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Abstract

Background: Mesenchymal stem cell therapy for osteoarthritis (OA) has been widely investigated, but the

mechanisms are still unclear. Exosomes that serve as carriers of genetic information have been implicated in

many diseases and are known to participate in many physiological processes. Here, we investigate the therapeutic

potential of exosomes from human embryonic stem cell-induced mesenchymal stem cells (ESC-MSCs) in alleviating

osteoarthritis (OA).

Methods: Exosomes were harvested from conditioned culture media of ESC-MSCs by a sequential centrifugation

process. Primary mouse chondrocytes treated with interleukin 1 beta (IL-1β) were used as an in vitro model to

evaluate the effects of the conditioned medium with or without exosomes and titrated doses of isolated exosomes

for 48 hours, prior to immunocytochemistry or western blot analysis. Destabilization of the medial meniscus (DMM)

surgery was performed on the knee joints of C57BL/6 J mice as an OA model. This was followed by intra-articular

injection of either ESC-MSCs or their exosomes. Cartilage destruction and matrix degradation were evaluated with

histological staining and OARSI scores at the post-surgery 8 weeks.

Results: We found that intra-articular injection of ESC-MSCs alleviated cartilage destruction and matrix degradation

in the DMM model. Further in vitro studies illustrated that this effect was exerted through ESC-MSC-derived

exosomes. These exosomes maintained the chondrocyte phenotype by increasing collagen type II synthesis and

decreasing ADAMTS5 expression in the presence of IL-1β. Immunocytochemistry revealed colocalization of the

exosomes and collagen type II-positive chondrocytes. Subsequent intra-articular injection of exosomes derived

from ESC-MSCs successfully impeded cartilage destruction in the DMM model.

Conclusions: The exosomes from ESC-MSCs exert a beneficial therapeutic effect on OA by balancing the synthesis

and degradation of chondrocyte extracellular matrix (ECM), which in turn provides a new target for OA drug and

drug-delivery system development.
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Background
Osteoarthritis (OA) is a common joint disease world-

wide, which exerts a significant detrimental effect on the

patients’ life quality [1]. Pharmaceutical agents, particu-

larly nonsteroidal anti-inflammatory drugs (NSAIDs)

and paracetamol, have been widely applied in the clinic.

However, their effects are largely limited to pain control

with negligible effects on cartilage maintenance, which

would ultimately lead to cartilage destruction [2, 3]. Al-

though surgical interventions such as total knee or hip

arthroplasty could partially overcome pain and deformity

in end-stage OA patients, this could also cause further

complications such as increased risks of infection,

thrombus formation and secondary surgery, particularly

in elderly patients [4–6]. Hence, there is a dire need to

develop new strategies to protect cartilage and attenuate

OA development, particularly minimally invasive inter-

ventions at the early stages of OA.

Cell transplantation is an emerging therapeutic modal-

ity for OA treatment, and mainly involves the utilization

of autologous chondrocytes and mesenchymal stem cells

[7, 8]. Although autologous chondrocytes as the main

cell type in cartilage may provide a safe and efficacious

solution, these have the inherent drawbacks of limited

availability, de-differentiation and function loss during

the process of in vitro expansion [8]. Therefore, the

application of mesenchymal stem cells (MSCs) for OA

therapy has attracted much more attention from scien-

tific investigators [7, 9–11]. Clinical applications of adult

MSCs are limited by donor source and individual phys-

ical conditions [12–14]. MSCs derived from pluripotent

embryonic stem cells (ESC-MSCs) have become another

potential and promising source of MSCs. The unlimited

self-renewal capacity and pluripotency of ESCs [15] in

turn ensures less inter-batch variability and a more

consistent supply of ESC-MSCs. Furthermore, as a cell

source for the treatment of various diseases, ESC-MSCs

have also been reported to possess immunomodulatory

properties, as well as regenerative potential, similar to

adult MSCs [16]. However, there have not yet been any

studies that have investigated their therapeutic effects

on OA and probed the underlying mechanisms involved.

Besides the well-documented immunomodulatory prop-

erties and multidifferentiation capacity of MSCs [16–18],

the communication and interaction between MSCs and

chondrocytes, either by direct cell-cell contact or indir-

ectly via secretions such as exosomes, have aroused

much interest [11, 19–22].

