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Abstract
Osteoporosis is one of the most common skeletal disorders caused by the imbalance
between bone formation and resorption, resulting in quantitative loss of bone tissue.
Since stem cell-derived extracellular vesicles (EVs) are growing attention as novel
cell-free therapeutics that have advantages over parental stem cells, the therapeu-
tic effects of EVs from adipose tissue-derived stem cells (ASC-EVs) on osteoporosis
pathogenesis were investigated. ASC-EVs were isolated by a multi-filtration system
based on the tangential flow filtration (TFF) system and characterized using trans-
mission electron microscopy, dynamic light scattering, zeta potential, flow cytom-
etry, cytokine arrays, and enzyme-linked immunosorbent assay. EVs are rich in
growth factors and cytokines related to bone metabolism and mesenchymal stem
cell (MSC) migration. In particular, osteoprotegerin (OPG), a natural inhibitor of
receptor activator of nuclear factor-κB ligand (RANKL), was highly enriched in ASC-
EVs.We found that the intravenous administration of ASC-EVs attenuated bone loss
in osteoporosis mice. Also, ASC-EVs significantly inhibited osteoclast differentia-
tion of macrophages and promoted the migration of bone marrow-derived MSCs
(BM-MSCs).However,OPG-depletedASC-EVs did not show anti-osteoclastogenesis
effects, demonstrating that OPG is critical for the therapeutic effects of ASC-EVs.
Additionally, small RNA sequencing data were analysed to identify miRNA candi-
dates related to anti-osteoporosis effects.miR--p in ASC-EVs inhibited osteoclast
differentiation through Acvra down-regulation. Also, let-b-p in ASC-EVs signifi-
cantly reduced the expression of genes related to osteoclastogenesis. Finally, ASC-EVs
reached the bone tissue after they were injected intravenously, and they remained
longer. OPG, miR--p, and let-b-p in ASC-EVs inhibit osteoclast differentiation
and reduce gene expression related to bone resorption, suggesting that ASC-EVs are
highly promising as cell-free therapeutic agents for osteoporosis treatment.
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 INTRODUCTION

Osteoporosis is a systemic bone disease characterized by low bone mass and microstructural changes, leading to reduced bone
strength and increased risk of fracture. The pathogenesis of osteoporosis is the imbalance between bone formation and resorption
caused by various risk factors, such as ageing, endocrine, metabolic and nutritional disorders, and some medications (J. T. Lin &
Lane, 2004).

Most current agents are bone resorption inhibitors for osteoporosis treatment, including bisphosphonates, oestrogen, and
selective oestrogen receptor modulators (Saita et al., 2015). These antiresorptive agents increase bone mineral density (BMD)
and reduce the risk of osteoporosis fractures. However, long-term safety and efficacy are ongoing concerns (Khosla & Hofbauer,
2017; Lo et al., 2010).

Mesenchymal stem cells (MSCs) provide a promising cell source for clinical applications in osteoporosis treatment (Cho et al.,
2012; Ocarino et al., 2010; Z. Wang et al., 2006). MSC transplantation may improve bone quality by homing to a damaged bone
and differentiating into osteoblasts or secreting various factors related to bone repair (Antebi et al., 2014; Yao et al., 2013). Despite
MSC’s therapeutic potential for osteoporosis, there are some hurdles, such as cell entrapment in non-target organs, low survival,
and uncertainty of stem cell fate after transplantation (Ocarino et al., 2010; Tolar et al., 2007).
Many studies have recently reported that MSCs participate in tissue regeneration via the secretion of paracrine factors

rather than direct action at injured tissues (Biancone et al., 2012; Caplan & Dennis, 2006; Phinney & Pittenger, 2017). Extra-
cellular vesicles (EVs) are small secretory vesicles involved in the paracrine effects of MSCs. EVs contain cytosolic pro-
teins, lipids, and genetic factors, such as mRNA, miRNA, and ncRNA, for intercellular communication and cell differentia-
tion (Jung et al., 2020; Qi et al., 2016; Vlassov et al., 2012). Also, they have therapeutic functions like those of their parent
stem cells, such as tissue repair and immunomodulation (Bruno et al., 2015; Woo et al., 2020). MSC EVs can be applied as
promising tools to overcome the limitations of stem cell therapy regarding efficacy and safety concerns as well as adminis-
tration and management (Lener et al., 2015). Several studies have shown that MSC EVs induce bone regeneration in diverse
in vivo bone defect models (Furuta et al., 2016; Qi et al., 2016; Qin et al., 2016; Zhang et al., 2016). Human adipose tissue-
derived stem cells (hASCs) are MSCs abundant in adipose tissue. ASCs have been widely used as a source of EV production
because of their plentifulness and accessibility compared with bone marrow-derived MSCs (BM-MSCs), while it has a simi-
lar ability to differentiate into mesodermal linage cells (Gimble et al., 2007; Maqsood et al., 2020). Treatments based on EVs
from adipose tissue-derived stem cells (ASC-EVs) have been investigated in tissue repair and disease models (Liu & Holmes,
2021). Two studies reported that ASC-EVs increased the osteogenic differentiation and bone formation in the calvarial defect
model (S. Chen, Tang, et al. 2019; W. Li et al., 2018). However, the effects of ASC-EVs on the osteoporosis model remain
unknown.
Osteoclasts located on the bone surface play a significant role in bone resorption. Receptor activator of nuclear factor-κB ligand

(RANKL) induces osteoclast differentiation by binding to RANK, and activated osteoclasts secrete proteolytic enzymes and acids
(Tobeiha et al., 2020). Osteoprotegerin (OPG) is a decoy receptor for RANKL that inhibits osteoclast differentiation by blocking
RANKL-RANK interaction. Disruptions in the OPG to RANKL ratio occur in bone resorption disorders, such as oestrogen
deficiency and hyperparathyroidism (M. Mcclung, 2007). Thus, the RANK-RANKL-OPG pathway is critical for regulating the
balance between bone formation and resorption.
In this study, the therapeutic effects of EVs secreted fromASC-EVs onovariectomy (OVX)-induced osteoporosis animalmodel

were investigated. ASC-EVs significantly contributed to the inhibition of osteoclast differentiation and the promotion of bone
healing in osteoporotic mice by delivering various bone regulatory proteins. Whether these therapeutic effects are dependent on
OPGwas determined, andmiRNA candidates for regulating bone resorptionwere found. Therefore, ASC-EV is highly promising
as a cell-free therapeutic agent for osteoporosis treatment.

