs were assessed by alkaline phosphatase
(ALP) activity, calcium assays, and calvarial bone defect animal models. For skin regenerative effects, skin wound mice
model was exploited to analyze wound-healing rate in this study, as well as immunofluorescence and histological
staining evaluates. We also performed the small RNA profiling and RNA-sequencing analyzes to understand the cel-
lular mechanism of TSC-EVs on MSCs.

Results TSC-EVs significantly promoted MSC proliferation under xeno-free conditions and facilitated the therapeutic
effects of MSCs, including osteogenesis, anti-senescence, and wound healing. Transcriptomic analysis also provided
evidence that specific microRNAs in TSC-EVs and differentially expressed genes (DEGs) in TSC-EV-treated MSCs
showed the possibility of TSC-EVs triggering the regenerative abilities of MSCs with cytokine interaction. Hence, we
found that NGF/Akt signaling mediated the regenerative effects of TSC-EVs on MSCs as a particular cellular signaling
pathway.

Conclusion The results of this study demonstrated the functional properties of TSC-EVs on MSCs for MSC-based
therapeutic applications, suggesting that TSC-EVs may serve as a potential preconditioning source for MSC therapy in
the clinical field of regenerative medicine.
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pathway
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Introduction

MSCs have limited pluripotency and capacity for cell
differentiation compared to embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs).
However, they are easy to obtain from human adult tis-
sues without ethical issues and play an essential role
in tissue repair and organ homeostasis [1, 2]. Follow-
ing the expansion of stem cell therapy using autolo-
gous MSC for tissue regeneration [3]. The population
of MSC in human tissues is insufficient, and obtain-
ing a high cellular yield and maintaining biological
capacity during in vitro expansion remains challeng-
ing [4]. Furthermore, conventional MSC expansion
with fetal bovine serum (FBS) causes immune- and
inflammation-related problems following the exposure
of xenogeneic pathogens from FBS [5]. This necessi-
tates the discovery of a better method with xeno-free
conditions to improve MSC potency in the clinical
field of regenerative medicine. Many researchers have
attempted to upgrade the properties of naive MSCs
using genetic engineering or preconditioning method
[6-8], a genetic modification approach was that over-
express CXCL4/CXCL7 encoding genes to serve pro-
moting the MSCs proliferation and migration abilities
[9]. In addition, different concentrations of oxygen dur-
ing MSC in vitro expansion are related to several MSC
properties; for instance, 1% oxygen promotes prolifera-
tion, stemness, and anti-senescence features, while 2%
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oxygen increases cytokine expression levels to enhance
the angiogenesis of MSCs [10, 11].

Trophoblasts are multifunctional placental cells criti-
cal in pregnancy maintenance and communication
between the fetus and mother [12]. After implanta-
tion, self-renewal and proliferative cytotrophoblasts
appear in the early first trimester (6-9 weeks) and can
help identify trophoblast stem cells (TSCs) [13]. They
have been widely studied in obstetrics and gynecology
because abnormal trophoblast differentiation can cause
several placenta-related disorders during pregnancy
[14, 15]. In 2014, Salomon et al. were the first to assess
nanoparticle-like exosomes released from trophoblasts
and determine the functional activity of trophoblast
exosomes in human uterine spiral artery remodeling
by inducing vascular smooth muscle cell migration for
successful pregnancy [16]. A recent study supports the
pivotal role of trophoblast exosomes in that extracellu-
lar vesicles (EVs) derived from TSCs promote fertility
by regulating endometrial cell receptivity [17]. Moreo-
ver, microRNAs in TSC-EVs regulate the processes of
embryo implantation and the uterine environment,
such as inflammation and angiogenesis [18]. Thus,
TSC-EVs have a regulatory ability to change the mor-
phology and physiological state of cells, consequently
leading to tissue remodeling. However, TSC-EV appli-
cations in tissue engineering and regenerative medicine
have received little attention.
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Herein, we explored the effects of TSC-EVs as a precon-
ditioning source on MSC properties. We also determined
the role of the NGF/AKT pathway in the regenerative
effect of MSCs via TSC-EV treatment.

Materials and methods

Preparation of serum-free CM and EVs

TSCs and MSCs were maintained in a growth medium
with exosome depleted FBS (Gibco, Grand Island, NY,
USA) until 60-70% confluence. The cells were then incu-
bated in growth medium without FBS for 24 h after three
washes with PBS. CM collected from TSCs and MSCs
was centrifuged at 300X g for 10 min and then followed
second centrifugation at 2,000x g for 10 min to discard
the cell debris. The serum-free CM of each stem cell was
prepared for the experiment by filtering using a 0.22-um
pore filter (syringe filter; Corning, NY, USA). EVs were
isolated from serum-free CM using the ultracentrifuge
method with differential centrifugation steps as previ-
ously reported [19]. Briefly, CM was ultracentrifuged at
10,000 g for 30 min and then serially followed by two
ultra-centrifugations at 100,000 x g for 70 min to purify
the EVs. EVs were prepared by resuspension in PBS. The
particle size and concentration of EVs were measured
by nanoparticle tracking analysis (NTA). The morphol-
ogy and expression of exosome marker proteins of EVs
were determined using transmission electron microscopy
(TEM) and western blotting, respectively. The detailed
methods for NTA and TEM can be found in the Supple-
mental Methods section.

Cell culture

Human TSCs were obtained from American Type Cul-
ture Collection (ATCC) (HTR8-SVneo, CRL-3271; VA,
USA) and cultured in RPMI-1640 (Gibco) supplemented
with 5% FBS (Gibco) and 1% penicillin/streptomycin
(10,000 U/mL) (Gibco) at 37 °C with 5% CO,. The human
MSCs used in this study, including bone marrow-derived
MSCs (BM-MSCs), umbilical cord-derived MSCs (UC-
MSCs), and adipose tissue-derived MSCs (AD-MSCs),
were purchased from PromoCell (PromoCell; Heidelberg,
Germany). All cells were grown in MEM (Gibco) medium
supplemented with 5% FBS and 1% penicillin/strepto-
mycin (10,000 U/mL) (Gibco) was used for cell culture.
Serum-free medium (SFM) indicates FBS-excluded
growth medium, which does not contain animal-derived
materials. All cells were maintained in a humidified
atmosphere at 37 °C with 5% CO,,

Cell proliferation assay

MSCs (1x10* cells/well) were seeded into 96-well plates
with SFM in the presence or absence of TSC-CM or EVs
for 24 and 48 h, respectively. Cell Counting Kit (CCK) 8
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(Dojindo Laboratories, Kumamoto, Japan) solution was
added to each well and then incubated for 2 h at 37 °C.
The optical density of the live MSCs was measured at
450 nm using a microplate spectrometer. For bromod-
eoxyuridine (BrdU) staining, MSCs were cultured in the
presence or absence of TSC-CM or EVs for 24 h in SFM,
and BrdU (Sigma) was added to the cells before the end
of the culture. The cells were then incubated with anti-
BrdU antibody (Invitrogen) for 20 h at 4 °C, followed by
immunofluorescence staining. Proliferative cells were
determined by the ratio of fluorescence-positive cells in
three different fields of images. MSCs were pretreated
with anti-nerve growth factor (NGF) (R&D system, Min-
neapolis, MN, USA) for 1 h followed by treatment with
TSC-EVs.