As one of the major pathways of extracellular signal-

ing, exosomes have been implicated in many diseases

and participate in many physiological processes. These

are derived from fusion in cell to cell communication,

as well as serve as carriers of genetic information [23].

Recently, exosomes derived from MSCs have received

much attention due to a study showing that severe

graft versus host disease (GVHD) can be treated with

MSCs-derived extracellular vesicles [24], thus sug-

gesting that the observed therapeutic effects of MSCs

can in fact be reproduced by MSCs-derived exosome

treatment [19, 25].

In this study, we report the positive therapeutic effects

of ESC-MSCs on osteoarthritis, and investigate the

underlying mechanisms involved.

Methods

Mice and OA model

Thirty-two 2-month-old C57BL/6 J mice purchased

from the animal center of Zhejiang University were uti-

lized for all experiments. The mice were anesthetized

with sodium pentobarbital (8 mg/ml, 1 ml/100 g) and

randomly distributed into experimental and control

groups. Among them, 12 mice were in the sham group,

and 20 mice were utilized for the experimental OA

model, which was induced by destabilization of the med-

ial meniscus (DMM) surgery, following the transection

of the medial meniscotibial ligament as previously de-

scribed [26]. In the first animal section, DMM surgery

was performed in the bilateral knee joints and five mice

were allocated to each group. Three mice were allocated

to each sham group. OA pathology developed gradually

throughout 4 weeks before single intra-articular injec-

tion of 5 μL ESC-MSCs (1 × 106/joint) or 5 μL PBS per

joint with a microliter syringe (Hamilton Company,

Reno, NV, USA, 1702) and 5 mm 30-gauge needles

(Hamilton Company, 7803-05). In the second animal

section, DMM surgery was performed in the bilateral

knee joints and five mice were allocated to each group.

Three mice were allocated to each sham group. OA

pathology developed gradually throughout 4 weeks be-

fore multiple injections of 5 μL exosomes isolated from

ESC-MSCs per joint or 5 μL PBS per joint, which was

performed every 3 days for 4 weeks with a microliter

syringe (Hamilton Company, 1702) and 5 mm 30-gauge

needles (Hamilton Company, 7803-05).

Cell culture

MSCs were derived from the male H1 human ES cell

line (ESC) that was obtained from WiCell Corporation.

Madison, WI, USA (http://www.wicell.org), which was

maintained in the undifferentiated state by culture in a

feeder-free system. ESC-MSCs were obtained as de-

scribed in our previous study [27]. Briefly, ESCs were

detached from Matrigel (BD, Franklin Lakes, NJ, USA,

Cat. #354234) coated plates by a 10-minute (min) incu-

bation with 0.02% (w/v) EDTA (Sigma-Aldrich, St. Louis,

MO, USA, Cat. #E8008) and seeded onto a gelatinized

10-cm plates. The cells were cultured in L-DMEM (Life

Technologies, Carlsbad, CA, USA, Cat. #11885084)
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supplemented with 10% (v/v) fetal bovine serum (FBS;

Life Technologies, Cat. #10099-141). The cells were

then trypsinized (0.05% (w/v), Life Technologies, Cat.

#15400-054) upon reaching 80% confluency and then

plated at a density of 103 cells/cm2. The medium was

pre-processed to delete the suspension in FBS with cen-

trifugation at 110,000 × g overnight at 4 °C, according

to the published protocol of Thery et al. [28]. Cells be-

tween passage number 4 and 7 were utilized.

Chondrocyte isolation and culture

Primary chondrocytes were obtained from nine C57BL/6

mice within 2 days after birth. The articular cartilage de-

rived from the terminal of tibia and femur was digested

with 0.2% (w/v) type II collagenase [29, 30], then ex-

panded in medium containing F12 (Life Technologies,

Cat. #88215) with 10% (w/v) FBS (Life Technologies,

Cat. #10099-141), and 1% (w/v) penicillin/streptomycin

(Life Technologies, Cat. #15140-122). Chondrocytes at

the first passage were seeded into 24-well plates contain-

ing glass slides for immunofluorescence analysis and six-

well plates for western blot analysis. At 24 hours after

cell seeding, we changed the medium into that with or

without 2 ng/mL interleukin 1 beta (IL-1β) (PeproTech,

Rocky Hill, NJ, USA) according to the experimental

design. Forty-eight hours later, the cells were collected

for analysis. Cells within 3 passages were utilized.

