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ABSTRACT

Tissue-resident stem cell senescence leads to stem cell exhaustion, which is a major cause of
physiological and pathological ageing. Stem cell-derived extracellular vesicles (SC-EVs) have been
reported in preclinical studies to possess therapeutic potential for diverse diseases. However, whether
SC-EVs can rejuvenate senescent tissue stem cells to prevent age-related disorders still remains
unknown. Here, we show that chronic application of human embryonic stem cell-derived small
extracellular vesicles (hESC-sEVs) rescues the function of senescent bone marrow mesenchymal
stem cells (BM-MSCs) and prevents age-related bone loss in ageing mice. Transcriptome analysis
revealed that hESC-sEVs treatment upregulated the expression of genes involved in antiaging, stem
cell proliferation and osteogenic differentiation in BM-MSCs. Furthermore, liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis identified 4122 proteins encapsulated in hESC-sEVs.
Bioinformatics analysis predicted that the protein components in the hESCs-sEVs function in
a synergistic way to induce the activation of several canonical signalling pathways, including Wnt,
Sirtuin, AMPK, PTEN signalling, which results in the upregulation of antiaging genes in BM-MSCs and
then the recovery of senescent BM-MSCs function. Collectively, our findings reveal the effect of hESC-
sEVs in reversing BM-MSCs senescence and age-related osteogenic dysfunction, thereby preventing
age-related bone loss. Because hESC-sEVs could alleviate senescence of tissue-resident stem cells,
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they might be promising therapeutic candidates for age-related diseases.

Introduction

Ageing is an inevitable biological process characterized by
the progressive loss of physiological function, leading to
a variety of age-associated disorders [1]. In mammals,
senescence of the tissue-resident stem cells is one of the
primary risk factors for organismal ageing [1,2].
Senescent tissue-resident stem cells exhibit properties of
reduced self-renewal and multilineage differentiation,
which leads to a decline in tissue repair and regeneration
[2,3]. Bone marrow-derived mesenchymal stem cells
(BM-MSCs), the common progenitors from which osteo-
blasts arise, play a critical role in maintaining the balance
of bone metabolism [4]. Recently, a study conducted by
Zhou et.al. reported that BM-MSCs in aged individuals
exhibited decreased proliferation and osteogenic differ-
entiation potential, as well as a variety of senescent phe-
notypes, such as the expression of senescence-associated
B-galactosidase (SA-B-gal), the cell cycle inhibitors P16

and P21, and the senescence-associated secretory pheno-
type (SASP) [5]. Similarly, BM-MSCs extracted from
patients with osteoporosis also acquired several abnorm-
alities indicative of ageing, including reduced prolifera-
tion and mineralization capacity [6]. Thus, BM-MSC
senescence is regarded as a major driver in the pathogen-
esis of age-related bone loss [7,8]. Accordingly, several
studies have reported that transplantation of young BM-
MSCs into aged osteoporotic mice significantly amelio-
rates BM-MSCs senescence, slows down the reduction in
bone mass, and increases the lifespan in aged mice [9,10].
Therefore, therapeutic strategies aimed at rejuvenating
senescent BM-MSCs to restore their function hold great
potential in preventing age-related bone loss.
Extracellular vesicles (EVs), such as microvesicles and
exosome, are nanosized vesicles that are secreted by most
cells [11,12]. EVs contain proteins, lipids, and various
nucleic acid species from the source cell [13,14]. EVs can
mediate intercellular communication and modulate the
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cellular behaviour of recipient cells via the transfer of their
encapsulated bioactive components, and thus are increas-
ingly being explored as potential therapeutic agents [14].
Recently, adult stem cell-derived EVs have been reported
to achieve similar effects as those of their parental cells in
various disease models, such as myocardial infarction and
reperfusion injury [15], liver and kidney injury [16-18],
hind limb ischaemia [19], inflammatory disease [20], and
degenerative diseases [21-23]. In addition to adult stem
cells, embryonic stem cells (ESCs) have also been shown to
be a promising source of therapeutic EVs due to their
unique ability to proliferate indefinitely and pluripotent
capacity [24]. In addition, ESC-derived EVs have no risk of
tumorigenesis and a low possibility of immune rejection
[25]. Moreover, mounting evidence has indicated that
ESC-derived EVs possess pro-regenerative and antiaging
effects. For instance, intramyocardial injection of exo-
somes from mouse ESCs enhances the healing of infarcted
hearts by increasing cardiomyocyte survival and neovas-
cularization [26]. Our previous study demonstrated that
local application of human ESC-derived small EVs (hESC-
sEVs) accelerated the wound healing process by alleviating
endothelial senescence [27]. However, the effect of ESC-
sEVs in rejuvenating senescent tissue-resident stem cells to
prevent age-related disorders still remains unknown.

In this study, we investigated whether hESC-sEVs
could improve the senescent phenotypes of BM-MSCs
in an age-induced bone loss animal model, and
explored the underlying mechanisms. We show that
hESC-sEVs rejuvenate senescent BM-MSCs both
in vitro and in vivo, and thereby prevent age-related
bone loss. By high-throughput transcriptome analysis,
we found that hESC-sEVs treatment up-regulates the
expression of antiaging-related genes and those that
regulate stem cell proliferation and osteogenic differ-
entiation. Furthermore, 4122 proteins were identified
in hESC-sEVs by liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS).
Bioinformatics analysis predicted that multiple proteins
function synergistically to activate several canonical
pathways, including Wnt, Sirtuin, AMPK, and PTEN
signalling, that are involved in ameliorating BM-MSCs
senescence and promoting osteogenic differentiation.
These data show for the first time that hESC-sEVs are
effective in counteracting BM-MSCs ageing and
thereby prevent age-related bone loss.

Materials and methods
Cell culture and characterization

The hESC line H9 was kindly provided by the Stem
Cell Bank, Chinese Academy of Science (Shanghai,

China). The cells were expanded under serum- and
feeder-free conditions using ncEpic medium
(Nuwacell ~Biotechnologies Co., Ltd, China,
Cat"RP01001), and cultured on vitronectin (VTN;
Nuwacell  Biotechnologies Co., Ltd, China,
Cat"RP01002) coated plate in a humidified incuba-
tor at 37°C with 5% CO,. The culture medium was
changed daily. Upon reaching ~85% confluency, the
cells were passaged as clumps using Dissociation
Buffer (Nuwacell Biotechnologies Co., Ltd, China,
China; Cat*RP01007), and re-plated in ncEpic med-
ium on VTN coated plates. Pluripotency-related
markers (NANOG, OCT4, SSEA4, TRA-1-60 and
TRA-1-81) were detected by immunofluorescence
(IF) staining. The antibodies used for IF staining
were listed as follows: NANOG (1:500; 4903s, Cell
Signaling Technology), OCT4 (1:500; 2840s, Cell
Signaling Technology), SSEA4 (1:1000; 4755, Cell
Signaling Technology), TRA-1-60 (1:500; 4746, Cell
Signaling Technology), TRA-1-81 (1:500; 4745, Cell
Signaling Technology). Cells were tested for myco-
plasma and found to be negative.