Small RNA-sequencing analysis

Total RNA was extracted from exosomes using the mir-
Vana microRNA isolation kit (Life Technologies, MD,
USA), and small RNA profiling was performed on the
[lumina platform (Illumina, CA, USA) in accordance
with the SMARTer smRNA-Seq Kit (Takara Bio USA,
CA, USA) for the Illumina user manual. The exosomal
RNA derived from TSCs and MSCs (200 ng) was sub-
jected to polyadenylation, cDNA synthesis, and poly-
merase chain reaction (PCR) amplification (16 cycles).
Raw sequence reads were filtered to remove rRNA and
adapter sequences. The trimmed reads were aligned with
the reference genome using miRNBase v22.1, STAR,
and RNAcentral 14.0, for classification [20—-22]. Bowtie
aligner and miRDeep2 were used to predict novel micro-
RNAs or to quantify the read count of microRNAs [23,
24]. Differentially expressed microRNAs were identified
by comparing the read count values of microRNAs using
statistical methods, such as fold-change (>twofold) and
p-value (<0.05). The mirDIP database was used to predict
the target genes of microRNAs [25]. The selected micro-
RNA target genes with high stringency were presented in
at least five databases and were above the top two-thirds
in confidence, as curated by miRDIP.

RNA-sequencing

Total RNA was isolated from control MSCs and TSC-
EV-treated MSCs for 48 h. DNA contamination in Total
RNA was removed using DNase, and RNA was quanti-
fied using the Quant-iT RiboGreen assay (Invitrogen).
Transcriptomic study of MSCs, either TSC-EV-treated
MSCs or control MSCs, was performed using the TruSeq
Stranded mRNA Library Prep kit, as previously reported
[26]. Briefly, the TruSeq Stranded mRNA Reference
Guide (Illumina, part number 1000000040498v00, San
Diego, CA, USA) was used to construct a transcrip-
tome library according to the manufacturer’s protocol.
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Fragmented RNA (1 pg) was reverse transcribed to gen-
erate cDNA and different adapters were attached to both
ends of the cDNA fragment and ligated. The final cDNA
(200-400 bp) was isolated after PCR amplification using
the KAPA Library Quantification kits (Kapa Biosystems,
MA, USA), and paired-end sequencing was performed.
Low-quality sequences, such as adapter sequences,
contaminant DNA, and PCR duplicates were removed
by mapping the reference genome of Homo sapiens
(GRCh38) sequences using the HISAT?2 program (v2.1.0)
[27]. After quality control using HISAT2, aligned reads
were assembled using the StringTie2 program (v2.1.3b)
to quantify and normalize the relative expression levels
of genes by considering read count, transcript length, and
depth of coverage [28]. Statistical analysis using Benja-
mini, and Hochberg algorithm (p<0.05) was performed
to determine the differentially expressed genes (DEGs)
between the two groups. DEGs were further investigated
for functional biological processes and pathways via bio-
informatic analysis. Multidimensional Scaling (MDS)
plots were generated from normalized log values of genes
in each group that expressed different variabilities of the
two components (MDS 1 and 2) to evaluate the similarity
among biological replicates.

Bioinformatic analysis

The Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID) and Kyoto Encyclopedia of
Genes and Genomes (KEGQ) were used to determine the
gene ontology (GO) and enriched biological pathways for
significant genes [29, 30]. Gene Set Enrichment Analy-
sis (GSEA)/Molecular Signatures Database (MSigDB)
was used to statistically define the set of genes between
control MSCs and TSC-EV-treated MSCs based on a sig-
nificant enrichment score using the false discovery rate
(EDR) [31].

The miRNA target genes were further analyzed using
the DAVID and PANTHER tools to identify enriched
biological functions using GO annotations and path-
way analysis [32]. Only GO terms and pathways whose
expression showed more than two-fold change and statis-
tical implications (p < 0.05) were regarded as exerting bio-
logical influences. The Benjamini and Hochberg method
using the FDR threshold (p<0.05) was used to calcu-
late the adjusted p-value. ClueGO was used to visualize
the enriched biological processes and pathways of the
miRNA target genes [33]. Pathway analysis of functional
protein—protein interactions was conducted using the
STRING database [34]. The results showed a full string
network that applied the species limited to “Homo sapi-
ens” with high confidence (0.7) and statistical significance
(FDR-adjusted p <0.05). Cytoscape software version 3.9.0
was used to visualize the ClueGO and STRING networks
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[35]. The steps of transcriptomic studies are shown by a
flowchart (Figure S1A and B).

Osteogenic differentiation of MSCs

Bone marrow-derived human MSCs (1x10° cells/well)
were seeded in 24-well plates with growth medium and
cultured until 95% confluency. The growth medium was
replaced with osteogenic induction medium (OIM). OIM
contains additionally 10 nM dexamethasone (Sigma),
0.2 mM ascorbic acid (Sigma), and 10 mM B-glycerol
phosphate (Sigma) in the growth medium. Fresh OIM
was replaced every 2-3 days during culture. The activ-
ity of alkaline phosphatase (ALP) was determined using
a SensoLyte pNPP Alkaline Phosphatase Assay Kit
(ANASPEC, Fremont, CA, USA) according to the manu-
facturer’s protocol. Briefly, cells were washed and lysed
with a lysis solution containing 0.5% Triton. pNPP ALP
was added to the samples, and the color changes were
measured at 405 nm wavelength using a microplate
reader. The calcium deposition on cells was decalcified by
0.6 N HCI and determined using Quanti Chrom Calcium
Assay kit (DICA-500; BioAssay Systems, Hayward, CA,
USA) according to the manufacturer’s instructions. The
color changes according to different calcium contents
were evaluated using a microplate reader with 612 nm
absorbance. To determine the rate of mineralization, the
cells were stained with Alizarin Red S solution (Millipore,
Darmstadt, Germany) for 15 min after fixation in 4% par-
aformaldehyde for 10 min. Red color-stained cells were
imaged and de-stained with 100 mM cetylpyridinium
chloride (Sigma), and the different color changes were
quantified using a microplate reader at 570 nm.