 MATERIALS ANDMETHODS

. Cell culture and collection of conditioned media

ASCs were purchased from CEFO Bio Co., Ltd. (Seoul, Korea) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37◦C in humidified air containing
5% CO2. ASCs were cultured and maintained to reach 90% confluence at passage 5. Cells were washed with phosphate-buffered
saline (PBS), and the medium was replaced with serum-free DMEM for 24 h to collect conditioned medium (CM). Collected
CM (500 ml) was centrifuged at 300 × g for 10 min to remove cell debris, and the supernatant was filtered using a 0.22 μm bottle
top filter to eliminate macrovesicles.
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. Extracellular vesicles isolation and characterization

EVswere isolated fromCM (500ml) by amulti-filtration system based on tangential flow filtration (TFF) (Minimate TFF System;
Pall Corporation, Port Washington, NY, USA), based on previous protocols (Woo et al., 2020). The CM was subjected to TFF
with a 300 kDaMWCO capsule (Minimate TFF Capsule; Pall Corporation, PortWashington, NY, USA). Continuous circulation
was performed at a feed rate of 30∼60 ml/min, and the filtrate rate was controlled around 4 ml/min to remove the contaminants
below 300 kDa. Subsequently, two more TFF cycle was performed by adding 50 ml of PBS to wash residual contaminants in
concentrated EV solution. Throughout the TFF process, the pressure was controlled not to exceed 1 bar at room temperature.
EVs were obtained in a final volume of approximately 10 ml. EVs were stored in a freezer at−70°C until use. EVs were quantified
using a micro-bicinchoninic acid protein assay (Thermo Scientific, Rockford, IL, USA) and nanoparticle tracking analysis (LM-
10; Malvern Instruments Ltd., Worcestershire, UK) equipped with a 642 nm laser module. EVs were diluted in PBS to obtain
a concentration within the recommended measurement range (20–30 particles/frame), corresponding to dilutions from 1:10 to
1:100 depending on the initial sample concentration. The software settings for analysis were as follows: detection threshold, 3;
temperature, between 20°C and 25°C; the number of frames, 30; and measurement time, 30 s.

. Transmission electron microscopy

EVs were fixed with 1% glutaraldehyde solution for 5 min and washed with distilled water thrice. The fixed EVs were centrifuged
at 13,000 × g for 3 min, based on previous protocols (Jung et al., 2020). Then, the supernatant was removed. Next, the samples
were dehydrated in absolute ethanol for 10 min and placed on formvar-carbon-coated copper grids (TED PELLA, Inc., Redding,
CA, USA). The grids were contrasted with 1% phosphotungstic acid for 1 min and then washed with distilled water thrice. The
grids were dried off completely and then examined with a JEM-2100F field-emission electron microscope (JEOL Ltd., Japan).
For cryo-TEM, an aliquot of concentrated EVs was applied to the Lacey carbon grid (ElectronMicroscopy Science, Hatfield, PA,
USA). The grids were stored in liquid nitrogen, transferred to a cryo-specimen holder, and maintained at −180◦C. Images were
collected at a magnification of ×18,000 to ×29,000 on the Tecnai F20 Twin TEM operated at 200 kV.

. Flow cytometry analysis

Flow cytometry analysis (FACS) of EVs was performed using a commercially available ExoStep (Immunostep, Salamanca, Spain)
according to the manufacturer’s protocol. Briefly, EVs were captured on 6.5 μmmicrobeads with anti-CD63 capture antibodies
provided in the kit. The EVs-microbead complexes were incubated with anti-CD9 (Immunostep), anti-CD63 (Immunostep),
anti-CD81 (Immunostep), anti-GM130 (Novus Biologicals, Colorado, USA), and anti-calnexin (Novus Biologicals) at 4◦C for
1 h and stained by streptavidin-phycoerythrin (PE). Mouse IgG1 antibody (Bio-Rad, Hercules, CA, USA) was used as an iso-
type control. Samples were analysed by FACS (Novocyte Flow Cytometer; ACEA Bioscience, Inc., San Diego, CA, USA). Data
acquisition and analysis were performed using NovoExpress software.

. Ovariectomized mouse models

Eight-week-old female ICR (CD-1) mice were purchased from Japan SLC, Inc., and 24 mice were bilaterally OVX while six mice
underwent the sham operation. All animal experiments were performed with approval from the Institutional Review Board of
Hanyang University. Three weeks after OVX, mice were randomly divided into four groups (n = 6) and intravenously injected
with ASC-EVs (1 × 108 or 5 × 108 particles/100 μl PBS, thrice a week for 2 weeks), hASCs (5 × 105 cells/100 μl PBS, once a week
for 2 weeks) (Cho et al., 2012), or an equal volume of PBS, respectively. At 5 weeks after injection, mice were sacrificed, and
the left femurs of each group were harvested. The specimens were fixed in 4% paraformaldehyde for 2 days and subsequently
scanned using micro-computed tomography (μCT; Bruker, Kontich, Belgium) at 6.75 μm resolution. Three-dimensional (3D)
images were generated using the CTvox program (Bruker, Billerica, MA, USA).