Colony-forming unit assay

ESC-MSCs were seeded at approximately 20 cells/cm2 in

triplicates and cultured for up to 21 days with regular

medium replenishment every 3–4 days. The colonies

were stained with 1% (w/v) crystal violet (Sigma-Aldrich,

Cat. #3886) in methanol for 10 min.

Flow cytometry

Cells were harvested by trypsinization (0.05% (w/v); Life

Technologies, Cat. #15400-054) for 2 min, and the cell

pellet was resuspended in PBS to a titer of 106/100 μL.

The cell suspension was incubated with the following

antibodies respectively. CD34-FITC (Miltenyi Biotec,

Bergisch Gladbach, Germany, Cat. #130-098-142),

CD45-PE (Miltenyi Biotec, Cat. #130-080-201), CD73-

PE (Miltenyi Biotec, Cat. #130-112-060), CD90-FITC

(Miltenyi Biotec, Cat. #130-095-403) and CD105-FITC

(Miltenyi Biotec, Cat. #130-112-327). About 2 μL of

each antibody (1:10 diluted according to the datasheet

of the antibodies) per tube was added and incubated for

10 min in darkness at 2–8 °C. Cells were washed with

PBS completely and resuspended in 1% (w/v) parafor-

maldehyde. Samples were run on a FC500MPL flow

cytometer (Beckman Coulter, Brea, CA, USA) and the

data were analyzed by FlowJo vX.0.7 software (FlowJo

LLC, Ashland, OR, USA).

Trilineage differentiation assay

We tested the multidifferentiation potential of the ESC-

MSCs toward the osteogenic, adipogenic, and chondro-

genic lineages in vitro as previously described [31, 32].

Briefly, osteogenic differentiation of MSCs was induced

with 10% (v/v) FBS, 1 mM β-glycerol phosphate, 10-8 M

dexamethasone, and 50 μg/mL ascorbic acid. Adipogenic

differentiation was induced with 10% (v/v) FBS, 500 μM

1-methyl-3-isobutylxanthine, 10-9 M dexamethasone,

and 60 μM indomethacin. Chondrogenic differentiation

was induced in micromass culture in the presence of

10 ng/mL TGF-β3 (PeproTech), 50 μg/mL ascorbic acid,

1% (v/v) insulin, transferrin, and selenium solution (Life

Technologies, Cat. #41400045), 10-7 M dexamethasone,

100 μM sodium pyruvate (Gibco, Cat. #11360070). In-

duction to these lineages was stopped after 3 weeks and

then assessed by Alizarin red staining, oil red staining,

and Safranin O staining respectively.

Isolation of exosomes from ESC-MSCs medium

The exosomes were isolated from 600 mL of ESC-MSCs

culture medium, which were collected when cells have

attained around 60% confluency, and were finally re-

suspended in 600 μL PBS. The isolation and purification

followed the multistep ultracentrifugation process as

previously described [28]. Briefly, the conditioned

medium containing exosomes (CM + Exo) was obtained

by centrifugation at 2000 × g for 10 min at 4 °C to re-

move dead cells and 10,000 × g for 30 min at 4 °C to re-

move cell debris. This was followed by centrifugation at

110,000 × g for 90 min at 4 °C to separate the exosomes

from the CM + Exo. At the same time, the CM without

exosomes (CM-Exo) was also collected. The exosomes

were washed with PBS and subjected to a final centrifu-

gation, prior to being stored in PBS at -80 °C.

For tracking, 100 μL of exosomes were transferred to a

1.5 mL tube, and were incubated with 10 μM DiI (Beyo-

time, Shanghai, China, Cat. #C1036) at 37 °C for 15 min,

washed with PBS at 110,000 × g for 90 min at 4 °C, and

then stored in 100 μL PBS at -80 °C.

Western blot assay

Cellular protein was extracted with RIPA lysis buffer

(Solarbio, Beijing, China, Cat. #R0010), and the total

protein concentration was determined with a BCA Pro-

tein Assay Kit (Pierce, Rockford, IL, USA, Cat. #23225).