A rat calvaria defect model

All animals were housed in a standard pathogen-free
facility at the animal research center of Korea University
Guro Hospital and followed the guidelines of the Insti-
tutional Animal Care and Use Committee (IACUC) for
animal ethics and welfare. The experimental protocols
for animal experiments were approved by the IACUC of
Korea University (KOREA-2020-0030). For the critical
bone-defect model in rat calvaria, 8-week-old Sprague-
Dawley rats were used. A circular (6-mm diameter) criti-
cal defect was created in the parietal skull bones using
a trephine bur. The excised calvaria bone was removed,
and the precultured MSCs (1x10° cells/scaffold) in the
Protinet scaffold (Danagreen, Seoul, Korea) with or with-
out TSC-EVs for 5 days were immediately implanted in
the defect region. The defect-only group was used as the
control group. The surgical area of the calvarial bones
was sutured and bone regeneration was determined after
8 weeks. A microcomputed tomography (micro-CT)
instrument (SKYSCAN 1176, Bruker; resolution of 9-um
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pixel/0.5 mm AI) was used to evaluate the bone forma-
tion of defective sites before histological study.

Histological analysis

For histochemical analysis, skull bone was decalcified
in 10% EDTA (pH 7.4) for 14 days after fixation in 10%
formalin. Tissue samples were then embedded in paraf-
fin and sliced at 5-pm thickness using a rotary microtome
(RM2255, Leica). After deparaffinization and dehydra-
tion of the tissue sections, hematoxylin and eosin (H&E)
and Masson’s trichrome (MT) staining were performed.
For H&E staining, staining with hematoxylin solution
(Sigma) for 5 min and washing with tap water were
performed, immediately soaked in an Eosin-Y solution
(Sigma) for 1 min, and washed with tap water. For MT
staining, the tissue sections were immersed in hema-
toxylin solution for 10 min, serially followed the steps by
washing with acetic acid (1%) (Sigma), incubation in acid
orange G solution (Sigma), and final staining with light
blue for 5 min. The stained images were obtained using
an H-filter in color mode.

Senescence associated beta-galactosidase (SA 3-gal) assay
MSCs (1x10° cells/well) were seeded into 6-well plates
with SFM and incubated in the presence or absence of
TSC secretomes for 24 h. The cells were then stained
with SA B-gal solution (Sigma) after fixation. Three dif-
ferent images were taken from each group, and the high,
low, and negatively stained cells were quantified.

Wound-healing assay

The in vivo wound-healing assay was performed as pre-
viously described [36]. Briefly, BALB/c mice were anes-
thetized, the skin on the dorsal surface was excised under
the panniculus carnosus muscle, and a full-thickness
wound (10 mm diameter) was created. MSCs (1x10°
cells) were immediately implanted into the injured area
with TSC-CM, MSC-CM, TSC-EVs, MSC-EVs, or TSC-
EVs+anti-NGF. Anti-NGF was pretreated to the wound
area with MSCs for 1 h, and then TSC-EVs were added
to the injury site. The wound area was measured every
3 days until day 15 and calculated using a previously
reported formula [37]: % of wound area=(total wound
area — present wound area)/total wound area X 100.

Quantitative real-time PCR

Total RNA (1 pg) was converted to cDNA (20 uL) using
the PrimeScrip first-strand ¢cDNA Synthesis Kit (Takara
Bio, Tokyo, Japan), and real-time (RT)-PCR) was per-
formed using the ABI Prism 7500 Detection System
(Applied Biosystems, CA, USA) according to the manu-
facturer’s protocol. Gene expression levels were normal-
ized to that of GAPDH, and relative gene expression was
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analyzed using the 2 24 method [38]. Specific primer
sequences are listed in Supplementary Table 1.

To confirm the miRNA sequencing results, miR-1246
(probe info; 483023_mir) (Thermo Fisher Scientific,
MA, USA), miR-335-5p (probe info; 478324_mir), miR-
144-3p (probe info; 477913_mir), and miR-150-5p (probe
info; 477918_mir) were quantified as exosomal miRNAs
derived from TSC-EVs and MSC-EVs. ¢cDNA was syn-
thesized using a Superscript II RT-PCR System (Invit-
rogen). Subsequently, qRT-PCR was performed using
an ABI PRISM 7900HT sequence detection system with
a Universal Master mix (Applied Biosystems). All PCR
were performed in triplicate, and the data were analyzed
using Sequence Detector software (Applied Biosystems).
Cel-miR-3p (478291_mir) was used as a control for the
relative quantification of miRNAs, and the data were nor-
malized and compared using the 2 "4 method.

Western blotting and immunofluorescence staining

For western blotting, cells and EVs were lysed using RIPA
buffer (Invitrogen) with protease and phosphatase inhibi-
tors (Roche, Indianapolis, IN, USA), and protein con-
centrations in each sample were calculated using Quick
Star Bradford dye reagent (Bio-Rad, Hercules, CA, USA).
Equal amounts of protein samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred to a PVDF membrane (Bio-Rad). The
membranes were blocked with 5% (w/v) skim milk and
0.1% Tween-20 in Tris based buffer for 30 min and then
incubated with primary antibodies for 20 h at 4 °C. The
membranes were probed with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temper-
ature, and the protein expression bands were observed
using chemiluminescence (Bio-Rad). Full-length original
blots are included in the Supplementary Information.

For immunohistochemical staining, the rehydrated
sections or cultured cells were permeabilized with 0.4%
Triton for 5 min. After blocking with 0.3% bovine serum
albumin (Sigma) for 30 min, samples were incubated
with primary antibodies for 2 h at 4 °C and applied in
fluorescence-conjugated secondary antibodies for 1 h
in the dark. Finally, the samples were mounted using
Fluoroshield with DAPI (Sigma), and immunofluores-
cence images were captured using a Zeiss LSM 700 con-
focal microscope. The antibodies used in this study are
listed in Supplementary Table 2.

Statistical analysis

All quantitative experiments were performed using
triplicate samples, and the data are presented as the
mean =+ standard deviation. Student’s t-test and one-way
ANOVA with post-hoc Tukey’s tests were used to deter-
mine statistical differences among the experimental
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groups. Statistical significance was considered at

*p<0.05, *p<0.01, and ***p <0.001.