. Migration assay

The migration of human bone marrowMSCs (BM-MSCs, CEFO CO., Ltd, Seoul, Korea) was assessed using transwell with 8 μm
pores (Corning, Corning, NY, USA). Briefly, serum-starved BM-MSCs were seeded at 5 × 104 cells in 100 μl in DMEM supple-
mented with 2% FBS and 1% penicillin-streptomycin (P/S) onto the upper chamber. EVs (1× 108, 5× 108, or 10× 108 particles/ml
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EVs) and vehicle control (PBS) were added to the lower chambers. Cells were incubated for 18 h at 37◦C, and non-migrated
cells were removed from the inserts using cotton swabs. Migrated cells at the bottom of the membrane were fixed with 4%
paraformaldehyde for 10 min. Cells were subsequently stained with 0.05% crystal violet staining solution for 15 min. After the
inserts were completely dried, stained cells were visualized with a light microscope, and the stained areas were quantified using
ImageJ software.

. Osteoclastogenesis inhibition test

RAW264.7 cells were seeded at 1 × 104 cells into 48-well plates and incubated for 4 days in osteoclast differentiation medium
(DMEM containing 3% heat-inactivated FBS, 1% P/S, and 20 ng/ml RANKL) supplemented with PBS, OPG (0.5 and 50 ng/ml),
or ASC-EVs (1 × 108, 5 × 108, or 10 × 108 particles/ml), respectively. The medium was changed every 2 days. On day 4, cells were
incubated in the tartrate-resistant acid phosphate (TRAP) staining solution (Kamiya Biomedical Company, Seattle, WA, USA)
for 3 h. Absorbance readings were then taken at 540 nm using a microplate spectrophotometer. On day 6 of differentiation, cells
were washed with PBS and fixed with 4% paraformaldehyde solution for 10 min. Cells were stained with a TRAP staining kit
according to the manufacturer’s recommended protocol. The stained cells were photographed with a light microscope equipped
with a CCD camera, and multinucleated TRAP-positive osteoclasts (more than three nuclei) were counted.

. Small RNA sequencing

RNA isolation from ASC-EVs, library generation, cluster amplification, and sequencing were performed by Macrogen (Seoul,
Korea). Samples for small RNA sequencing were prepared as described previously (Jung et al., 2020). Briefly, RNA was extracted
from ASC-EVs using the Maxwell RSC miRNA from plasma (Promega). Libraries were then generated using the SMARTer
smRNA-seq Kit for Illumina (Takara Bio, Shiga, Japan) according to the manufacturer’s protocol. The Illumina HiSeq 2500
instrument (Illumina, San Diego, CA, USA) was used for sequencing the libraries. Target genes of each miRNA in ASC-EVs
were predicted using publicly available algorithms, including TargetScan 7.2 (http://www.targetscan.org) and miRDB (www.
mirdb.org).

. Extracellular vesicles labelling and cellular uptake assay

EVswere labelledwith PKH67 (Sigma, St. Louis,MO,USA) for 30 s at room temperature. The labelled EV suspensionwas filtered
with an Exosome Spin Column (MWCO 3000 Da; Invitrogen, CA, USA) to remove the unbound-free dye. Murine macrophage
RAW264.7 cells (1× 105) were seeded in a six-well confocal dish (SPL Life Sciences, Korea) and incubated at 37◦Cwith 1× 109 par-
ticles/ml PKH67-labeled EVs for 12 h. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI), and cells were observed
under confocal laser scanning microscopy (Zeiss, Weimar, Germany).

. In vivo biodistribution of ADSC-EVs

All animal experiments were performed with approval from the Institutional Review Board of Sungkyunkwan University
(SKKUIACUC2021-05-02-1). Eight-week-old female ICR (CD-1) mice were purchased from Orientbio, Inc. (Seongnam, Korea).
All mice were fed with alfalfa-free feed (Raonbio Co., Ltd, Yongin, Korea) to reduce the autofluorescence before experiments.
At 12-week-old, ICR mice were randomly divided into three groups and intravenously injected with PBS (100 μl), Cyanine5.5

NHS ester (Lumiprobe, Maryland, USA) (Cy5.5, 5 μg/ml, 100 μl), and Cyanine5.5 labelled ASC-EVs (Cy5.5 EVs, 1 × 109 parti-
cles/100 μl PBS). The mice were euthanized at 1, 4, 7, and 25 h after injection, and ex vivo images of bone and major organs were
harvested. Time-dependent biodistribution was analysed using IVIS Lumina XR (Caliper Life Sciences, Inc., Hopkinton, MA,
USA, the BIORP of Korea Basic Science Institute).
At 9-week-old, ICR mice were bilaterally OVX. Five weeks after OVX, mice were randomly divided into two groups and

intravenously injected with Cy5.5 (5 μg/ml, 100 μl) and Cy5.5 EVs (1 × 109 particles/100 μl PBS). Ex vivo images of bone and
major organs were harvested at 4 and 7 h after injection using IVIS Lumina XR. OVX mice injected with PBS were used as the
negative control for the fluorescence intensity.
All fluorescence images were measured using a Cy5.5 filter set (excitation 640 nm, emission 695–770 nm). An excitation filter

at 605 nm was used to measure the autofluorescence. The background filter image was subtracted from the Cy5.5 filter image,
and radiant efficiency (p/sec/cm2/sr)/(μW/cm2) was calculated using Living Image 4.7.3 software (Caliper Life Sciences, Inc.,
Hopkinton, MA, USA, the BIORP of Korea Basic Science Institute).

http://www.targetscan.org
http://www.mirdb.org
http://www.mirdb.org
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F IGURE  Characterization of EVs isolated from human ASCs (ASC-EVs). (a) Classic and cryogenic transmission electron microscopy (TEM) images of
ASC-EVs. Scale bar, 100 nm (left) and 50 nm (right). (b) Particle size distribution of ASC-EVs measured by dynamic light scattering. (c) Flow cytometric
analysis of EV surface markers (CD9, CD63, and CD81) and internal protein markers (GM130 and calnexin). (d) Zeta potential measurements of ASC-EVs.
The mean zeta potential of ASC-EV was -16.3 mV

. Statistical analysis

Experimental results were expressed as mean ± standard deviation (SD). The Student’s two-tailed t-test and one-way analysis of
variance with Tukey’s post hoc test were performed using GraphPad Prism 8 software (GraphPad, San Diego, CA, USA). p ≤ 0.05
was considered statistically significant.