Isolation of hESC-sEVs

hESC-sEVs were isolated by serial centrifugation with
ultracentrifugation as previously described [28,29].
Conditioned medium (CM) was collected during the
subculture process, typically 24 h after changing the
medium of 2-day-old hESC cultures. All centrifugation
steps were performed at 4°C. Firstly, 500 mL CM was
collected and centrifuged at 300 x g for 5 min to pellet
and remove dead cells. Next, the supernatant was spun at
2,000 x g for 20 min to remove debris and apoptotic
bodies. Then, the supernatant was centrifuged at
10,000 x g for 30 min to pellet large EVs (IEVs).
Afterwards, the media supernatant was passed through
a 0.22 um pore PES filter (Millipore, Cat” SCGPUO5RE)
to further remove any remaining IEVs. This supernatant
was next subjected to ultracentrifugation at 100,000 x g
for 114 min in an SW 32 Ti Rotor Swinging Bucket rotor
(k factor of 256.8, 28536 rpm, Beckman Coulter,
Fullerton, CA) to pellet hESC-sEVs. The hESC-sEVs
pellet was re-suspended in a large volume of PBS fol-
lowed by ultracentrifugation at 100,000 x g for 114 min
in the SW 32 Ti Rotor Swinging Bucket rotor to wash the
sample. After PBS washing, the sEVs-enriched fraction
pellet was re-suspended in 200 pL PBS and stored at —80°
C. We used this type of small EVs preparation in all
studies unless indicated. We have submitted all relevant
data of our experiments to the EV-TRACK knowledge-
base (EV-TRACK ID: EV190059) [30]. The EV-metric
score is 56%.



Transmission electron microscopy (TEM)

A total of 10 pL hESC-sEVs-enriched solution were
placed on a formvar-carbon-coated grid (400 meshes)
and left to dry at room temperature for 20 min. After
washing with PBS, the sEVs enriched fraction was fixed
in 1% glutaraldehyde for 5 min, washed in water and
stained with saturated aqueous uranyl oxalate for
5 min. The excess liquid was blotted on a whatman
paper. The grid was then dried at room temperature
for 10 min and imaged in Transmission Electron
Microscope (TF20, FEI, USA).

Size distribution and particle concentration

The size distribution and particle concentration of hESC-
sEVs were measured using qNano platform (iZON°®
Science, UK) as described previously [31]. In brief, the
NP100 nanopores of the measuring system are calibrated
using particles of known size (CPC100 standard solu-
tions, iZON® Science), then washed 3 times with PBS.
The sEVs were diluted with 1000-fold PBS and then
added to the nanopores for measurement. Particle size
measurement and data analysis were performed with
a particle analyser (qNano platform, iZON® Science)
and Control Suite software v2.2 (iZON” Science).

Protein concentration

The protein concentration of hESC-sEVs enriched
fraction was quantified by Pierce BCA Protein Assay
Kit (Thermo Scientific, Cat*23225) according to the
product manual. A total of 10 uL samples were loaded
into each well of a 96-well plate and 200 uL of the WR
solution was added. The plate was incubated at 37°C
for 30 min and the absorbance was detected at 562 nm.
A standard curve was used to determine the protein
concentration of each sEVs enriched fraction sample.

Western blot analysis

Cells or hESC-sEVs were lysed with RIPA buffer contain-
ing a complete protease inhibitor tablet (Roche). Lysates
were cleared by centrifugation at 12,000 g for 20 min. The
supernatant fractions were used for western blot analysis.
Protein extracts were resolved by 10% SDS-PAGE (10 ug
protein/lane) and probed with the indicated antibodies.
The antibodies against the following proteins were used
for western blot analysis: CD63 (1:1000; ab134045,
Abcam), CD9 (1: 2000; ab92726, Abcam), TSG101 (1:
1000; sc-7964, Santa cruz), GM130 (1: 1000; ab52649,
Abcam), PRKAA1l (1:1000; 5831 T, Cell Signaling
Technology), CTNNB1(1:1000; 8480 T, Cell Signaling
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Technology), GSK3B (1:1000; 12,456 T, Cell Signaling
Technology), STK11(1:1000; ab199970, Abcam), LRP1
(1: 20,000; ab92544, Abcam), NAMPT (1:2000; AG-
20A-0034, Adipogen), AKT1 (1:1000; 9272, Cell
Signaling Technology), TGFBR1 (1:1000; ab31013,
Abcam), POUS5F1 (1:1000; 2750s, Cell Signaling
Technology), and SLC2A1 (1:1000; ab652, Abcam). Anti-
rabbit IgG or anti-mouse IgG, HRP-linked antibody (1:
2,000; Cell Signaling Technology) was used as secondary
antibody.

Animal experiments

Animal care and experimental procedures were approved
by the Animal Research Committee of the Shanghai Jiao
Tong University Affiliated Sixth People’s Hospital
(approval code: DWSY2018-118), and were conformed to
the Guide for the Care and Use of Laboratory Animal
published by the US National Institutes of Health (NIH
publication, 8th edition, 2011). Male
accelerated mouse prone eight (SAMP8) mice were pur-
chased from the First Teaching Hospital of Tianjin
University of Traditional Chinese Medicine (Tianjin,
China). All mice were housed under pathogen-free condi-
tions and provided a standard diet and water. At the end of
the experiment, the mice were euthanized with an overdose
of pentobarbital sodium (150 mg/kg, i.p). For the in vivo
study, 6-month-old male SAMP8 mice was gavage treated
every other day for 6 months with 100 pl vehicle control
(PBS, n = 8 mice) or sEVs (1 x 10'° particles per mouse,
dissolved in PBS, n = 8 mice). Mice were sacrificed for
further analysis after 6 months of treatment.

senescence-

Labelling of hESC-sEVs

hESC-sEVs were obtained as described in the “Isolation
of hESC-sEVs” section and were labelled with the DiR
(Thermo Scientific, Cat*D12731) according to the
manufacture’s protocol and as described previously
with modifications in the removal of unbound dyes
[32]. In brief, the labelled sEVs were loaded at the
bottom of an iodixanol cushion (0%, 20%, 30% and
50%) and centrifuged at 100,000 x g for 114 min (SW
32-Ti Rotor) to separate them from the free unbound
dye. The DiR-labelled sEVs were collected from the
interphase between 20% and 30%, then washed in
PBS and centrifuged at 100,000 x g for 114 min in
the SW 32 Ti Rotor Swinging Bucket rotor.

Analysis of DiR-sEVs distribution

Purified DiR-labelled hESC-sEVs (1 x 10'° particles/
ml, 100 pl) were applied into SAMPS8 mice, followed by
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euthanasia and ex vivo imaging of dissected organs
(gastrointestine (GI) tract, liver, spleen, kidney, heart,
lung, brain, femur and tibia) at 6, 12, 24, and 48 hours
after application. Bio-distribution of DiR-labelled sEV's
was examined by using IVIS Spectrum (Perkin Elmer).
The harvested organs were imaged for 1-2 seconds
(excitation 710 nm, emission 760 nm). The data were
analysed with the IVIS software (Living Image Software
for IVIS).

Micro-computed tomography (micro-CT) analysis

Micro-CT images were obtained to evaluate trabecular
bone structure of the femur. The dissected, formalin-
fixed samples were scanned with the femur axis per-
pendicular to the plane at 9 pum resolution. The 3D
representation of the regenerated bone was recon-
structed with NRecon software (Version 1.5.1.4,
Skyscan). The region of interest (ROI) was defined as
the cancellous bone of the distal femur. The values of
trabecular bone volume fraction (BV/TV; %), trabecu-
lar number (Tb. N; 1/mm), trabecular thickness (Tb.
Th; mm), trabecular separation (Tb. Sp; mm) were
selected to evaluate the bone structure. For cortical
bone, we selected the region of mid-diaphysis on the
10% femoral length to analyse the cortical thickness
(mm), cortical area (mm?), and bone total area (mm?).
For bone mineral density (BMD; mg/cm3) measure-
ment, we selected bone area under the first mandibular
molar to analyse cancellous bone. All imaging was
performed and analysed in a blinded fashion.