Results

TSC-CM and -EVs induce proliferation ability of MSCs

To determine the potential of the TSC-derived
secretomes to sense MSCs proliferation, TSC-derived
conditioned medium (TSC-CM) and extracellular vesi-
cles (TSC-EVs) were isolated using a serial ultracentrif-
ugation method (Figure S2A). EV surrounded by a lipid
bilayer with 100-150 an average diameter was observed
by TEM and NTA (Figure S2B, C). We determined the
specific exosome marker proteins (ALIX, CD63, and
CD81) and yield of EVs from TSCs and MSCs (Figure
S2D, E).

MSCs are well-known multipotent stem cells that can
be applied in clinical fields, but it is necessary to expand
the cells to xeno-free conditions before use. To address
this, TSC-CM, -EVs, and MSC-CM, -EVs were first pre-
pared in SFM to maintain the xeno-free culture of MSCs
(Fig. 1A). MSC-CM and -EVs were used as the positive
control in this study. BM-MSCs were cultured in TSC-
CM at various concentrations for 24—72 h, after which
the proliferation efficacy of MSCs was determined. High
accumulation of MSCs was detected (Fig. 1B, S3A), and
the analysis of cell proliferation showed that the addition
of TSC-CM significantly induced the growth potential
of MSCs in a time- and dose-dependent manner (Fig-
ure S3B). The rate of cell proliferation in cultured MSCs
with SEM was significantly decreased compared to that
in FBS-containing growth medium (GM) (Figure S3C),
but TSC-CM treatment overcame the harsh condition of
MSCs culture without animal supplementation and sig-
nificantly increased the proliferation of MSCs (Fig. 1C).
Compared to the TSC-CM treatment, MSC-CM did
not provide sufficient conditions for MSCs cultured in
SEM for cell proliferation (Fig. 1D). TSC-CM also stimu-
lated the proliferation rate of UC-MSCs and AD-MSCs
as well as BM-MSCs under SFM conditions (Fig. 1E, E,
G). Furthermore, TSC-EVs also enhanced the prolif-
eration potential of MSCs cultured in SFM, as analyzed
by the CCK assay (Fig. 1H). We examined the prolif-
erative ability of TSC-CM and TSC-EVs and found that
TSC-EV treatment significantly increased MSCs pro-
liferation compared with TSC-CM (Fig. 1I). This might
indicate that TSC-EVs compactly possess the active
biological components of the TSC-derived secretome.
TSC-EV internalization by MSCs was detected after
incubation between Dil-labeled TSC-EVs and MSCs
in vitro (Fig. 1J). The number of BrdU-positive cells in
SFM-cultured MSCs treated with TSC-EVs was markedly
increased compared to those in the SFM control medium,
TSC-CM-, and MSC-EV-treated groups (Fig. 1K, L and
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S3D, E). Overall, these results indicate that TSC-CM and
-EV treatment provided a suitable environment for xeno-
free MSCs cultivation.

MicroRNAs in TSC-EVs exhibit regenerative capacity
MicroRNA-containing EVs can modulate gene expression
by regulating target mRNAs during the post-transcrip-
tional process, thereby influencing cell fate decisions, as
well as overall tissue remodeling and regeneration [39,
40]. Moreover, the composition and number of small
RNAs including microRNAs in exosomes vary depend-
ing on cell type and cellular status, which can exert
various biological effects [41]. Therefore, small RNA-
sequencing was performed to investigate the functional
properties of TSC-EVs in cellular processes and compare
the microRNA profiles of EVs derived from both TSCs
and MSCs. Raw sequencing reads were trimmed, and
504,465 (2.08%) and 44,348 (0.51%) microRNA sequences
for TSC and MSC, respectively, were identified (Table
S3). Figure 2A shows the differential RNA composition
between TSC- and MSC-EVs; TSC-EVs contained 71%
small nuclear RNA (snRNA), while MSC-EVs contained
77% ribosomal RNA (rRNA).

The differentially expressed microRNAs in TSC-EVs
compared to the microRNAs expressed in MSC-EVs
were determined. The 132 microRNAs (UP:61, Down:71)
were differentially expressed in TSC-EVs (Fig. 2B), and
the sequencing results were confirmed using quantitative
RT-PCR (Fig. 2C, S4A). We found different microRNA
compositions of these two types of stem cell-derived
EVs from the list of identified microRNAs in each EV
(Fig. 2D); the top four microRNAs in TSC-EVs, miR-
1246, miR-1290, let-7b-5p, and miR-423-5p, accounted
for 97.5% of all EVs microRNAs; they were mostly found
in TSC-EVs. Numerous other microRNAs were found
in TSC-EVs, but the remaining 93 miRNAs had a very
small proportion of total reads (0.01% to 0.56%) (Sup-
plemental Information — Excel Table 1), which is unlikely
to exert significant biological effects on cells. Thus,
we selected the top four microRNAs most abundantly
expressed in TSC-EVs and used DAVID to examine the
relevance of each microRNA and its biological function.
The targets of overexpressed miR-1246 were linked to
nervous system development, growth factor response,
histone/DNA modification, stem cell regulation, and
the Wnt signaling pathway (Fig. 2E). Other biologi-
cal processes and pathways related to angiogenesis, cell
proliferation, cell adhesion, wound healing, and Hippo
signaling were also significantly enriched. STRING and
ClueGo analysis consistently visualized the protein net-
works using functional enrichment of targets predicted
from the majority of four TSC-EV microRNAs (Fig. 2F,
S4B, and C). The GO terms and KEGG pathways were
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Fig. 1 Promoting effect of TSC-derived secretome on MSC proliferation in SFM. A Scheme of CM and EV collected from TSC and MSC. B