 RESULTS

. Characterization of adipose tissue-derived stem cells

ASC-EVswere characterized according tomorphology, size distribution, surfacemarkers, and surface charge (Figure 1a–d). ASC-
EVs displayed a round shape with a bilayer structure (Figure 1a), and the mean diameter was 88 nm (Figure 1b). Fluorescence-
activated cell sorting (FACS) analysis revealed that ASC-EVs were positive for EV markers, including CD9 (98.13%), CD63
(99.62%), and CD81 (99.58%), whereas negative expression of the non-EV markers GM130 (2.25%) and calnexin (2.08%) were
observed (Figure 1c). In addition, the mean zeta potential of ASC-EVs was –16.3 ± 0.85 mV (Figure 1d). ASCs were also charac-
terized according tomorphology, differentiation potential, and surfacemarkers (Figure S1). Themorphology of ASCs was shown
(Figure S1A), and their adipogenic and osteogenic differentiation potentials were confirmed using Oil-Red O and Alizarin-Red
staining (Figure S1B and S1C). Also, the surface markers were analysed using FACS analysis (Figure S1D–F). CD34 is the ASC
marker observed in about 60% of the initial stromal-vascular cell fraction (SVF) cells but gradually decreased as cultured in vitro
(Gimble et al., 2007). CD 45, one of the negative markers of ASC, is known as a major histocompatibility complex (MHC) class II
marker. On the other hand, CD44, CD73, CD90, and CD105 are all MHC class I markers and are known to be expressed in both
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MSCs and ASCs (Kocan et al., 2017). ASCs were negatively stained for CD34 and CD45 and were positively stained for CD44,
CD73, CD90, and CD105 (Figure S1E and S1F).

. Therapeutic efficacy of ASC-EVs in an OVXmouse model

To investigate the therapeutic efficacy of ASC-EVs in OVX mouse models of postmenopausal osteoporosis, OVX mice were
intravenously injected with ASCs (5 × 105 cells/100 μl PBS, once a week for 2 weeks), ASC-EVs (1 or 5 × 108 particles/100 μl
PBS, thrice a week for 2 weeks), or vehicle (PBS). The μCT images revealed a significant bone loss in the vehicle-injected group
compared to those of shammice. However, the ASC- or ASC-EV-injected group exhibited a remarkable restoration of trabecular
bone, and similar results were observed in the 3D reconstruction of mouse femurs (Figures 2a and 2b). For quantifying these
changes, theCTvox programwas used for bone 3Dmicroarchitecture analysis. As shown in Figure 2, ASC-EV-5 (5× 108 particles)
treatment showed a significant increase in percent change of BMD (71%; p = 0.0002), bone volume (105%; p < 0.0001), percent
bone volume (bone volume over total volume; 98%; p < 0.0001), trabecular thickness (97%; p= 0.0022), and trabecular number
(101%; p< 0.0001) compared to the PBS-treated group (Figure 2a–g). The structuremodel index, which reflects the degree of rods
and plates in a 3D structure, was markedly decreased in the ASC-EV-5-treated group (90%; p = 0.0002) compared to the PBS-
treated group (Figure 2h). Bone marrow density was lower in ASC-EV-injected groups compared to the ASC-treated group, but
the values of trabecular thickness were significantly higher (p = 0.0062) in the ASC-EV-5-treated group compared to the ASC-
treated group (Figures 2c and 2f). The other parameters were not significantly different between the ASC- and ASC-EV-injected
groups (Figures 2d, 2e, 2g, and 2h). These results suggested that ASC-EVs inhibit bone loss and promote bone regeneration under
osteoporosis conditions.

. Cytokine composition in ASC-EVs

Cytokines in ASC-EVs were detected using a human bone metabolism array kit (Figures 3a and 3b). Of the total 41 cytokines,
eight cytokines involved in osteoblast differentiation, activation, and bone repair were expressed in ASC-EVs, including insulin-
like growth factor-1 (IGF-1), interleukin-17 (IL-17), osteoactivin, transforming growth factor-β1 (TGF-β1), bone morphogenetic
proteins (BMP-6 and BMP-7), OPG, and osteopontin (OPN). Cytokines related to the recruitment and migration of MSCs
toward bone resorptive sites were also expressed in ASC-EVs, such as monocyte chemoattractant protein-1 (MCP-1), matrix
metalloproteinase (MMP)-2, MMP-3, and tumour necrosis factor-α (TNF-α) (W. Lin et al., 2017; L. Wang et al., 2002). Notably,
OPG, which acts as an inhibitor of osteoclast migration and differentiation (Boyce & Xing, 2008; Mizuno et al., 1998), was highly
expressed in EVs (46.8 pg/1 × 108 EV particles; Figure 3c). Together, ASC-EVs contained various cytokines involved in bone
metabolism and MSC migration, and OPG would be a major effector in ASC-EVs.

. ASC-EVs induce BM-MSCmigration

The recruitment and migration of resident BM-MSCs to fracture sites are essential for bone healing (W. Lin et al., 2017; Su et al.,
2018). To investigate the effect of ASC-EVs on BM-MSC migration, the transwell migration assay for 18 h was performed (Fig-
ure 4a–c). The serum-starved MSCs were loaded on the upper side of the insert. Each lower chamber of the transwell was filled
with a medium containing 1 × 108, 5 × 108, and 10 × 108 particles/ml EVs. The results showed that ASC-EVs dose-dependently
promoted BM-MSCmigration to the lower chamber containing ASC-EVs across the membrane (Figures 4b and 4c). These data
indicated that ASC-EVs might have bioactive factors related to the recruitment of MSCs, leading to BM-MSC migration.