Isolation, culture and characterization of mouse
BM-MSCs

The proximal and distal metaphysis of the femurs and
tibias was cut and the bone marrow was flushed from
the diaphysis with 1% FBS (Gibco, USA) in PBS.
Single-cell suspension of all nuclear cells was seeded
at a density of 2 x 10° cells per square centimetre on
10-cm culture dish (Corning, NY, USA) at 37°C in 5%
CO,. Non-adherent cells were removed after 24 hours,
and the attached cells were maintained BM-MSCs.
Surface antigens of BM-MSCs were analysed using
flow cytometry. The monoclonal antibodies used (BD
Biosciences) were CD44-FITC, CD29-PE, Sca-1-PE,
CD34-APC, CD45-FITC and CDI11b-PE. The cells
were incubated with 1% bovine serum albumin (BSA;
Gibco) for 30 minutes to block non-specific antigens.
Following two washes in PBS, the cells were resus-
pended and analysed using the Guava easyCyte™ sys-
tem (Millipore, Billerica, MA, USA). Non-Specific

fluorescence was determined with isotype-matched
mouse monoclonal antibodies (BD Biosciences).

Senescence-associated B-galactosidase (SA-B-gal)
assay

SA-B-gal staining of BM-MSCs was performed using
an SA-B-gal staining kit (Beyotime Biotechnology,
China; Cat*C0602) according to the manufacturer’s
protocol. In brief, cells were fixed in 4% paraformalde-
hyde for 5 min. After washing with PBS three times,
samples were incubated in SA-B-gal solution at 37°C
for 16-18 h. Ice-cold PBS was then used to stop the
enzymatic reaction. In blinded analyses, for each sam-
ple, 10 images were taken from random fields using
microscope. The ratio of positive cells was determined
by counting the blue cells and dividing by the total
number of observed cells.

Colony-forming unit (CFU) assay

BM-MSCs were suspended and seeded at a density of
200 cells into 6-well plates. The cells were cultured in
complete medium for 10 days. Cell colonies were
washed with PBS, fixed with 4% PFA for 30 min at
RT, and were stained with 0.5% crystal violet solution
for 30 min at RT on a rocking shaker. Afterwards,
excess stain was washed off and plates were air-dried.
Colonies were counted by investigators blinded to the
experimental conditions.

Osteogenic differentiation assay

For ex vivo experiment, BM-MSCs were isolated, cultured
to 80% confluence, and then incubated with osteogenic
differentiation medium (Cyagen Biosciences, USA; Cat”
MUBMZX-90021). Half of the induction medium was
replaced every other day. For in vitro experiment, BM-
MSCs were isolated from 6-month-old SAMPS8 mice, cul-
tured to 80% confluence, and then incubated with osteo-
genic differentiation medium containing 1 x 10'° particles/
mL hESC-sEVs or vehicle (PBS). Half of the induction
medium was replaced by an equivalent volume of fresh
osteogenic medium supplemented with 1 x 10" particles/
mL hESC-sEVs or with PBS every other day. The expres-
sion levels of osteogenic-related genes were assayed by RT-
qPCR on day 7 after the osteogenic induction. To assess
osteogenic differentiation, the cells were stained with 1%
Alizarin Red (Cyagen Biosciences) on day 21 after the
osteogenic differentiation. Calcified nodules were eluted
with 10% cetylpyridinium chloride (CPC), and the absor-
bance was calculated at 562 nm.



Alkaline phosphatase (ALP) staining

For ALP staining, BM-MSCs were fixed with 4% par-
aformaldehyde after osteogenic induction for 10 days
in vitro and incubated with a solution of 0.25%
naphthalol AS-BI phosphate and 0.75% Fast Blue BB
dissolved in 0.1 M Tris buffer. ALP activity was quan-
tified by using a commercial kit according to the man-
ufacturer’s protocol (Cell Biolab, CA, USA).

Immunofluorescence staining

BM-MSCs were fixed with 4% paraformaldehyde, per-
meabilized in PBS containing 0.5% Triton X-100 for
15 min at room temperature and pre-incubated with
5% BSA for 1 h at room temperature to block non-
specific staining. Fixed cells were then incubated over-
night at 4°C with primary antibodies against Ki-67
(1:200; 9129s, Cell Signaling Technology), p21 (1:500;
ab188224, Abcam), y-H2AX (1:400; 9718s, Cell
Signaling Technology), followed by secondary antibody
conjugated to Alexa Fluor 594 (1:1000; Thermo
Scientific). Nuclei were labelled with DAPI (1:1000;
D9542, Sigma) at room temperature for 5 min.
Fluorescence images were captured under fluorescence
microscope (Leica Microsystems). Quantification of the
number of positively stained cells was performed by
using the Image] software.

Real-time quantitative polymerase chain reaction
(RT-qPCR) analysis

Targeted gene expression analyses were performed by
RT-qPCR. Briefly, total RNA was isolated using QIAzol
Lysis Reagent and RNeasy Mini Columns (Qiagen,
Valencia, CA). RNA quantity and purity were confirmed
with a Nanodrop spectrophotometer (Thermo Scientific,
Wilmington, DE). Reverse transcriptase was performed
using the RevertAid First Strand ¢cDNA Synthesis Kit
(Thermo Scientific, CA; Cat’K1622). PCR reactions
were run using the ABI Prism 7900HT Real Time
System (Applied Biosystems, Carlsbad, CA) with SYBR
green (Roche Applied Science; Cat” 04913850001). The
primer sequences used in this study are listed in
Supplementary Table 1.

Histological analysis

The samples were fixed in 4% formaldehyde, decalci-
fied in 10% EDTA solution and then embedded in
paraffin. The embedded samples were cut into 5 um
sections with a microtome (Leica Microsystems,
Germany). Sections were stained with haematoxylin

JOURNAL OF EXTRACELLULAR VESICLES . 5

and eosin (H&E) and visualized under a light micro-
scope (Leica Microsystems, Germany).

RNA-sequencing analysis

RNA-sequencing (RNA-seq) analysis was performed by
Shanghai Biotechnology Corporation (Shanghai, China).
In brief, total RNA was isolated using RNeasy mini kit
(Qiagen, Germany). Paired-end libraries were synthe-
sized by using the TruSeq™ RNA Sample Preparation
Kit (Ilumina, USA) following TruSeq™ RNA Sample
Preparation Guide. The poly-A containing mRNA mole-
cules were purified using Poly-T oligo-attached magnetic
beads. Following purification, the mRNA is fragmented
into small pieces using divalent cations under 94°C for
8 min. The cleaved RNA fragments are copied into first-
strand cDNA using reverse transcriptase and random
primers. This is followed by second-strand cDNA synth-
esis using DNA polymerase I and RNase H. These cDNA
fragments then go through an end repair process, the
addition of a single “A” base, and then ligation of the
adapters. The products are then purified and enriched
with PCR to create the final ¢cDNA library. Purified
libraries were quantified by Qubit® 2.0 Fluorometer
(Thermo Scientific, USA) and validated by Agilent 2100
bioanalyzer (Agilent Technologies, USA) to confirm the
insert size and calculate the mole concentration. Cluster
was generated by cBot with the library diluted to 10 pM
and then were sequenced on the Illumina HiSeq
(Illumina, USA).

Proteomic analysis

The proteomic analysis was performed by the Shanghai
Applied Protein Technology Company (Shanghai,
China).