Morphological changes in TSC-CM treated MSCs during growth. Scale bars, 50 um. € Dose-dependent TSC-CM treated to MSCs in SFM; then, the
percentage of cell proliferation was determined at 24 h and 48 h by CCK8. D Different morphology and (E) growth rate of BM-MSCs on MSC-CM
and TSC-CM treated MSCs in SFM, respectively. Scale bars, 50 um. F UC-MSCs and (G) AD-MSCs were cultured with MSC-CM or TSC-CM for 48 h

in SFM. The proliferation rate was analyzed by CCK8. H Determination of cell proliferation for dose-dependent TSC-EV treated to MSCs in SFM was
performed by CCK8. 1 The rate of cell proliferation was compared in MSCs treated with TSC-CM, EV-depleted TSC-CM, and TSC-EV. J Internalization
of Dil-labeled TSC-EV (green) onto MSCs was evaluated by immunofluorescence detection. DAPI, blue; plasma membrane, red. Scale bars, 10 um.
K Representative images of BrdU-positive cells (green) in MSC cultured with TSC-EV for 24 h in SFM. Scale bars, 125 um. L BrdU-positive cells were
counted. MSCs culture with SFM-only was used as control. Error bars presented the mean and SD. (n=3; *p <0.05, **p <0.01, and ***p <0.001)

analyzed to compare the significant biological influences
of these top microRNA (read counts greater than 1%)
target genes between TSC-EVs and MSC-EVs, indicating
that TSC- and MSC-EVs have distinct biological effects

that are triggered by different microRNA compositions
(Fig. 2G, S4D-@). Analysis of the microRNA landscape of
TSC-EVs suggests that microRNAs in TSC-EVs have dif-
ferent biological properties than MSC-EVs and can exert
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Fig. 2 Exploring possible bioactivity of TSC-EVs in MicroRNA profiling (A) Venn diagram comparing the different compositions of small RNAs
identified in TSC- and MSC-EV. B Differentially expressed microRNAs in TSC-EV compared with MSC-EV were represented by the volcano plot based
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regenerative effects by regulating the expression of their
target genes.

Transcriptome analysis of possible regeneration properties
of TSC-EVs on MSCs

We also performed RNA-sequencing (RNA-seq) analy-
sis to better understand the regenerative capacities of
TSC-EVs to improve the therapeutic functions of MSCs.
The results of MDS and heat map analysis showed that
TSC-EV treatment activated DEGs with statistical signifi-
cance (Fig. 3A, B). TSC-EV-treated MSCs differentially
expressed 425 genes, of which 229 genes were upregu-
lated and 196 genes were downregulated (Fig. 3C). KEGG
pathway analysis based on DEGs revealed that TSC-EVs
activated neuroactive ligand-receptor interactions (e.g.,
Npy4r, Cckar), cytokine receptor interactions (e.g., Ngfr,
IL6, Col4a3), and PI3K-Akt signaling (e.g., Ngfr, IL6,
Ccl2, Lif) (Fig. 3D and S5A-C). Moreover, three GO cate-
gories were enriched in extracellular matrix organization
that were involved in the structural changes of the MSCs
microenvironment via TSC-EV treatment (Fig. 3E, S5D,
E). The GSEA analysis indicated significantly up- and
downregulated biological processes in TSC-EV-treated
MSCs, positively related to ossification, cytokine inter-
action, wound healing, and negative regulation of adipo-
genesis (Fig. 3F, G). These results indicate that TSC-EVs
possibly activated cytokine interaction related pathway in
MSCs such as NGER and Akt signaling, which could trig-
ger the regenerative activities of MSCs in bone regenera-
tion and wound healing processes.

TSC-EVs promote bone regenerative efficacy of MSCs

To elucidate whether TSC-EVs positively regulate the
osteogenesis of MSCs, MSCs were treated with TSC-
EVs during in vitro osteogenesis. The results showed that
TSC-EV treatment significantly increased the accumula-
tion of ALP and calcium in MSCs in the early and late
stages of osteogenesis (Fig. 4A, B). The relative expres-
sion of osteogenesis-associated genes, such as Ibsp,
Runx2, Osterix, Ocn, and Opn were also all upregulated
during osteogenesis of MSCs (Fig. 4C, D, E, F, G, H). A
significant increase in mineralization was observed in
TSC-EV-treated MSCs (Fig. 41, J), and additional treat-
ment of TSC-EVs with TSC-CM showed a synergistic
effect on the ALP activity of MSCs during in vitro oste-
ogenesis (Fig. 4K). We next evaluated the bone-forming
ability of TSC-EV-treated MSCs using a rat calvarial
defect model. The in vitro culture of MSCs onto scaf-
folds with or without TSC-EVs for 5 days took prec-
edence in experimental processes and subsequently
implanted into the rat calvarial-defect regions (Fig. 5A,
S6A). Bone morphogenetic protein 2 (BMP2), an FDA-
approved stimulator for bone regeneration [42], was
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applied to MSCs that were used as controls with scaf-
fold-only and MSC-only groups, without TSC-EV treat-
ment (hereafter termed the MSC+ BMP2, scaffold, and
MSC groups, respectively). Micro-CT evaluation was
performed after 8 weeks, and regenerative bone tissues
were found in the TSC-EV-treated MSCs (MSC+ TSC-
EV) groups compared with those in the controls (Fig. 5B,
C). Quantification of defect area and diameter was sig-
nificantly reduced in the MSC+TSC-EV group com-
pared to that in the MSC+ BMP2 group, which indicates
an excellent regenerative effect of TSC-EVs on MSCs
during bone tissue formation (Fig. 5D, E). Moreover,
fluorescent signals from human-specific lamin A/C on
MSCs were significantly detected in the MSC+TSC-EV
group (Figure 5F, G). The results of histological analysis,
including H&E and trichrome staining, also showed a
significant increase in newly calcified bone tissues in the
MSC+TSC-EV group compared with controls (Fig. 5H,
I). Intensive staining of new bone tissue in the rat calva-
rial defect region in MSC +TSC-EVs clearly showed two-
fold higher bone accumulation than the MSC+BMP2
group (Fig. 5J). Osteocalcin (OCN), which is a bone-
specific marker protein [43] was highly expressed in the
MSC-laden scaffolds treated with TSC-EVs compared
with the control groups (Fig. 5K, L, S6B). These results
indicate that TSC-EV treatment of MSCs significantly
promoted the ossification ability of MSCs, which led to
rapid bone regeneration.