. ASC-EVs inhibit osteoclastogenesis

Next, to investigate whether ASC-EVs that contain OPG abundantly can inhibit osteoclast differentiation, RANKL-treated
RAW264.7 cells were incubated with ASC-EVs. RANKL induced a high level of osteoclast differentiation, characterized by
expressing TRAP specifically and being multinucleated, in RAW264.7 cells in vitro (Figure 5a–c). The combination treatment of
OPG with RANKL decreased the formation of TRAP-positive osteoclasts in a dose-dependent manner. ASC-EV treatment also
markedly reduced the number of TRAP-positive osteoclasts by 114.0± 18.3, 68.3± 11.9, and 21.3± 2.0 at ASC-EV concentrations
of 1 × 108, 5 × 108, and 10 × 108 particles/ml, respectively. Notably, ASC-EVs treatment of 1 × 109 particles (The amount of OPG
in ASC-EVs, 0.5 ng/109 particles) showed a similar inhibitory effect compared to 50 ng/ml OPG. The effect of ASC-EVs on the
levels of specific genes for osteoclast and cell proliferationwas investigated in RAW264.7 cells (Figure 5d; Figure S2). Quantitative
real-time polymerase chain reaction (RT-PCR) showed that the expression levels of tartrate-resistant acid phosphatase 5 (Acp),
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F IGURE  Administration of ASC-EVs ameliorates osteoporosis phenotypes in OVX mice. (a) Representative transverse cross-sectional images of
trabecular bone and (b) 3D reconstruction images of femora. (c–h) Quantitative analyses of trabecular bone microarchitecture in femora. Four weeks after the
first treatment, the left femur was harvested, and trabecular structural indices were measured by μCT. Data are mean ± SD (n = 6). *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ##p < 0.01; ###p < 0.001. BV, bone volume; BV/TV, percent bone volume; Tb. Th, trabecular thickness; Tb. No, trabecular
number; SMI, structure model index
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F IGURE  Profiling of EV cytokines involved in bone metabolism. (a) Representative fluorescent images of cytokine arrays. (1) IGF-1, (2) IL-17, (3)
osteoactivin, (4) BMP-6, (5) OPG, (6) OPN, (7) MCP-1, (8) MMP-2, (9) MMP-3, (10) TGF-β1, (11) TNF-α, and (12) BMP-7. (b) Median pixel intensity of
cytokines. (c) Protein expression of OPG determined using enzyme-linked immunosorbent assay (ELISA). Data are mean ± SD

cathepsin K (Ctsk), matrix metallopeptidase-9 (Mmp), and nuclear factor of activated T cells 1 (Nfatc) were significantly
increased by RANKL but down-regulated in a concentration-dependent manner by OPG. Furthermore, ASC-EV treatment,
which contains OPG of 0.5 ng/109 particles, significantly inhibited the expression levels of Acp (0.54-fold), Ctsk (0.61-fold), and
Mmp (0.35-fold). However, ASC-EVs treatment did not affect the proliferation of RAW264.7 cells (Figure S2). Taken together,
ASC-EVs contain key factors that inhibit osteoclastogenesis in RAW264.7 cells.

. OPG-deprived EVs reduce anti-osteoclastogenesis effects

To further investigate whether the effects of ASC-EVs are dependent on OPG in ASC-EVs, OPG mRNA (TNF Receptor Super-
family Member 11b [TNFRSFB], encoding OPG) and protein were knocked down using lentiviral small hairpin RNA (lenti-
shRNA) in ASCs (Figure 6a–c; Figure S3A) (Stewart, 2003). Then, conditionedmedia (CM) from control ASCs andOPG knock-
down ASCs were collected, and EVs were isolated from CM (Figure S3D and S3E). The amount of OPG was markedly reduced
in OPG knockdown ASC-EVs (OPG KD-EVs) compared to control ASC-EVs (Con-EVs; Figures 6c and 6d; Figure S3B and
S3C). To compare the effects of Con-EVs and OPG KD-EVs in anti-osteoclastogenesis, osteoclast differentiation in RAW264.7
cells treated with Con-EVs or OPG KD-EVs was induced by treatment with RANKL (Figures 6e and 6f). TRAP-positive and
multinucleated cells were reduced in RAW264.7 cells treated with Con-EVs. In contrast, OPGKD-EVs failed to lessen osteoclas-
togenesis in RAW264.7 cells treated with RANKL. Also, the expression level of mRNAs related to the RANKL-RANK signalling
pathway was significantly reduced in RAW264.7 cells treated with Con-EVs (Figure 6g). Unexpectedly, OPG KD-EVs also par-
tially reduced the RANKL-RANK signalling pathway, except forNfatc, compared to the group only treated with RANKL. How-
ever, the inhibitory effects were greater in Con-EV-treated groups than OPG KD-EV-treated groups. Next, the effects of OPG
KD-EVs in osteoporosis were tested in vivomodel. OVXmice were intravenously injected with OPGKD-EVs three times a week
for 2 weeks. The micro-CT analysis showed a significant bone loss in the PBS-injected OVX group compared to the sham group
(Figure S4A). Restoration of trabecular bones was found in the ASC-EVs-injected group, but there was no difference in OPG
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F IGURE  Effect of ASC-EVs on BM-MSC migration. (a) Schematic representations of transwell migration assay. BM-MSCs were seeded into the upper
side of the transwell membrane. The medium containing various concentrations of ASC-EVs was placed in the lower side chamber of the transwell plate. (b)
After 18 h, migrated cells to the lower side were fixed with 4% paraformaldehyde and stained with crystal violet. Scale bar, 200 μm. (c) Percent area of migrated
cells quantified using ImageJ software. Data are mean ± SD (n = 3). **p < 0.01; ****p < 0.0001

KD-EV-injected group compared to the PBS-injected group (Figure S4B–G). Thus, ASC-EVs inhibit osteoclast differentiation
induced by RANKL and attenuate the bone loss in OVX mice dependent on OPG in ASC-EVs.