Proteins isolation and identification

The isolated EVs (400 ul, obtained from 240 ml of
conditioned media) were digested in SDT lysis buffer
(4% SDS, 100 mM Tris-HCI, 1 mM DTT, pH7.6). The
lysate was sonicated for 15 min and then heated to 95°
C for 15 min. After centrifuged at 14000 x g for
40 min, the supernatant was quantified with the BCA
Protein Assay Kit (Bio-Rad, USA). 20 pg of proteins for
each sample were mixed with 5x loading buffer,
respectively, and boiled for 5 min. The proteins were
separated on 12.5% SDS-PAGE gel (constant current
14 mA, 90 min). Protein bands were visualized by
Coomassie Blue R-250 staining.
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Filter-Aided Sample Preparation (FASP)

100 pg of proteins for each sample were incorporated
into 30 ul SDT buffer (4% SDS, 100 mM DTT, 150 mM
Tris-HCl pH 8.0). The detergent, DTT and other low-
molecular-weight components were removed using UA
buffer (8 M Urea, 150 mM Tris-HCl pH 8.0) by
repeated ultrafiltration (Microcon wunits, 10 kD).
Then, 100 pl iodoacetamide (100 mM IAA in UA
buffer) was added to block reduced cysteine residues
and the samples were incubated for 30 min in darkness.
The filters were washed with 100 pl UA buffer three
times and then 100 ul 25 mM NH,/HCO; buffer twice.
Finally, the protein suspensions were digested with
4 ug trypsin (Promega) in 40 pl 25 mM NH,HCO;
buffer overnight at 37°C, and the resulting peptides
were collected as a filtrate. The peptides of each sample
were desalted on C18 Cartridges (EmporeTM SPE
Cartridges C18 (standard density), bed I.D. 7 mm,
volume 3 ml, Sigma), concentrated by vacuum centri-
fugation and reconstituted in 40 pl of 0.1% (v/v) formic
acid. The peptide content was estimated by UV light
spectral density at 280 nm using an extinction coeffi-
cient of 1.1 of 0.1% (g/1) solution.

Peptide fractionation with high pH reversed-phased
To increase the depth of protein identification, pep-
tide fractionation was performed using Pierce High
pH Reversed-Phased Peptide Fractionation kit
(Thermo Scientific, 84868). Digest samples were frac-
tionated into five fractions (F1-F5) by an increasing
acetonitrile step-gradient elution according to the kit
instructions.

MS data acquisition

The MS analyses were performed using an Easy-nLC
1000 nano-UPLC chromatography (Thermo Scientific)
interfaced with a Q-Exactive Orbitrap mass spectro-
meter (Thermo Scientific) with a nano-electrospray
ion source. The sample was loaded onto an Acclaim
PepMapl100 C18 reverse-phase trap  column
(100 pmx2 cm) with nanoViper fittings (Thermo
Scientific) connected to the C18-reversed-phase analy-
tical column (Thermo Scientific Easy Column, 10 cm
long, 75 pm inner diameter, 3 pum resin) in buffer
A (0.1% Formic acid) and separated with a linear
gradient of buffer B (84% acetonitrile and 0.1% formic
acid) at a flow rate of 300 nL/min controlled by
IntelliFlow technology. The mass spectrometer was
operated in the positive ion mode. MS data were
acquired using a data-dependent topl0 method that
dynamically selected the most abundant precursor
ions from the survey scan (300-1800 m/z) for HCD
fragmentation. The automatic gain control (AGC)

target was set to le6, and the maximum inject time
was set to 50 ms. The dynamic exclusion duration was
60.0 s. Survey scans were acquired at a resolution of
70,000 at 200 m/z, the resolution for HCD spectra was
set to 17,500 at 200 m/z, and the isolation window
was 2 m/z. The normalized collision energy was
30 eV, and the underfill ratio was defined as 0.1%.
The instrument was run with the peptide recognition
mode enabled.

Data processing

All data were analysed using MaxQuant software ver-
sion 1.5.3.17. Proteins were identified by comparing all
the spectra with the human proteome reference data-
base (Swissprot_human_20422_20190522.fasta).
Enzymatic digestion was performed using trypsin, and
the maximum number of missed cleavages allowed was
two. In addition, the oxidation of methionine was
selected as a variable modification, while the carbami-
domethylation of cysteine was selected as a fixed mod-
ification. Razor and unique peptides were used for
protein quantification. In the MS mode, an initial
mass tolerance of 6 ppm was selected, and the MS/
MS tolerance was set to 20 ppm for fragmentation data.
The false discovery rate (FDR) was specified as 0.01 for
proteins and peptides. Intensity-based absolute quanti-
fication (iBAQ) was performed using the default para-
meters in MaxQuant. The mass spectrometry
proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD018655.

Bioinformatics analysis

The identified proteins were compared with the results
from the EVpedia database of published exosomal pro-
teins. The gene ontology (GO) enrichment analysis was
determined using FunRich software (Version 3.1.3)
[33]. Canonical pathway analysis was conducted utiliz-
ing the Ingenuity Pathway Analysis (IPA, Qiagen). The
protein-protein interaction was analysed in the
Ingenuity Pathway Knowledge Base (IPKB, Qiagen).

Statistical analysis

All data are presented as meants.e.m. Student’s
unpaired t-test or one-way ANOVA was used for com-
parisons between two groups unless otherwise noted.
A value of P < 0.05 was considered significant
difference.



Results
Isolation and characterization of hESC-sEVs

First, we characterized the human embryonic stem cells
(hESCs) used in this study. As shown in Figure 1(a),
hESC colonies positively expressed pluripotency-
related markers, including OCT4, NANOG, SSEA4,
TRA-1-60 and TRA-1-81. sEVs were then isolated
from hESC-derived conditioned media and character-
ized in terms of morphology, particle size and concen-
tration, and surface markers. The purified hESC-sEVs
displayed a size around 100 nm and a cup-shaped
morphology, as shown by TEM (Figure 1(b)). gNano
analysis revealed that the mean diameter was
133.2 + 11.2 nm, and the mean particle concentration
is 2.1 x 10" + 1.5 x 10" particles/mL (Figure 1(c)).
Western blotting analysis showed that hESC-sEV's were
positive for CD9, CD63 and TSG101, but negative for
the Golgi-associated protein GM130 (Figure 1(d)).
Additionally, the yield of hESC-sEVs was evaluated in
terms of particle concentration and protein concentra-
tion. As shown in Figure 1(e-h), the mean particle
concentration was 5.45 x 10% + 7.24 x 107 particles/
mL CM (Figure 1(e)), or 861.40 + 74.61 particles per
cell (Figure 1(f)). The mean protein concentration was
1114.04 + 42.66 ng/mL CM (Figure 1(g)), or
207 x 107+ 2.76 x 10~ ng per particle (Figure 1(h)).

Aged-related bone loss and senescent properties of
BM-MSCs in SAMP8 mice

In this study, the senescence-accelerated SAMPS8
mouse model was used to evaluate the effect of hESC-

OCTA/DAPI b
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Particles(<108y mLCM @

Figure 1. Characterization of hESCs and hESC-sEVs.