The 20 μg extracted cellular protein was loaded on 10%

(w/v) SDS-PAGE-denaturing gels. After electrophoresis,

the proteins were transferred to a polyvinylidene

difluoride membrane and blocked in 5% (w/v) bovine

serum albumin (BSA, Sangon Biotech, Shanghai, China,

Cat. #9048-4b-8) for 1 h at room temperature. The

membrane was incubated overnight at 4 °C with mouse

anti-collagen type II (Col II) (1:500; COL2A1, Santa
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Cruz Biotechnology, Dallas, TX, USA, Cat. #sc-52658),

rabbit anti-ADAMTS5 (1:250; Abcam, Cambridge, MA,

USA, Cat. #ab41037) or mouse anti-GAPDH (1:1000;

Beyotime, Cat. #AG019) antibody. After washing in Tris-

buffered saline with Tween-20 (TBST), the horseradish

peroxidase (HRP) secondary antibodies: HRP-labeled goat

anti-mouse IgG (1:1000; Beyotime, Cat. #A0216) and goat

anti-rabbit IgG antibody, peroxidase-conjugated (1:1000;

EMD Millipore, Billerica, MA, USA, Cat. #AP132P) was

diluted in 5% (w/v) BSA solution and incubated accord-

ingly with the membrane for 1 h at room temperature

(RT). The excessive secondary antibody was washed off by

TBST, and a chemiluminescent signal was generated by

the ECL Imaging Kit (Thermo Fisher Scientific, Waltham,

MA, USA, Cat. #32209).

Exosomes (1:1000) and supernatant of ESC-MSCs

were suspended in sample loading buffer solution (with-

out 2-mercaptoethanol). Protein concentration was de-

termined by Micro BCA™ Protein Assay Kit (Pierce, Cat.

#23235). Equal volume of protein samples (40 μL) were

loaded on 12% (w/v) SDS-PAGE-denaturing gels. After

electrophoresis, protein was transferred to a polyvinyli-

dene difluoride membrane and blocked in 5% bovine

serum albumin (BSA, Sangon Biotech, Cat. #9048-4b-8)

for 1 h at RT. The membrane was incubated overnight

at 4 °C with rabbit anti-CD9 (1:2000; Abcam, Cat.

#ab92726) or mouse anti-CD63 (1:200; Santa Cruz Bio-

technology, Cat. #sc-31211) antibody. After washing in

Tris-buffered saline with Tween-20(TBST), the horse-

radish peroxidase (HRP) secondary antibodies such as

peroxidase-conjugated goat anti-rabbit IgG antibody

(1:1000; EMD Millipore, Cat. #AP132P) and HRP-

conjugated donkey anti-goat IgG antibody (1:1000; R&D

Systems, Minneapolis, MI, USA, Cat. #HAF109) were di-

luted in 5% BSA solution and incubated accordingly with

the membrane for 1 h at RT. The excessive secondary

antibody was washed off by TBST, and a chemilumines-

cent signal was generated by ECL imaging kit (FDbio-

Femto ECL, Belfort, France, Cat. #FD8030).

Immunocytochemistry

The chondrocytes were fixed in 4% (w/v) buffered para-

formaldehyde solution for 15 min, followed by

permeabilization with 0.2% (w/v) Triton X-100 for 10 min.

The fixed cells were then incubated with primary anti-

bodies: mouse anti-Col II antibody (1:100; EMD Millipore,

Cat. #MAB8887) and rabbit anti-ADAMTS5 (1:100;

Abcam, Cat. #ab41037) at 4 °C overnight and were washed

with PBS thoroughly. Subsequently, these cells were incu-

bated with the corresponding goat anti-mouse IgG (H + L)

cross-adsorbed secondary antibody, Alexa Fluor 488 (1:250;

Invitrogen, Carlsbad, CA, USA, Cat. #A11001) and F(ab’)2-

goat anti-rabbit IgG(H+ L) cross-adsorbed secondary anti-

body, Alexa Fluor 555 (1:250; Invitrogen; Cat. #21430),

respectively. Finally, the cell nuclei were counterstained by

DAPI (1:5000; Beyotime; Cat. #C1002) and imaged under

confocal microscopy (Olympus, Tokyo, Japan, BX61W1-

FV1000). The DAPI-positive cells were counted as the total

cell number (X), while the cells stained with green fluores-

cence were counted as the Col II-positive cell number (Y).

The Col II-positive cell percentage = Y/X*100%. Three in-

dependent staining tests were performed. Five visual fields

were randomly selected from each sample and the cells

were counted by a technician in a single blinded manner.

The immunofluorescence intensity of ADAMTS5 was

quantified by the ImageJ software (ImageJ v2.1.4.7, National

Institutes of Health, Bethesda, MD, USA).