TSC-EVs improve anti-senescence effects and stemness
activity of MSCs

MSCs are continuously aged at multiple passages in vitro,
and senescent cells have a negative effect on regenerative
capacities and aberrant age-related issues, such as tumor
formation [44, 45]. Next, we explored the anti-senescence
effect of TSC-EVs on MSCs and their proliferation-pro-
moting efficacy during in vitro expansion. To determine
the inhibitory role of the TSC-derived secretomes on
cellular senescence, late-passaged MSCs (P9-10) were
treated with TSC-EVs or -CM, and SA-P-gal activity
was detected. SA-B-gal staining was used as a detection
method for senescent cells [46]. TSC-EVs markedly dis-
appeared the stained area of SA-B-gal in late-passaged
MSCs (Fig. 6A), and the percentage of highly stained
cells was significantly reduced in the TSC-CM- and -EV-
treated groups compared to those in the MSC-CM and
untreated GM groups (Fig. 6B). A significant increase of
SA-B-gal unstained cells was also observed in TSC-CM-
treated MSCs even in SFM conditions (Fig. 6C, S7A).
We further evaluated the expression levels of stemness-
associated genes, including Oct4, Nanog, Sox2, and Kif4,
which were all significantly elevated in TSC-CM- and
-EV-treated MSCs compared to the control (Fig. 6D).
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Fig. 3 Transcriptomic analysis of TSC-EV-induced regenerative capacity on MSCs. A MDS plot of RNA-seq result represents the distinct cluster
correspond to the differences in differentially expressed genes (DEG) between MSCs (red) and TSC-EV-treated MSCs (blue). The three replicates in
each group show the close distance. B The heatmap clustering data visualize the change in differential gene expression levels across TSC-EV-treated
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of significant genes. E The enriched molecular function in TSC-EV-treated MSCs is showed with adjusted p-value and gene expression ratio. F

Gene set enrichment analysis (GSEA) in MSCs [A] and TSC-EV-treated MSCs [B] were subjected with enrichment score based on significance.
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Moreover, apoptosis and senescence-related p53 genes
were significantly downregulated in TSC-CM- and -EV-
treated MSCs (Fig. 6E). Altogether, these results dem-
onstrated that TSC-CM and -EV treatment inhibited
cellular senescence and reactivated the self-renewal
activity of MSCs.

TSC-CM enhance therapeutic potential of MSCs on skin
wound

MSCs and MSC-CM are known to have regenerative
potential in skin wound healing [47]. We next compared
the regenerative capacity of MSC-CM and TSC-CM in an
animal skin wound model. MSCs were implanted into the
skin wound area with TSC-CM or MSC-CM, and then
followed every 3-day treatment with each cell-derived
CM for 15 days (Fig. 6F). The injured area in the SFM-
only, MSC-CM, and TSC-CM-treated groups was meas-
ured (Fig. 6@G), and a significant decrease in skin wounds
was observed in the TSC-CM-treated group after day
10 (Fig. 6H, I, and S7B). High accumulation of MSCs at
the wound site were observed in the TSC-CM-treated
group using the human-specific marker lamin A/C,
indicating that TSC-CM positively affected MSC viabil-
ity in vivo (Fig. 6], K). As expected, histological analysis
also showed that TSC-CM treatment effectively restored

<0.01, and **p<0.001)

injury to skin tissue, and damaged epithelial and dermal
regions were remarkably healed in the TSC-CM-treated
group compared to those in the controls (Fig. 6L-O and
S7C, D). Additional treatment with TSC-CM stimulated
the synthesis of dermal collagen, which was also detected
(Fig. 6P, Q, S7E). Based on these data, we investigated the
regenerative potential of MSCs resulting from the thera-
peutic efficacy of TSC-CM treatment during skin wound
healing.

TSC-EVs drive activation of NGF/Akt pathway

in therapeutic effects of MSCs

Based on RNA-sequencing results in the TSC-EV-treated
MSCs, we found a highly upregulated nerve growth factor
receptor (NGFR) gene, which was confirmed by real-time
PCR (Fig. 7A). It has been studied the effects of NGF on
MSCs, NGF has the biological and therapeutic effects of
MSCs, including their proliferation, anti-apoptosis, mul-
tiple-differentiation capacity [48, 49]. In particular, intra-
cellular Akt signaling is activated by NGF-NGEFR binding
to MSCs, which promotes the survival, proliferation, and
osteogenesis of MSCs [50-52]. Therefore, we further
determined the functional role of NGF/Akt signaling in
the proliferation and regenerative capacity of TSC-EVs in
MSCs. As expected, NGF was detected in TSC-EVs, and
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Fig. 5 Bone regeneration effects of TSC-EVs on MSCs (A) Schematic representation of the experimental processes for rat calvaria bone-defect
modeling with TSC-EV-treated MSC-laden scaffolds. Horizontal (B) and coronal (C) micro-CT images of calvaria bone-defect in scaffold, MSC,
MSC+BMP2, and MSC+TSC-EV. The defect area (D) and diameter (E) of calvaria bone-defect were measured. Defect only of the skull bone was
used as a control. F Representative fluorescent images of lamin A/C in MSC, MSC 4+ BMP2, and MSC+TSC-EV laden groups. G The intensity of
lamin A/C expression was determined by imageJ. Histological appearance of new bone formation within calvaria bone defects was analyzed

by hematoxylin and eosin (H) and trichrome staining (I) in defect, scaffold, MSC, MSC+BMP2, and MSC+TSC-EV. The red line presented the
boundary of the defect region. Scale bars, 1000 um. J The percentage of histological stained area in defect regions determined with all groups. K
Representative images of immunofluorescence-stained osteocalcin (green) in scaffold, MSC, MSC+BMP2, and MSC+TSC-EV. Scale bars, 10 pm.
L Fluorescence intensity for osteocalcin was measured in each group. Data presented the mean values and SD from four to eight rat per group.

(*p<0.05,**p<0.01,and ***p<0.001)

the expression levels of p-Akt were increased by TSC-
EV treatment of MSCs (Fig. 7B, C). Upregulated NGFR
mRNA levels in TSC-EV-treated MSCs were gradually
decreased by dose-dependent treatment with an anti-
body against NGF (anti-NGF) (Fig. 7D), and the level of
p-Akt was also decreased in the TSC-EV with anti-NGF
group (Fig. 7E). It is known that anti-NGF intervenes in

the cellular binding of NGF-NGER to abolish the effect
of NGF on cells [53]. Pre-treatment with anti-NGF did
not affect cellular toxicity in MSCs in this study (Figure
S8A). These results indicated that anti-NGF neutralized
NGF in TSC-EVs, which followed the suppression of
NGEF/Akt signaling in MSCs. Next, we verified whether
NGEF/Akt signaling in TSC-EV-treated MSCs is involved
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in the proliferation- and regeneration-promoting effects
of TSC-EVs on MSCs. The percentage of cell prolifera-
tion and BrdU-positive cells were significantly reduced
in the group of TSC-EVs with anti-NGF compared with
only TSC-EV-treated MSCs (Fig. 7F, G, H, I). The thera-
peutic potential of TSC-EVs on wound healing was ana-
lyzed in our transcriptome analysis (Figs. 2 and 3), which
also confirmed that anti-NGF treatment significantly
inhibited the wound-healing effect of TSC-EVs (Fig. 7],
K, S8B). Furthermore, the osteogenic efficacy of TSC-EVs
on MSCs also returned to the OIM group in the group
of TSC-EVs with anti-NGF (Fig. 7L, M), indicating that
NGEF/Akt signaling offset the effect of anti-NGF treat-
ment on TSC-EVs. However, the anti-senescence effect
of TSC-EVs was not affected by NGF signal activation
(Fig. 7N, O). Overall, anti-NGF treatment significantly
attenuated the substantial effects of TSC-EVs on MSCs,
such as growth, wound healing, and osteogenesis, sug-
gesting that the proliferation and regenerative effects
of TSC-EVs were mediated by the NGF/Akt pathway in
MSCs.