(a) Representative bright-field image and OCT4, NANOG, SSEA-4, TRA-
1-60, TRA-1-81 immunostaining micrographs of hESCs. Nucleus was
stained with DAPI. Scale bar, 50 pm. (b) Representative TEM images of
hESC-sEVs. Scale bar, 100 nm. (c) Average particle size distribution and
concentration of hESC-sEVs measured by gNano. (d) Representative
western blot analysis showing the presence of exosomal markers
including CD9, CD63, and TSG101, but negative for GM130 in hESC-
SEVs. (e,f) Evaluation of hESC-sEVs yield in term of particle concentra-
tion. (g,h) Evaluation of hESC-sEVs yield in term of protein concentra-
tion. Each experiment was repeated three to five times independently.
Data are represented as mean+s.e.m.
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sEVs in preventing age-related bone loss. Micro-CT
analysis revealed a gradual loss of trabecular bone
mass in the femur of SAMP8 mice aged 2 to 12 months
(Supplementary Figure 1la). Quantitative analysis
showed that the most dramatic trabecular bone loss
occurred at 6 to 12 months of age, as indicated by
gradually decreased bone mineral density (BMD),
bone volume/tissue volume ratio (BV/TV), trabecular
number (Tb. N), and trabecular thickness (Tb. Th),
and increased trabecular separation (Tb. Sp)
(Supplementary Figure 1b). Moreover, quantitative
analysis of cortical bone showed no significant differ-
ences in SAMP8 mice of different ages (Supplementary
Figure 1c, d).

As BM-MSCs represent a promising cellular source to
maintain bone homoeostasis, while the senescence of BM-
MSCs may lead to bone loss [8]. We then investigated the
causative role of BM-MSC senescence in mediating age-
related trabecular bone loss in SAMP8 mice. BM-MSCs
were negative for CD34, CD11b and CD45 and positive for
CD29, CD90, and Sca-1 (Supplementary Figure 2a). We
found that the expression of ageing-related markers,
including pi6, p21, IL-6, IL-1b, and Ccl4, gradually
increased in BM-MSCs that were isolated from SAMP8
mice of different ages (Supplementary Figure 2b), while the
proliferation capacity and number of colony units gradu-
ally decreased (Supplementary Figure 2c, d). Moreover,
primary BM-MSCs exhibited significantly reduced osteo-
genic potential, as evidenced by ALP staining
(Supplementary Figure 2e) and Alizarin red staining
(Supplementary Figure 2f). RT-qPCR analysis also showed
that the expression of the osteogenic genes (Fzd9, Rbpj,
Hgf, Fgr, and Dmpl) gradually decreased in BM-MSCs
isolated from SAMP8 mice of different ages
(Supplementary Figure 2g). These results indicated that
BM-MSCs undergo a gradual decline in proliferation and
osteogenic differentiation beginning at 6 months of age,
and BM-MSC senescence is closely correlated with the
progression of bone loss in SAMP8 mice.

hESC-sEVs prevent age-related bone loss in SAMP8
mice

We then explored the role of hESC-sEVs in preventing
age-related bone loss. To track the biodistribution of
hESC-sEVs in vivo, DiR-labelled hESC-sEVs (1 x 10'°
particles/mL, 100 ul) were administered to SAMP8
mice, followed by euthanasia and ex vivo imaging of
dissected organs at 6, 12, 24, and 48 hours after admin-
istration. The fluorescent signal could be first observed
in the femurs and tibias after 6 hours of administration.
With extended observation time, the fluorescent signal
in the bone gradually increased, and reached a high
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point at 48 hours after administration. Meanwhile, the
high signal was observed in the GI tract, liver, spleen,
kidney, heart and lung. Fluorescent signal can not be
detected in naive SAMP8 mice (Supplementary
Figure 3).

Next, hESC-sEVs were administrated to 6-month-
old male SAMP8 mice for 6 months. The mice were
randomized to either the vehicle or hESC-sEVs treat-
ment group. After 6 months of treatment, the mice
were sacrificed, and the femurs were harvested for
micro-CT and histological analyses (Figure 2(a)). As
shown in Figure 2(b), compared with the vehicle-
treated mice, the sEVs-treated mice showed
a healthier appearance and status. Micro-CT (Figure 2
(c)) and quantitative analyses of distal femoral trabe-
cular bone revealed that hESC-sEVs treatment
increased BMD (Figure 2(d)), BV/TV (Figure 2(e)),
and Tb. N (Figure 2(f)) and decreased Tb. Sp (Figure
2(h)), while Tb. Th (Figure 2(g)) was not significantly
changed. Micro-CT analysis of cortical bone (Figure 2
(i)) revealed that cortical thickness (Figure 2(j)), corti-
cal area (Figure 2(k)), and total bone area (Figure 2(1))
were not significantly altered after treated with hESC-
sEVs. Notably, H&E staining of femurs revealed that
the amount of trabecular bones increased in sEVs-
treated mice compared with that in vehicle-treated
mice (Figure 2(m,n)). These results demonstrated that
hESC-sEVs treatment prevents age-related bone loss
in vivo.

hESC-sEVs ameliorate the senescent phenotypes,
and promote the proliferation and osteogenic
differentiation of BM-MSCs in vivo

It has been recognized that BM-MSC senescence is
putatively responsible for osteoporotic disorders
[7,8]. We then tested whether the preventative effect
of hESC-sEVs on bone loss was due to decreased
BM-MSC senescence. Primary BM-MSCs were iso-
lated from vehic

le- and sEVs-treated mice and analysed ex vivo. We
found that the number of SA-[B-gal-positive BM-MSCs
in sEVs-treated mice was significantly reduced (Figure
3(a)). Next, we performed IF staining for ageing mar-
kers and found that the protein expression of P21 and
y-H2AX in BM-MSCs was much lower in the sEVs
treatment group than in the control group (Figure 3(b,
¢)). RT-qPCR analysis also showed that hESC-sEVs
treatment significantly decreased the mRNA expression
of the SASP-related genes (IL-6, IL-1b, Ccl4, Ccl2, and
Timp-1) in BM-MSCs (Figure 3(d)).
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Figure 2. hESC-sEVs treatment prevents age-related bone loss
in SAMP8 mice.

(a) Experimental design for testing the effect of hESC-sEVs on prevent-
ing age-related bone loss: 6-month-old male SAMP8 mice were rando-
mized to either vehicle or hESC-sEVs treatment for 6 months. (b)
Representative images of aged male mice applied with vehicle or
hESC-sEVs. The mouse images were taken after 6 months of treatment.
(c) Representative micro-CT images of bone microarchitecture at the
femur. (d-h) Quantification of micro-CT derived bone mineral density
(BMD; mg/cm®) (d), bone volume fraction (BV/TV; %) (e), trabecular
number (Tb. N; 1/mm) (f), trabecular thickness (Tb. Th; mm) (g),
trabecular separation (Tb. Sp; mm) (h) at the femur. Data from n = 5
mice per group are represented. (i) Representative micro-CT images of
cortical bone. (j-I) Quantification of cortical thickness (mm) (j), cortical
area (mm?) (k), bone total area (mm?) (l). Data from n = 5 mice per
group are represented. (m) H&E staining of distal femoral metaphyseal
regions from mice treated with vehicle or hESC-sEVs. Scale bars,
200 pm. (n) Quantification of bone area. Data from n = 5 mice per
group are represented. All statistical data are represented as meanszs.
e.m. P-value is indicated as sEVs group versus vehicle group. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant (P > 0.05).
All imaging was performed and analysed in a blinded fashion.

Next, we assessed the effect of hESC-sEV's treatment
on the proliferation and osteogenic capacity of BM-
MSCs. Ki67 staining revealed that the percentage of
proliferating BM-MSCs significantly increased in the
sEVs-treated group (Figure 3(e)). Colony-forming unit
assay showed enhanced self-renewal capacity of BM-
MSCs from the hESC-sEVs treatment group (Figure 3
(f)). Moreover, BM-MSCs from sEVs-treated mice
showed improved osteogenic potential, as evidenced
by ALP (Figure 3(g)) and Alizarin red staining
(Figure 3(h)). The expression of osteogenic genes
(Fzd9, Rbpj, Hgf, Fgr, and Dmpl) in BM-MSCs from
sEVs-treated mice was also significantly increased
compared to that of vehicle-treated mice (Figure 3(i)).
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Figure 3. hESC-sEVs ameliorate the senescent phenotypes, and
promote the proliferation and osteogenic differentiation of BM-
MSCs in vivo.