Tissue histology and immunohistochemistry

Mouse joints were isolated and fixed in 4% buffered

paraformaldehyde for 24 h, then decalcified in 10% (w/v)

EDTA (pH 7.4) for 21 days (d) at 4 °C before being em-

bedded in paraffin. Sagittal joint sections at 6 μm thick-

ness were processed for Safranin O and Fast Green

staining. Cartilage destruction was evaluated using the

Osteoarthritis Research Society International (OARSI)

scoring system according to the percentage of the verti-

cal clefts/erosion to the calcified cartilage [26]. All four

parts of the joint: medial femoral condyle, lateral femoral

condyle, medial tibial plateau and lateral tibial plateau

presented in the figures were semi-quantitatively scored

according to the recommended OA grading table

(Table 1) supplied by Glasson et al. The OA grading of

each joint is expressed as the maximum or summed

score of the four quadrants, respectively. Immunohisto-

chemical staining was performed using a standard proto-

col. After dewaxing, heat-induced antigen retrieval was

performed in retrieval solution overnight at 64 °C. The

solution was composed of 0.1 M trisodium citrate

(20.5 mL) and 0.1 M citric acid anhydrous (4.5 mL) in

225 mL distilled water. Sections were incubated over-

night at 4 °C with primary antibodies: rabbit anti-

ADAMTS5 (1:100; Abcam; Cat. #ab41037), mouse anti-

Col II (1:50; COL2A1, Santa Cruz Biotechnology, Cat.

#sc-52658), rabbit anti-aggrecan neoepitope antibody

(1:100; Novus Biologicals, Littleton, CO, USA, Cat.

#NB100-74350SS). After washing off excess primary

antibodies, these samples were incubated with second-

ary antibodies conjugated with HRP: HRP-labeled goat

anti-mouse IgG (1:200; Beyotime, Cat. #A0216) and

goat anti-rabbit IgG antibody, peroxidase-conjugated

(1:600; EMD Millipore, Cat. #AP132P) was diluted in

1% (w/v) BSA solution and incubated the section for

1 h at room temperature (RT). DAB detection system

(Solarbio, Cat. #DA1010) were used to visualized the

section. The stained specimens were photographed

digitally under a slide scanning machine (Pannoramic

MIDI, 3DHISTECH Ltd., Budapest, Hungary).
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Transmission electron microscopy

Purified exosomes were fixed with 1% (w/v) glutaralde-

hyde in PBS (pH 7.4). After rinsing, a 20 μL drop of the

suspension was loaded onto a formvar/carbon-coated

grid, negatively stained with 3% (w/v) aqueous phospho-

tungstic acid for 1 min, and then imaged under trans-

mission electron microscopy (HT7700, Hitachi, Tokyo,

Japan). The diameter of the exosome was evaluated by

the ImageJ software (ImageJ v2.1.4.7, National Institutes

of Health), and we analyzed the diameter distribution

and percentage values with the Excel software (Microsoft

(Redmond, WA, USA) Excel for Mac version15.24).

Quantitative real-time polymerase chain reaction

(qRT-PCR)

Total RNA was isolated from mouse primary chondro-

cytes by lysis in TRIzol (Takara, Shigo, Japan, Cat.

#9109). The reverse transcription process applied Rever-

Tra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan,

Cat. #FSQ-201). The qRT-PCR was performed utilizing

Brilliant SYBR Green QPCR Master Mix (Takara, Cat. #

RR420A) with a LightCycler apparatus (480II, Roche,

Mannheim, Germany). The amplification efficiencies of

primer pairs were validated to enable quantitative com-

parison of gene expression. All primer sequences (Invi-

trogen) were designed using Primer 5.0 software (see

Additional file 1). Each qRT-PCR was performed three

times on at least three different experimental replicates,

and results were normalized to those obtained with the

endogenous reference gene (Gapdh).

Statistical analysis

All data were expressed as mean ± SE unless otherwise

stated. All experiments in vitro were repeated independ-

ently at least twice in addition to the triplicates applied

in each experiment. Statistical results were analyzed and

bar charts were constructed with GraphPad Prism ver-

sion 5.0 (GraphPad Software, San Diego, CA, USA).

Statistical results were considered significant when the p

value was less than 0.05. Two-tailed Student’s t test was

used to compare two groups at the same time point.