. miRNAs associated with osteoporosis were present in ASC-EVs

Because OPG-depleted ASC-EVs showed a reduced anti-osteoclastogenesis effect and ASC-EVs produced the same results with
a smaller amount of OPG, it was hypothesized that other factors of ASC-EVs also contribute to the inhibition of osteoclast dif-
ferentiation. It has been reported that miRNAs were involved in regulating bone remodelling processes and function (Lian et al.,
2012). Also, numerousmiRNAs have been reported to be changed in osteoporotic patients compared to non-osteoporotic patients
(Bottani et al., 2019; Ciuffi et al., 2020; Materozzi et al., 2018). Thus, miRNA expression profiles in ASC-EVs were assessed to find
the candidates associated with the anti-osteoclastogenesis effects of ASC-EVs. The most abundant miRNAs in ASC-EVs were
listed according to the reads per million mapped reads (RPM; Figure 7a). Whether down-regulated miRNAs in osteoporotic
patients were decreased in RAW264.7 cells by treatment with RANKL was confirmed (Figure 7b; Figure S5A). The miR--p
expression level was reduced by treatment with RANKL, and the reduction was attenuated by co-treatment with ASC-EVs. Fur-
thermore, the presence of miRNAs in ASC-EVs was validated using droplet digital PCR (ddPCR; Figure 7c; Figure S5B). ddPCR
calculates the concentration by classifying positive and negative droplets according to the target DNAamplification and analysing
the ratio of positive to negative droplets according to Poisson’s distribution (Stein et al., 2017). With this system, 40.6 copies/μL
PCR was measured for hsa-miR--p in ASC-EVs. Also, the expression level of Pten, which is a known target of miR--p,
was decreased by the treatment of ASC-EVs (Figure S6A) (Meng et al., 2007). Then, targets of miR--p were predicted using
TargetScan 7.2 and miRDB (Table S2). Some of them were related to osteoclast differentiation, such as activin receptor type 2A
(ACVR2A), activin receptor type 1c (ACVR1C, also known as ALK7), B-cell translocation gene 2 (BTG2, also known as TIS21),
and interferon-related developmental regulator 1 (IFRD1). Activin-A binds to activin receptor type II (ACVR2) and activin recep-
tor type I (ACVR1) sequentially and activated ACVR1 phosphorylates SMAD2/3, leading to the expression of target genes and
osteoclast differentiation (Kajita et al., 2018; Morianos et al., 2019; Schoenmaker et al., 2020). Also, the expression levels of BTG2
and IFRD1 were increased in mature osteoclasts, and inhibiting BTG2 and IFRD1 reduced the osteoclast differentiation (Iezaki
et al., 2016; Lee et al., 2002). The target genes of miR--p were increased in treatment with RANKL and attenuated with the
treatment of ASC-EVs (Figure 7d; Figure S5C). Next, to confirm thatmiR--p regulates the expression ofAcvra and osteoclast
differentiation, pre-miR-21 was transfected in RAW264.7 cells with the treatment of RANKL. The expression levels of Acvra
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F IGURE  Inhibitory effect of ASC-EVs on osteoclast differentiation of RAW264.7 cells. (a) TRAP staining of RAW264.7 cells after 6 days of incubation
with RANKL containing medium supplemented with OPG (0.5 or 50 ng/ml) or ASC-EVs (1 × 108 – 10 × 108 particles/ml) for 6 days. Scale bar, 200 μm. (b)
TRAP activity in culture supernatants was assessed by measuring the optical density at 540 nm. (c) The number of TRAP-positive multinucleated cells was
observed under a light microscope and counted. (d) The gene expression associated with osteoclastogenesis in RAW264.7 cells was determined by qPCR. The
relative gene expression was normalized to a housekeeping gene [glyceraldehyde 3-phosphate dehydrogenase (Gapdh)] and expressed as the fold change
compared to RANKL-treated RAW264.7 cells. Data are mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; #p < 0.05; ##p < 0.01

were decreased, and the number of osteoclasts was significantly reduced by overexpressedmiR--p (Figure 7e; Figure S6B–D).
Also, the expression levels of Acp and Ctsk, related to the osteoclast differentiation, were significantly reduced in RAW264.7
cells transfected with pre-miR-21, but not Mmp and Nfactc (Figure 7g). On the other hand, the expression levels of Acvra
and Nfatc were significantly increased by the transfection of anti-miR-21, but there was no difference in the expression levels of
Ctsk and Mmp compared to the group treated with RANKL and ASC-EVs (Figures S6E and S6F). Furthermore, the effects of
let-b-p were also investigated since its expression level was decreased in RANKL treatment and was restored by the treatment
of ASC-EVs (Figure S5A). The expression levels of genes related to the RANK-RANKL signalling pathway were significantly
decreased by the overexpressed let-b-p compared to the group only treated with RANKL (Figure S6G). The predicted pair-
ings of target regions and miRNA were described (Figure 7f; Figure S5D). To examine how miRNAs in ASC-EVs were delivered
to cells, the cellular uptake of EVs was investigated. RAW264.7 cells were incubated with 1 × 109 particles/ml PKH67-labelled
ASC-EVs for 12 h. ASC-EVs were internalized into the cytoplasm of RAW264.7 cells (Figure 7h). These results implied that
ASC-EVs are successfully transferred into RAW264.7 with high cellular uptake efficiency. Together, these data supported that
another therapeutic pathway of ASC-EVs involves inhibiting osteoclast differentiation by transferringmiR--p throughAcvra
down-regulation.
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F IGURE  OPG-dependent anti-osteoclastogenesis effects of ASC-EVs. (a) Strategies to identify that anti-osteoclastogenesis effects of ASC-EVs are
dependent on OPG. (b) OPG mRNA (TNFRSFB) level in lentiviral control shRNA-transduced ASCs (shCtrl ASCs) and lentiviral OPG shRNA-transduced
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. Adipose tissue-derived stem cells are delivered to bone tissue