(@) SA-B-gal staining of BM-MSCs from vehicle- or sEV-treated mice.
Left panel, representative pictures of SA-B-gal staining. Right panel,
quantification of SA-B-gal positive BM-MSCs. Scale bar, 50 um. (b) P21
immunostaining of BM-MSCs. Left panel, representative pictures of P21
immunostaining. Right panel, quantification of P21 positive BM-MSCs.
Scale bar, 50 um. (c) y-H2AX immunostaining of BM-MSCs. Left panel,
representative pictures of y-H2AX immunostaining. Right panel, quan-
tification of foci per nucleus. Scale bar, 10 um. (d) RT-qPCR analysis of
SASP-related gene expression in BM-MSCs. (e) Ki67 immunostaining of
BM-MSCs from vehicle- or sEVs-treated mice. Left, representative pic-
tures of Ki67 immunostaining. Right, quantification of Ki67 positive
BM-MSCs. Scale bar, 50 um. (f) Crystal violet staining for the CFU
colonies of BM-MSCs from vehicle- or sEVs-treated mice. Left, repre-
sentative pictures of crystal violet staining. Right, quantification of the
number of CFU colonies. (g) ALP staining of BM-MSCs from vehicle- or
sEVs-treated mice after osteogenic induction. Left, representative pic-
tures of ALP staining. Right, quantification of ALP activity. (h) Alizarin
red staining of BM-MSCs from vehicle- or sEVs-treated mice after
osteogenic induction. Left, representative pictures Alizarin red staining.
Right, quantification of mineralized absorbance. (i) RT-gPCR analysis of
osteogenic gene expression in BM-MSCs. Each experiment was
repeated three times independently. Data from n = 5 independent
samples per group are represented. P-value is indicated as sEVs group
versus vehicle group. *P < 0.05, **P < 0.01, ***P < 0.001,
***%P < 0.0001.

These results suggested that hESC-sEVss are effective in
alleviating BM-MSC senescence, and promoting their
proliferation and osteogenic differentiation capacity.

hESC-sEVs attenuate BM-MSC senescence in a
dose-dependent manner

To further validate the effect of hESC-sEVs in reversing
BM-MSC senescence, we isolated BM-MSCs from
6-month-old SAMP8 mice and incubated them with
hESC-sEVs for 48 hours at a range of concentrations
(1 x 10% 1 x 10%, and 1 x 10" particles/mL) in vitro.
The results showed that the number of SA-(B-gal-
positive cells substantially decreased in the presence
of sEVs in a dose-dependent manner (Figure 4(a)).
Consistent with these data, IF staining of P21 and y-
H2AX (Figure 4(b,c)), and RT-qPCR analysis (Figure 4
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Figure 4. hESC-sEVs protect against senescent phenotypes of
BM-MSCs in a dose-dependent manner.

(@) SA-B-gal staining of BM-MSCs treated as indicated. Left panel,
representative pictures of SA-B-gal staining. Right panel, quantification
of SA-B-gal positive BM-MSCs. Scale bar, 50 pm. (b) P21 immunostain-
ing of BM-MSCs treated as indicated. Left panel, representative pic-
tures of P21 immunostaining. Right panel, quantification of P21
positive BM-MSCs. Scale bar, 50 um. (c) y-H2AX immunostaining of BM-
MSCs treated as indicated. Left panel, representative pictures of y-
H2AX immunostaining. Right panel, quantification of y-H2AX positive
BM-MSCs. Scale bar, 100 um. (d) RT-qPCR analysis of age-related gene
expression in BM- MSCs. (e,f) Ki67 immunostaining of BM-MSCs treated
as indicated. Representative pictures (e) and quantification of Ki67
positive BM-MSCs (f). Scale bar, 50 um. (g,h) Crystal violet staining
for the CFU colonies of BM-MSCs treated as indicated. Representative
images (g) and quantification of the number of CFU colonies (h). (i)
ALP staining of BM-MSCs treated as indicated after osteogenic induc-
tion. Representative images (i) and quantification of ALP activity (j). (k,
I) Alizarin red staining of BM-MSCs treated as indicated after osteo-
genic induction. Representative pictures (k) and quantification of
mineralized absorbance (I). (m) RT-qPCR analysis of osteogenic gene
expression in BM-MSCs. Each experiment was repeated three to five
times independently. All statistical data are represented as meanszs.e.
m. P-value is indicated as sEVs group versus ctrl group. *P < 0.05,
**p < 0,01, ***P < 0.001, *P < 0.0001, ns, not significant (P > 0.05).

(d)) showed that the expression level of senescence-
related genes decreased gradually with increasing sEVs
concentrations. These results demonstrated that hESC-
sEVs treatment significantly alleviated the senescent
phenotypes of BM-MSCs in a dose-dependent manner.

We then evaluated the effects of hESC-sEVs treat-
ment on the proliferation and osteogenic differentia-
tion of BM-MSCs at a concentration of 1 x 10"
particles/mL. Ki67 staining (Figure 4(e,f)) and colony-
forming unit assays (Figure 4(g,h)) showed that the
hESC-sEVs treatment promoted BM-MSC prolifera-
tion and self-renewal potential. Moreover, hESC-sEVs
treatment enhanced the osteogenic potential of BM-
MSCs, as assessed by ALP staining and Alizarin red
staining (Figure 4(i-1)). The expression of osteogenic
genes (Fzd9, Rbpj, Hgf, Fgr, and Dmpl) in BM-MSCs
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from the sEVs-treated group was also significantly
increased compared to that of the control group
(Figure 4(m)). Furthermore, the chondrogenic and adi-
pogenic differentiation potential of BM-MSCs was also
enhanced after hESC-sEVs treatment (Supplementary
Figure 4a-d). These in vitro results demonstrated that
hESC-sEVs treatment significantly promotes the pro-
liferation and differentiation of BM-MSCs.

hESC-sEVs modulate the gene expression pattern of
BM-MSCs

To elucidate the underlying molecular mechanism by
which hESC-sEVs rescue BM-MSCs function, we
performed RNA-seq analysis to clarify the changes
in gene expression in BM-MSCs. We isolated BM-
MSCs from 6-month-old and 12-month-old SAMPS8
mice, respectively, and treated them with hESC-sEVs
(1 x 10" particlessmL) or PBS for 48 hours.
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Figure 5. Identification of BM-MSCs transcriptome changes
after hESC-sEVs treatment by RNA-seq.

(a). Heatmap representing the hierarchical clustering of significant
differential expression genes in different aged BM-MSCs treated with
hESC-sEVs. (b). IPA exhibiting the functional classification of differen-
tially expressed genes in BM-MSCs. (c). IPA showing canonical path-
ways of the differentially expressed genes in BM-MSCs. (d-f) GSEA
analysis identifies enrichment score for modules of negative regulation
of cellular ageing (d), stem cell proliferation (e), and osteogenic differ-
entiation (f) in BM-MSCs after hESC-sEVs treatment. (g,h) Heatmap
representation of differentially expressed genes (fold change >2) in
the GSEA analysis associated with negative regulation of cellular age-
ing (g), stem cell proliferation and osteogenic differentiation (h). (i) RT-
gPCR analysis of anti-ageing gene expression in BM-MSCs treated with
hESC-sEVs. The experiment was repeated three times independently.
P-value is indicated as SEV group versus ctrl group. *P < 0.05,
*P < 0.01, **P < 0.001, *P < 0.0001.