Discussion

Stem cell-derived EVs can also sufficiently modulate stem
cell properties, such as stem cell maintenance, repro-
gramming, proliferation, differentiation, and migration
abilities, and because of these effects, they could be a
suitable, safe, and efficacious alternative in regenerative
medicine compared to stem cell transplantation therapy
[54, 55]. Specifically, EVs derived from pluripotent stem
cells, such as ESCs and iPSCs, can regulate MSC prop-
erties to promote therapeutic effects [56, 57]. ESC-EVs
have positive effects on the proliferation potential and
senescence of MSCs [58]. Recent studies have demon-
strated that EVs secreted by iPSCs can reduce aged cellu-
lar features of MSCs [59]. Both types of pluripotent stem
cells can effectively rejuvenate the senescence of MSCs,
but they have the potential to cause tumorigenesis. In
this study, we first introduced TSC as a substantial stem
cell derived from the placenta in regenerative medicine
and found that TSC-EVs can significantly enhance the

(See figure on next page.)
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serum-free proliferation and regenerative capacities of
MSCs.

Exosome-derived biomolecules characterize the func-
tional capacity of parent cells, regulate intracellular com-
munication in various cellular processes, and control cell
fate [60, 61]. Particulary, microRNA-containing EVs, can
modulate gene expression by regulating target mRNAs
during the post-transcriptional process, thereby influenc-
ing cell fate decisions as well as overall tissue remodeling
and regeneration [39, 40, 62]. Moreover, the composition
and number of microRNAs in EVs vary depending on
the cell type and cellular status, which can exert various
biological effects [41]. Our study provides a global view
of microRNA expression patterns based on TSC- and
MSC-EV comparative small RNA profiling, indicating
that the overall composition of microRNA cargo in TSC-
and MSC-EVs was significantly different. TSC-EVs had
at least 20-fold more abundant microRNAs than MSC-
EVs. Furthermore, regulatory targets of four microRNAs,
miR-1246, miR-1290, let-7b-5p, and miR-423-5p, are
involved in specific biological processes and pathways,
such as stem cell proliferation/differentiation and tissue
regeneration. Conversely, the 14 most abundant microR-
NAs in MSC-EV targeted genes were enriched for kinase
activity and cancer signaling. These results imply that
TSC-EVs can exert their biological effects more effec-
tively and rapidly during the regeneration process than
MSC-EVs.

The results of the mechanistic analysis showed that the
NGEF/Akt pathway is involved in the regeneration effects
of TSC-EV-treated MSCs. Several studies have sup-
ported that NGF-NGFR binding could be responsible for
the therapeutic effects of MSCs via activation of down-
stream Akt signaling, which promotes the anti-apoptotic
activity, proliferation, chondrogenic, and osteogenic dif-
ferentiation of MSCs. [49, 52, 53, 63] In this study, NGF
was detected in TSC-EVs, but not in MSC-EVs (Fig-
ure S8C). Neutralization of NGF in TSC-EVs could not
induce the proliferation- and regeneration-promoting
effects of MSCs. Thus, NGF is an important component
that stimulates regenerative properties in MSCs as an

Fig. 6 Anti-senescence and wound-healing effects of MSCs by TSC-derived secretome. The effect of TSC-CM or -EV on MSCs senescence was
determined by SA-3-gal activity. A Representative images of SA-3-gal staining of TSC-EV-treated and untreated MSCs. Scale bars, 100 um. SA-3
-gal-positive cells in MSC-CM, TSC-CM, and -EV-treated MSCs cultured in GM B or SFM (C). D Relative expression levels of stemness-associated genes
in MSCs treated with SFM, MSC-CM, TSC-CM, and -EV for 48 h. E Relative p53 mRNA levels in MSCs after 48 h incubation with SFM, MSC-CM, TSC-CM,
and -EV. Error bars indicate the mean and SD. (n=3; *p<0.05, **p < 0.01, and ***p <0.001) (F) Schematic illustration of experimental procedure for
skin wound in mice (G) Relative wound region was calculated as actual wound area (red circle; ) divided by initial wound area (yellow circle; S). H
Representative photographs showing the wound-healing area in mice treated with SFM, MSC-CM, and TSC-CM-exposed MSCs on the skin wounds.
Scale bars, 0.5 mm. I Quantitative analysis of wound closure percentage. J Representative images of human-specific lamin A/C staining with MSCs
on wounded area in MSC-CM and TSC-CM treated groups. K The fluorescent intensity of lamin A/C was analyzed by imagel. Histological analysis of
the wound region using hematoxylin and eosin (H&E) (L, N) and Masson trichrome (MT) staining (M, O). Scale bars, 50 um. P, Q Collagen expression
(green) in the wound-healing area was determined by immunofluorescence staining. Scale bars, 20 um. Data represent the mean + SD of four to

eight mice per group. (*p <0.05 and **p <0.01)
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effector cytokine in TSC-EVs. On the contrary, molecular
discrepancy such as microRNA composition and insuf-
ficient NGF in MSC-EVs might not be able to provide
comparative proliferation and regenerative effects com-
pared to TSC-EVs treatment.

The correlation between NGF and adipogenesis has not
been well elucidated, but DEGs in adipogenesis of MSCs,
such as peroxisome proliferator-activated receptor
gamma (PPARy) and CCAAT/enhancer-binding protein
(C/EBPp), were significantly decreased in our transcrip-
tomic analysis. In fact, TSC-CM inhibited adipogenic
differentiation of MSCs in our previous study [64]. We
assumed that components including NGF and microR-
NAs in TSC-EVs might commit the cell fate of MSCs to
osteogenesis via upregulation of the osteogenic-related
RUNX2 transcription factor, TGF/BMP, and Wnt sign-
aling, which simultaneously followed the suppression of
adipogenesis of MSCs [65, 66].