To investigate the in vivo biodistribution of ASC-EVs, the Cyanine5.5-labelled ASC-EVs (Cy5.5 EVs) were injected intravenously
into the ICR mice (Figures S7A and S7B). Ex vivo images of bone and major organs were harvested at 1, 4, 7, and 25 h after
injection. The fluorescence intensity of the Cy5.5 EVs-injected group was higher than that of the free Cyanine5.5 dye (Cy5.5)—
injected group in bone tissue, and the intensitywas strong at 4 and 7 h after injection (Figure S7A). At 1 h after injection, theCy5.5-
injected group showed a stronger intensity in the liver tissue than the Cy5.5 EVs-injected group, but the fluorescence intensity
was decreased faster in the Cy5.5-injected group over time (Figure S7B). Then, the Cy5.5 EVs were injected intravenously into
the OVXmice, and ex vivo images of bone andmajor organs were harvested at 4 and 7 h after injection (Figure 8; Figure S7C–E).
Cy5.5 EVs-injected group showed significantly higher fluorescence intensity than Cy5.5-injected group in bone tissue at both
4 and 7 h after injection (Figures 8a and 8b). Also, the fluorescence intensity of all major organs was significantly stronger in
the Cy5.5 EVs- than in the Cy5.5-injected group (Figure 8c–e). The fluorescence intensity was not detected in the bone tissue,
and major organs of PBS injected mouse, and all attached muscle tissue was removed (Figure S7C–E). These results showed that
ASC-EVs reach the bone tissue after being injected intravenously, and they remain longer in major organs.

 DISCUSSION

Many studies have supported the roles of EVs in intercellular communication through paracrine signalling in osteoporosis. As
essential components of EVs, miRNAs and proteins have attractedmuch attention in EV function studies. Qin et al. reported that
BM-MSC-derived EVs regulate osteoblast activity and differentiation bymiR-a in vitro and in vivo (Qin et al., 2016). Li et al.
found that osteoclast-derived EVmiR--p inhibits osteogenic activity and bone formation (D. Li et al., 2016). In another study,
osteoblast-derived EVs contain bone regulatory proteins that stimulate osteoclast formation, such as RANKL and parathyroid
hormone (Deng et al., 2015). Moreover, Chen et al. reported that collagen triple-helix repeat-containing 1 and OPG enriched in
EVs derived from human urine-derived stem cells regulate osteogenesis and osteoclastogenesis (C.-Y. Chen, Rao, et al. 2019).
In this study, ASC-EVs could effectively alleviate bone loss in OVX-induced osteoporotic mice (Figures 2). The systemic

administration of ASC-EVs showed a significant recovery of structural parameters, including BMD, bone volume, trabecular
thickness, which was comparable to ASC administration’s therapeutic effects. These results indicated that ASC-EVs have similar
protective and regenerative functions as ASC transplantation in OVX-induced bone loss. Compared to stem cell transplantation,
EV therapy is desirable for clinical applications because of its advantages, such as low immunogenicity, improved safety, ease of
storage and management, and mass production (Lener et al., 2015; Yeo et al., 2013).
Here, two concepts of inhibiting bone resorption and recruiting BM-MSCs into defect sites demonstrate the therapeutic effect

of ASC-EVs (Figure S8). First, the growth factors and cytokines related to bone metabolism andMSCmigration in the EVs were
analysed (Figure 3). ASC-EVs contained various cytokines that stimulate MSC migration to the bone resorptive sites (MCP-
1, MMP-2, MMP-3, TGF-β1, TNF-α, and BMP-7) (Kempen et al., 2010; W. Lin et al., 2017; L. Wang et al., 2002) and promote
osteoblast differentiation, activation, and bone formation (IGF-1, IL-17, osteoactivin, BMP-6, BMP-7, OPG, and OPN) (D. Li
et al., 2016; Kempen et al., 2010; Su et al., 2018). Among the detected growth factors and cytokines, OPGwasmost highly expressed
in ASC-EVs. OPG is primarily expressed by bone marrow stromal cells and osteoblasts (M. R. Mcclung, 2006). OPG binds
to RANKL with an approximately 500-fold higher affinity than RANK, inhibiting osteoclastogenesis and excessive osteoclast-
mediated resorption (Nelson et al., 2012). Indeed, in vitro studies showed that ASC-EVs effectively stimulate BM-MSCmigration
and suppress osteoclastogenesis of RAW264.7 cells without adverse effects (Figures 4 and 5). These results supported the assertion
that EV cytokines effectively contribute to OVX-induced bone loss recovery by stimulating BM-MSC migration and inhibiting
osteoclast differentiation. Next, to demonstrate that OPG in ASC-EVs is a significant player that blocks osteoclast differentia-
tion, OPG expression was knocked down using lentiviral shOPG in ASC (Figure 6). Then, EVs were isolated fromOPG-depleted
ASC CM, and the effects of ASC-EVs and OPG-depleted ASC-EVs were compared. ASC-EVs inhibited osteoclastogenesis sig-
nificantly, but OPG-depleted ASC-EVs did not reduce osteoclast differentiation and bone loss. Furthermore, miRNAs included
in ASC-EVs were analysed because OPG-depleted ASC-EVs still partially reduced gene expression related to the RANKL-RANK
pathway, and ASC-EVs showed the same effects with a smaller amount of OPG.miR--p existed in ASC-EVs and was reduced
in RANKL-induced RAW264.7 cells. Acvra, a predicted target of miR--p, was increased by treatment with RANKL and
decreased by treatment with ASC-EVs (Figure 7). These results link two previous reports. First, levels ofmiR--pwere reduced