Meanwhile, BM-MSCs from 2-month-old SAMPS
mice were used as the young control group. We
identified 931 up-regulated genes (> 2-fold,
p < 0.05) and 582 down-regulated genes (< 0.5-fold,
p < 0.05) after sEVs treatment (Figure 5(a)). Next,
we performed functional and pathway analyses by
IPA. Functional analysis showed that many differen-
tially expressed genes were involved in bone homo-
eostasis (Figure 5(b)). In addition, pathway analysis
revealed that hESC-sEVs exposure significantly acti-
vated pathways involved in the regulation of ageing
and osteogenesis, including the “STAT3 pathway”,
“Wnt/B-catenin signaling”, “MAPK signaling”, and
“AMPK signaling”. etc. (Figure 5(c)). Subsequently,
we utilized gene set enrichment analysis (GSEA) to
mine the RNA-seq data, and the results showed that
the hESC-sEVs treatment increased the enrichment
score for the module of “negative regulation of cel-
lular aging” (Figure 5(d)), “stem cell proliferation”
(Figure 5(e)), and “osteogenic differentiation” (Figure
5(f)) in BM-MSCs. Genes that showed a significant
difference in expression (fold change >2) in the
GSEA analysis were visualized by heatmap (Figure
5(g,h)). Furthermore, RT-qPCR analysis confirmed
that the expression of antiaging genes in BM-MSCs
was increased after hESC-sEVs treatment (Figure 5
(i)). Taken together, these data clearly revealed that
alleviation of senescent phenotypes in BM-MSCs
after hESC-sEVs treatment is associated with genetic
programmes and pathways that control critical
aspects of the antiaging process, stem cell prolifera-
tion and osteogenic differentiation.

Proteomics analysis of hESC-sEVs

Previous studies reported that EV's can affect the biological
behaviours of recipient cells by transferring the encapsu-
lated proteins [34,35]. Therefore, we prepared proteins
from hESC-sEVs (Supplementary Figure 5), and then per-
formed LC-MS/MS analysis to identify the protein con-
tents of hESC-sEVs. In total, 4122 proteins were identified
from hESC-sEVs. 98.4% of the identified proteins could be
aligned to the EV proteome database (Figure 6(a)).
Enrichment analysis of GO terms by FunRich software
showed that 30.8% of the proteins identified in hESC-
sEVs were derived from exosomes (Figure 6(b)). The GO
analysis of biological processes revealed an enrichment of
proteins involved in “protein metabolism” (12.8%), “meta-
bolism” (12.4%), “energy pathways” (12.1%), “transport”
(8.6%), “cell growth and/or maintenance” (8%), and “pro-
tein modification” (0.3%) (Figure 6(c)). The GO analysis of
molecular functions showed that “RNA binding” (4.3%)
was a major category for hESC-sEVs proteins set. In line,
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Figure 6. Proteomic analysis of hESC-sEVs.

(a). Venn diagram displaying the proportion of shared and unique
proteins in hESC-sEVs relative to EVpedia database. (b). Gene
Ontology Cellular Component enrichment analysis of proteins identi-
fied in hESC-sEVs. (c). Gene Ontology Biological Process enrichment
analysis of proteins identified in hESC-sEVs. (d). Gene Ontology
Molecular Function enrichment analysis of proteins identified in hESC-
sEVs. (e). IPA showing canonical pathway enrichment of hESC-sEV
proteins.

“translation on regulator activity” (1.6%), “structural con-
stituent of ribosome” (2.1%), “transporter activity” (5.5%),
“GTPase activity” (2.7%) and “ubiquitin-specific protease
activity” (3.6%) were the top enriched for the hESC-sEVs
proteins (Figure 6(d)).

Next, ingenuity canonical pathway analysis of identi-
fied proteins in hESC-sEV's was performed. IPA pathway
analysis indicated that the proteins in hESC-sEVs are
linked to a variety of signalling pathways involved in
the regulation of cellular ageing and osteogenic differen-
tiation, including “mTOR signaling”, “ERK/MAPK sig-
naling”, “Sirtuin signaling”, “PI3K/AKT signaling”,
“ErbB signaling” “AMPK signaling”, “PTEN signaling”,
“Telomerase signaling”, “Wnt/B-catenin signaling” and
“p53 signaling” (Figure 6(e)). Western blot analysis
further confirmed the proteome results (Figure 7,
Supplementary Figure 6). These results suggested that
the proteins in hESC-sEVs are linked to a variety of
function and signalling pathways involved in the regula-
tion of cellular ageing and osteogenic differentiation.

hESC-sEVs proteins synergistically modulate the
expression of antiaging genes in BM-MSCs

To clarify how the proteins in hESC-sEVs regulate the
expression of antiaging genes in BM-MSCs, we per-
formed a regulatory network analysis using the IPA data-
base. The results showed complex regulatory
relationships between proteins identified in hESC-sEVs
and the up-regulated antiaging genes in BM-MSCs
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Figure 7. Western blot analysis of proteins in hESC-sEVs.

Representative images of western blot analysis. Cells (hESCs) were
used as control. The experiment was repeated three times
independently.

(Figure 8). As shown in Figure 8, many kinds of proteins
in the hESC-sEVs, such as kinase (FGFR3, MTOR, PAK1,
PAK2, SRC, and STKI11), enzyme (CDC42, ATG?7,
ACSS2, ACLY, ACACB, and SODI1), phosphatase
(PPP2CA, PPPICC), transcription regulator (RPSA,
EEF2, and EIF4E) and cytokine (NAMPT) were predicted
to regulate the expression of antiaging genes through
direct or indirect interactions (Supplementary table 2).
In addition, IPA results revealed that some hESC-
sEVs proteins and antiaging genes in the regulatory
network are mapped to several canonical signalling
pathways, including the Wnt, AMPK, PTEN and sir-
tuin pathways (Figure 8). These pathways have been
demonstrated to be involved in counteracting ageing
process, and promoting cell proliferation and
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Figure 8. Regulatory gene and protein interaction network.

Computational molecular interaction network prediction based on
anti-ageing genes and hESC-sEVs proteins associated with the signifi-
cant pathways in the Ingenuity Pathways Knowledge Base (IPKB). Node
properties are indicated by shape. Interactions between the different
nodes are given as solid (direct interaction) and dashed (indirect
interaction) lines (edges) for the different interaction types. This net-
work received a high score by IPA and identified a synergistic and
complex regulatory relationship between hESC-sEVs proteins (outer
ring) and the up-regulated anti-ageing genes (inner ring). Several
types of proteins (kinase, cytokine, phosphatase, transporter, transcrip-
tion regulator, G-protein coupled receptor, translation regulator,
enzyme) can regulate the expression of anti-ageing genes via direct
or indirect interaction, or through the activation of canonical signalling
pathways (Wnt, AMPK, PTEN, Sirtuin signalling).

manner, partially through the activation of Wnt,
Sirtuin, AMPK and PTEN signalling pathways.