One-way ANOVA including the Tukey-Kramer post hoc

test was used to compare multiple groups at the same

time point. Experimental data of the in vivo experiment

was analyzed by the Mann-Whitney test with the SPSS

software (IBM Corp., Armonk, NY, USA).

Results

Establishment of ESC-MSCs

The human ESC is a cell line obtained from WiCell Cor-

poration. The ESCs cultured on Matrigel yielded com-

pact colonies with sharp borders (Fig. 1a). These cells,

however, adopted a fibroblast-like morphology upon

plastic adhesion. Compared with ESCs, these cells dis-

played spindle-shaped morphology in monolayer culture

and were distributed sparsely (Fig. 1a). When these cells

were seeded at densities as low as 200 cells per 9.5 cm2

well, they developed into round and tight colonies

(Fig. 1b). Flow cytometry analysis showed that more

than 95% of these cells expressed the classical MSC

markers including CD73, CD90, and CD105, while no

cells expressed hematopoietic markers such as CD34

and CD45 (Fig. 1c). Upon osteogenic inducement, these

cells synthesized matrix which were stained dark brown

by Alizarin red, indicating calcium deposition. After adi-

pogenic induction, these cells displayed round orange

droplets within the cytoplasm upon oil red staining,

which indicates formation of oil droplets. The cells were

kept in aggregates before chondrogenic differentiation,

resulting in formation of a pellet and synthesized matrix

which were stained orange and red by Safranin O stain-

ing, thus indicating cartilage matrix formation (Fig. 1d).

Alleviation of osteoarthritis by ESC-MSCs

To evaluate the therapeutic effects of ESC-MSCs on

osteoarthritis, we injected 5 μL of cell suspension

(1 × 106) directly in the bilateral joints of five OA

mice at 4 weeks after DMM surgery as the ESC-MSC

group and injected 5 μL of PBS in the bilateral joints

of five OA mice at 4 weeks after DMM surgery as the

control group. We harvested the joint samples after

the following 4 weeks (Fig. 2a). Histological evaluation

Table 1 The OA Grading Table

Scores Osteoarthritis damage

0 Normal

0.5 Loss of Safranin O without structural changes

1 Small fibrillations without loss of cartilage

2 Vertical clefts down to the layer immediately below the superficial layer and some loss of surface lamina

3 Vertical clefts/erosion to the calcified cartilage extending to <25% of the articular surface

4 Vertical clefts/erosion to the calcified cartilage extending to 25–50% of the articular surface

5 Vertical clefts/erosion to the calcified cartilage extending to 50–75% of the articular surface

6 Vertical clefts/erosion to the calcified cartilage extending >75% of the articular surface
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revealed that the PBS-injected DMM mice have

more sever fibrillation and erosion of the calcified

cartilage. The maximal OARSI score was 3.8 ± 1.04,

and the summed OARSI score was 10.8 ± 3.37. How-

ever, the ESC-MSC-injected DMM mice exhibited

less fibrillation with vertical clefts only down to the

layer immediately below the superficial layer, and

some loss of surface lamina. The maximal OARSI

score was 2.6 ± 0.45, and the summed OARSI score

was 7.6 ± 1.97 (Fig. 2b). Hence, the OARSI evalu-

ation in the ESC-MSCs group revealed significantly

lower maximal and summed scores than the control

group (p = 0.011 and 0.044 respectively) (Fig. 2c) (see

Additional files 2 and 3). The immunohistochemistry

results showed that the cartilage of the ESC-MSCs

group exhibited much stronger Col II-specific staining,

much weaker ADAMTS5-specific staining and aggrecan

neoepitope-specific staining than the control group

(Fig. 2d) (see Additional file 2).

Effect of ESC-MSCs culture medium deficient in exosomes

on cartilage matrix maintenance

To investigate whether exosomes or cytokines exert a

critical effect on the alleviation of OA by ESC-MSCs, we

harvested the conditioned medium (CM + Exo), the con-

ditioned medium without exosomes (CM-Exo) and the

exosomes from the ESC-MSCs culture medium (Fig. 3a).

Under TEM, the isolated exosomes were round lipid

bilayers-vesicles and approximately 30–200 nm in

diameter (Fig. 3b). The diameters of isolated exosomes

ranged from 38 nm to 169 nm and the mean value was

78 nm (Fig. 3c). The concentration of the isolated exo-

somes is 176.2 μg/mL (see Additional file 4). The western

blot results confirmed the identity of these isolated exo-

somes by showing thick CD63 and CD9 bands, while

there was a weak CD9 band and no CD63 band in the

supernatant of cultured medium (Fig. 3d).