ASCs (shOPG ASCs). The relative OPG mRNA level was normalized to a housekeeping gene (S) and expressed as the fold change compared to shCtrl ASCs.
(c) Western blot representative images of shCtrl ASCs, shOPG ASCs, ASC-EVs (Con-EVs), and OPG-depleted ASC-EVs (OPG KD-EVs). (d) The relative OPG
protein expression was quantified in ASCs and ASC-EVs using ImageJ software. The relative protein expression was normalized to Actin in ASCs and CD63 in
ASC-EVs. (e and f) TRAP staining representative images (e) and quantification of osteoclastogenesis in RAW264.7 cells (f). Scale bar, 500 μm. (g) The gene
expression in RAW264.7 cells was determined by qPCR. The relative gene expression was normalized to a housekeeping gene (Gapdh) and expressed as the
fold change compared to RANKL-untreated RAW264.7 cells. Data are mean ± SD. ***p < 0.001; ****p < 0.0001; ####p < 0.0001
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in osteoporosis patients (Bottani et al., 2019; Ciuffi et al., 2020; Materozzi et al., 2018). Second, deletion of ACVR2A in osteoblast
increased its differentiation, and ACVR2A knockout mice showed the increased bone volume (Goh et al., 2017). Indeed,miR-
promoted osteogenic differentiation by inhibiting translation of SMAD7 (H. Li et al., 2015), andmiR--pwas recently suggested
as a therapeutic target for osteoporosis (Huang et al., 2021). let-b-p, as well as miR--p, was also decreased in the treatment
of RANKL and attenuated in the treatment of ASC-EVs. Moreover, it regulated the expression of genes related to osteoclast dif-
ferentiation (Figures S5 and S6). Finally, ASC-EVs were delivered to the bone tissue when injected into the mice intravenously
(Figure 8).

F IGURE  miRNA associated with osteoporosis present in ASC-EVs. (a) Heatmap representing the mean RPM across replicates (n = 3). miRNAs in
ASC-EVs were quantified, and miRNA annotated reads were normalized to RPM. (b) The expression levels ofmiR--p in RAW264.7 cells were determined
by qPCR. The relative gene expression was normalized tomiR--p and Gapdh and expressed as the fold change compared to RANKL-untreated RAW264.7
cells. (c) ThemiR--p level in ASC-EVs was measured by ddPCR and presented as copies/μL PCR. (d) The predicted target gene ofmiR--p was
determined by qPCR in RAW264.7 cells. The relative gene expression was normalized to a housekeeping gene (Gapdh) and expressed as the fold change
compared to RANKL-untreated RAW264.7 cells. (e) The expression levels of Acvra in RAW264.7 cells were determined by qPCR. The relative gene
expression was normalized to a housekeeping gene (Gapdh) and expressed as the fold change compared to RANKL-untreated RAW264.7 cells. (f) Predicted
target sites of Acvra 3′UTR. Red letters showed the predicted pairing of the target region and miRNA. (g) The gene expression in RAW264.7 cells was
determined by qPCR. The relative gene expression was normalized to a housekeeping gene (Gapdh) and expressed as the fold change compared to
RANKL-untreated RAW264.7 cells. (h) Cellular uptake of ASC-EVs into RAW264.7 cells. Images of PKH-67-labeled ASC-EVs (green) with DAPI (blue) were
visualized by merging the confocal images. Scale bar, 20 μm. Data are mean ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001; #p < 0.05; ##p < 0.01

F IGURE  In vivo distribution of ADSC-EVs in OVXmice. (a and b) Ex vivo bone distribution images (a) and quantification of fluorescence intensity (b)
in OVX mice injected with Cy5.5 EVs or Cy5.5. Ex vivo images of bone tissues were harvested at 4 and 7 h after injection. (c–e) Ex vivo distribution images of
major organs (heart, liver, spleen, kidney, and lung) (c) and quantification of fluorescence intensity at 4 h (d) and 7 h (e) after injection with Cy5.5 EVs or Cy5.5.
Data are mean ± SD (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001
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Although this study focused on OPG andmiR--p in ASC-EVs, it is possible that other components also have partially ben-
eficial effects in osteoporosis. BM-MSC-derived EVs induced osteogenic differentiation and improved bone repair (Narayanan
et al., 2016; Qin et al., 2016), and the miRNA expression profile in EVs was changed during osteoblast differentiation (Xu et al.,
2014; Zhao et al., 2016). We found that ASC-EVs stimulate the BM-MSC migration, but the effects of ASC-EVs on osteogenic
differentiation remain to be investigated. let-a,miR-b, andmiR-a are abundant in ASC-EVs, and these miRNAs could be
involved in the regulation of osteoblast differentiation (Choi et al., 2019; Qin et al., 2016; Zhao et al., 2016). Also, further mecha-
nistic details of how ASC-EVs are transferred to the cells and bone tissues remain to be elucidated. CD44, a hyaluronan receptor,
is expressed on the surface of ASC-EVs. Ragni et al. reported that CD44 is involved in the recruitment and uptake of ASC-EVs,
and increasing CD44 on ASC-EVs induced their internalization (Ragni et al., 2019). By culturing ASCs on hyaluronan-coated
surfaces, ASC-EVs with increased CD44 levels are harvested, and they could increase the therapeutic efficacy in osteoporosis.
In summary, ASC-EVs can effectively reduce bone loss in OVXmice. ASC-EVs promoted BM-MSCmigration and suppressed

osteoclast differentiation of RAW264.7 cells through the transfer of diverse cytokines and miRNAs in EVs. Therefore, bone
metabolism-related cytokines andmiRNAs enriched inASC-EVs could synergistically contribute to bone remodelling, andASC-
EVs are up-and-coming therapeutic agents for osteoporosis treatment.
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