Discussion

With advancing age, stem cells in many tissues have
been found to exhibit senescent phenotypes, including
blunted responsiveness to tissue injury, dysregulation
of proliferation and declines in functional capacities
[42,43]. These changes translate into reduced effective-
ness of cell replacement and tissue regeneration in aged
organisms. Accordingly, therapeutic strategies, such as
cellular reprogramming [44], stem cell transplantation
[45] and senolytics (i.e., ABT263 [46]), have been
explored to rejuvenate or eliminate senescent tissue-
specific stem cells to alleviate age-related disorders.
EVs were small particles with lipid bilayer, which can
be secreted by almost all type of cells [11]. There are
many kinds of EVs including exosomes, microvesicles,
apoptotic bodies, etc. with different functions due to
their different content and function style [47].
According to MISEV 2018 guideline, EVs can also be
classified into small EVs (<200 nm, pelleted at
100,000 g) and medium/large EVs (>200 nm, pelleted
at 10,000 g) by the size of the particles since the sub-
cellular origin may not be determined [28]. Recently,
small EVs have been reported to be therapeutically
efficacious in various preclinical studies, and are now
being explored for clinical translation (Clinical Trials.
gov identifiers: NCT02432287 and NCT02874924)
[48]. In this study, we aimed to clarify the function of
small EVs derived from human ESCs on ageing related

Table 1. List of hESC-sEVs proteins and antiaging genes associated with signalling pathways.

Signalling pathway

Proteins components in hESCs-sEVs

Upregulated antiaging genes

Wnt signalling pathway

SRC, TGFBR1, AKT1, CD44, CDH1, CREBBP,
CTNNB1, EP300, CJA1, GNAQ, ILK, LRP1,

Sox9, Wnt10b, Wnt2b, Wnt4,
Wnt6, Fzd9

MAP3K?7, PIN1, POU5F1, PPP2CA, SFRP1

Sirtuin signalling pathway

SLC2A1, SOD1, STAT3, STK11, ACLY, ACSS2,

Pfkfb3, Nos2, Cpt1b

AMPK signalling pathway

ADAM10, AGTRAP, AKT1, APP, CDH1, GSK3B,
MAPK1, MTOR, NAMPT, PARP1, PRKAAT1,

ACACA, ACACB, STK11, SRC, SMARCA4, SLC2A1,
RAB3A, PRKCA, PRKAAT1, PPP2CA, MTOR, MAPKT,
MAP3K7, FASN, EP300, ELAVL1, EEF2, CREBBP,

Cpt1b, Mapk13

ARID1A, AKT1
PTEN signalling pathway

RAC1, PTK2, PDGFRB, OCRL, NRAS, NGFR,

Pdgfra, Fgfr2

MAP2K1, MAP2K2, LRP1, ITGB1, ITGAS, ILK,
IGF1R, HRAS, GSK3B, FLT1, FGFR3, EGFR,
CDC42, CBL, CASP3, BMPR1A, AKT1, TGFBRT,

osteogenesis [36-41]. The proteins and antiaging genes
mapped to the pathways are listed in Table 1. Overall,
these findings demonstrated that proteins in hESC-
sEVs may modulate the expression of antiaging genes
in BM-MSCs in a synergistic and comprehensive

bone loss, the large EVs were removed by successive
centrifugations at increasing speeds to minimize their
effects. We found that chronic application of hESC-
sEVs was effective in alleviating age-related bone loss.
Further studies revealed that hESC-sEVs treatment



significantly ameliorated BM-MSC senescence both
in vivo and in vitro, as well as increased BM-MSC pro-
liferation and osteogenic differentiation capacity. These
results mean that the therapeutic effects of hESC-sEVs on
age-related bone loss may be attributed to rejuvenate BM-
MSCs senescence. To the best of our knowledge, we
provide the first evidence that hESC-derived sEVs can
rejuvenate senescent tissue-resident stem cells and
thereby prevent age-related disorders.

RNA-seq and bioinformatics analyses of sequencing
data after hESC-sEVs treatment identified upregulated
genes involved in bone cell proliferation and differentia-
tion. This finding is consistent with the therapeutic effect of
hESC-sEVs in promoting the proliferation and osteogenic
differentiation of BM-MSCs. Importantly, GSEA analysis
showed that hESC-sEVs treatment significantly activated
the expression of genes involved in antiaging, stem cell
proliferation and osteogenic differentiation. Among these
genes, Sox9, Wnt4, Wnt10b, Wnt2b, Wnt6, and Fzd9 are
associated with the Wnt signalling pathway and have been
reported to enhance self-renewal and differentiation of
MSCs as well as prevent skeletal ageing [37-39,49,50].
Pfkfb3, Nos and Cptlb are Sirtuin signalling-related genes
that have been demonstrated to promote cell cycle progres-
sion, suppress apoptosis, inhibit cellular ageing and stimu-
late bone regeneration [51-53]. Hmga2, Fgf21, Met and
Tbx2 have been shown to protect against cellular senes-
cence and promote stem cell proliferation [54-56]. In
addition, Pdgfra and Fgfr2 are known to be essential for
the osteogenic differentiation of BM-MSCs and bone for-
mation [57,58]. Taken together, this evidence suggests that
the therapeutic effect of hESC-sEVs in attenuating BM-
MSC senescence is attributed to the activation of these
antiaging and osteogenesis associated genes.

EVs are reported to contain lipids, proteins, and RNAs
of the source cell and mediate intercellular communica-
tion by transferring these bioactive components [13,14].
Therefore, we hypothesized that hESC-sEVs ameliorate
BM-MSC senescence by delivering their components. To
the best of our knowledge, the protein contents of hESC-
derived sEVs have never been elucidated before. In this
study, LC-MS/MS was performed to identify the proteins
enriched in hESC-sEVs. Functional enrichment analysis
of the identified proteins showed a high proportion of
proteins involved in cell survival, cell viability and DNA
repair, suggesting the important role of hESC-sEVs pro-
teins in promoting cell proliferation and reversing cellular
ageing. Consistent with previous study reporting that
components that are enriched in EVs synergistically con-
tribute to the functional modulation of recipient cells
[34], the interaction analysis by IPA in the present
study revealed complex and synergistic relationships
between hESC-sEVs proteins and the antiaging genes.
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Among them, several proteins (CREBBP, CTNNBI,
LRP1, CDHI1 and SFRP1) are predicted to be the regula-
tors of Wnt4, Wnt6, Wnt10 and Sox9 through the activa-
tion of the Wnt signalling pathway, which is a central
pathway involved in regulating cell proliferation and sur-
vival, suppressing the ageing process, and promoting BM-
MSC differentiation [6,36,37,59]. Similarly, some proteins
(CDHI, PRKAA1, APP, STK11, STAT3, SOD1, PARPI,
MTOR, MAPK1, GSK3B and AKT1) are involved in the
Sirtuin signalling pathway, which is reported to delay
cellular senescence and extend the organismal lifespan
through the regulation of diverse cellular processes
[40,41,60]. These proteins are thought to activate the
expression of the Sirtuin signalling-related antiaging
genes, including Pffkb3, Nos and Cpt1b. Collectively, our
study provides a close link between proteins enriched in
hESC-sEVs and the anti-ageing genes in BM-MSCs, and
highlights the critical role of hESC-sEVs proteins in
reversing BM-MSC senescence.

In conclusion, we demonstrated that hESC-sEVs have
positive effect in reversing BM-MSCs senescence as well as
promoting their proliferation and osteogenic differentia-
tion potential through the transfer of encapsulated pro-
teins. Protein components in hESC-sEVs function to
modulate antiaging gene expression via the direct or indir-
ect interactions or through the activation of several cano-
nical signalling pathways involved in decelerating cellular
senescence and promoting osteogenesis. These findings
not only highlight the effectiveness of EVs derived from
stem cells in preventing age-related bone loss but also
open an avenue for rejuvenating senescent resident stem
cells and hopefully treating age-related disorders.
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