TSC-EVs were found to be an effective regeneration-
inducing biomaterial in this study. Herein, two technical
approaches of this study can be suggested. First, TSC-EVs
can be used in regenerative medicine in much smaller
amounts than MSC-EVs because they contain concen-
trated functional microRNAs for tissue regeneration. The
high proportion of these four microRNAs in TSC-EVs
could further use in the field of regenerative medicine to
achieve specific outcomes in treated patients. Recently,
Yue et al. introduced a dual microRNA-triggered com-
bination therapy for cancer in which two microRNAs
(miR-21 and miR-10b) were assembled into doxorubicin
nanocarriers to improve the effects of chemotherapy
[67]. Thus, our findings present a potential strategy based
on using specific combinations of four microRNAs in
TSC-EVs with regenerative nanoparticles in future stud-
ies. Secondly, TSC-EVs offers excellent efficacy for new
bone formation and cutaneous healing of the skin after
MSC implantation. The direct transplantation of MSCs
and EVs is still the primary method for MSC therapy in
the clinic. However, it has limitations such as the rapid
release of EVs, poor survival rate of transplanted cells,
and unintended localization of cells adjacent to the

(See figure on next page.)
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wound area. Kim et al. showed that MSC-EVs-coated 3D
scaffolds not only induced the proliferation of MSCs but
also subsequently enhanced the efficacy of bone heal-
ing [68]. Both stem cells and EVs simultaneously car-
ried bioengineered scaffolds that effectively transplanted
surviving cells with EV bioactive stimulator to injury
sites, which could accelerate bone regeneration. Regard-
ing the successful delivery of TSC-EVs to implant areas,
the development of TSC-EV-coated scaffolds can be an
excellent approach to enhance the effectiveness of MSC-
based tissue regeneration. Moreover, sufficient MSCs
could be readily obtained in the TSC-EV-coated scaffold
with a xeno-free in vitro culture system and then suffi-
cient cells could be transferred to the graft area via the
scaffold without loss of MSCs. Thus, the TSC-EV-coated
bioengineer scaffold could offer a simple and effective
application in the clinical use of exosomes for tissue
regeneration.

A limitation of this study was that human TSCs
entail ethical issues because they are derived from early
embryos. Moreover, the stemness of TSCs is difficult to
maintain in vitro because of their rapid differentiation
properties. Therefore, analyzing EV components derived
from TSCs may help screen for essential regulatory fac-
tors to promote the regeneration efficacy of MSCs.
Future studies should explore the regeneration factors in
TSC-EVs using multi-omics analysis and EV databases to
develop the application of EV-based regenerative therapy.

Conclusion

In summary, delivering TSC-EVs into MSCs boosts the
regenerative properties of MSCs via NGF/Akt signal-
ing, consequently promoting therapeutic efficacy in
bone defects and skin injury. Additional studies on the
TSC-EV-mediated therapeutic effects in various tissue
diseases, including nerve defects and rheumatoid arthri-
tis, are needed to expand the application of TSC-EVs in
regenerative medicine. Our results provide novel insights
regarding the use of EVs derived from TSCs in MSC-
based therapy.

Fig. 7 TSC-EVs induced proliferation and regenerative effects on MSCs by NGF/Akt activation. A NGFR mRNA level was analyzed by RT-PCR in MSCs
treated with SFM or TSC-EVs for 24 h. B NGF in TSC-EVs was detected by western blot analysis. C Protein levels of Akt and p-Akt in MSCs with SFM or
TSC-EVs treatment were determined by western blot and quantitated the expression level of each group. D Expression levels of NGFR gene and (E)
protein levels of Akt and p-Akt were analyzed in MSCs with SFM, TSC-EV, and TSC-EV + anti-NGF. F Light microscopy images and (G) cell proliferation
rate in MSCs with SFM, TSC-EV, and TSC-EV +anti-NGF. Scale bars, 200 um. H Representative images of BrdU expression (green) in TSC-EV-treated
MSCs with or without anti-NGF. Scale bars, 125 um. I The number of BrdU-positive cells were represented by graph. J Representative photographs
of wound scar area in mice treated with SFM, MSC-EV, TSC-EV, and TSC-EV + anti-NGF exposed MSCs. Scale bars, 0.5 mm. K The percentage of open
area on skin wound was measured in each group. Data represented the mean and SD from four to eight mice per group. (*p <0.05 and **p <0.01)
ALP activity (L) and calcium deposition (M) of MSCs treated with SFM, TSC-EV, and TSC-EV +anti-NGF were determined. N Representative images

of SA-b-gal stained MSCs cultured with GM, SFM, TSC-EV, and TSC-EV + anti-NGF. Scale bars, 100 um. O Stained cells were calculated in each group
and there was no statistical significance in SFM, TSC-EV, and TSC-EV + anti-NGF. Error bars indicated the mean and SD. (n=3; *p<0.05, **p <0.01, and

**¥p<0.001)
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Abbrevitions
AD-MSCs  Adipose tissue-derived mesenchymal stem cells

ATCC American type culture collection

ALP Alkaline phosphatase

BrdU Bromodeoxyuridine

BM-MSCs  Bone marrow-derived mesenchymal stem cells
BMP2 Bone morphogenetic protein 2

CCK8 Cell counting Kit 8

C/EBPB CCAAT/enhancer-binding protein

(@Y Conditioned medium

DAVID Database for annotation, visualization, and integrated discovery
DEGs Differentially expressed genes

ESCs Embryonic stem cells

EV Extracellular vesicles

FBS Fetal bovine serum

FDR False discovery rate

GO Gene ontology

GM Growth medium

GSEA Gene set enrichment analysis

H&E Hematoxylin and eosin

IACUC Institutional animal care and use committee
iPSCs Induced pluripotent stem cells

KEGG Kyoto encyclopedia of genes and genomes
MDS Multidimensional scaling

micro-CT ~ Microcomputed tomography

MSCs Mesenchymal stem cells

MT Masson’s trichrome

NGF Nerve growth factor

NGFR Nerve growth factor receptor

NTA Nanoparticle tracking analysis

OCN Osteocalcin

OPN Osteopontin

OSX Osterix

OIM Osteogenic induction medium

PPAR-y Peroxisome proliferator-activated receptor-gamma
RNA-seq  RNA-sequencing

rRNA Ribosomal RNA

SFM Serum-free medium

SNRNA Small nuclear R

TEM Transmission electron microscopy

TSCs Trophoblast stem cells

TSC-EVs  Trophoblast stem cells-derived extracellular vesicles
UC-MSCs  Umbilical cord-derived mesenchymal stem cells
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