Initially, we observed the effects of CM-Exo in maintain-

ing the cartilage matrix. In vitro, immunocytochemistry

Fig. 1 Establishment and identification of ESC-MSCs. a Morphology of the ESCs (left) and induced MSCs (right). Scale bars, 500 μm. b Colony

formation by ESC-MSCs. Gross view of the whole well was shown in the small image. Scale bars, 500 μm. c Surface molecular profile of the

ESC-MSCs, which were negative in CD34 and CD45 expression, but positive in CD73, CD90, and CD105 expression. The dotted lines indicate

isotype-matched mouse IgG Ab control staining. d Identification of osteogenic, chondrogenic and adipogenic cells by Alizarin red staining,

oil red staining and Safranin O staining respectively. Scale bars, 200 μm. ESC-MSCs embryonic stem cell-derived mesenchymal stem cells
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showed that IL-1β could obviously inhibit the synthesis

of Col II and increase the expression of ADAMTS5.

However, this effect could be reversed by CM + Exo but

not CM-Exo (Fig. 4a). Furthermore, the quantification

results showed that the percentage of Col II-positive

cells significantly increased from 22.08% ± 13.6% in the

IL-1β group to 57.80% ± 7.9% in the CM + Exo group

(p = 0.0068), which was similar to the control group

(55.48% ± 20.7%). By contrast, the percentage of Col II-

positive cells in the CM-Exo group was much lower at

27.27% ± 9.2%, which was similar to the IL-1β group

(Fig. 4b). The ADAMTS5 immunofluorescence inten-

sity was greatly upregulated after IL-1β treatment

(0.044 ± 0.003) compared with the control group (0.02 ±

0.007). The CM + Exo treatment can downregulate the

ADAMTS5 immunofluorescence intensity to 0.022 ±

0.004, while the CM-Exo can only downregulate the in-

tensity to 0.028 ± 0.002 (Fig. 4b). These results were

doubly confirmed by Western blot analysis (Fig. 4c).

The CM + Exo group displayed an obviously thicker

Col II band than the CM-Exo group, which was similar

to that of the control group. Meanwhile, the CM + Exo

group had an obviously lighter ADAMTS5 band than

the CM-Exo group, which was similar to that of the

control group.

Effects of exosomes derived from ESC-MSCs on cartilage

matrix maintenance

To further confirm the effects of exosomes on cartilage

matrix maintenance, the isolated exosomes were directly

added into the chondrocytes with IL-1β treatment.

Immunocytochemistry showed that the Col II expression

in the exosomes group obviously increased, while the

ADAMTS5 expression in this group obviously decreased

(Fig. 5a). The quantification results confirmed that

there were 50.18% ± 8.8% of Col II-positive cells in the

Fig. 2 Recovery of cartilage destruction by intra-articular injection of ESC-MSCs in a DMM model. a Flowchart of the in vivo experiment. b The

Safranin O and Fast Green staining of cartilage destruction at 8 weeks after surgery. Boxed regions were magnified and shown in the next line.

Scale bars, 200 μm. c OARSI scores of cartilage destruction. n = 10 in each group. d Immunohistochemical staining of COL II and ADAMTS5.

Boxed regions show the gross view. Scale bars, 100 μm. COL II collagen type II, ESC-MSCs embryonic stem cell-derived mesenchymal stem cells,

OARSI Osteoarthritis Research Society International
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Fig. 3 Isolation and identification of exosomes. a Flowchart of conditioned medium (CM + Exo), exosomes and conditioned medium without

exosomes (CM-Exo) preparation. b Exosomes morphology. Scale bar, 500 nm. c The diameter distribution of isolated exosomes. d Expression of

CD9 and CD63 by exosomes and supernatant

Fig. 4 Effects of CM + Exo and CM-Exo on primary chondrocytes phenotype maintenance in the presence of IL-1β. a Expression of Col II (green)

and ADAMTS5 (red) by primary chondrocytes treated with CM + Exo and CM-Exo. Scale bar, 40 μm. b Percentages of the Col II-positive cells with

different treatments and immunofluorescence intensity of ADAMTS5 with different treatments. c Expression of Col II and ADAMTS5 by the primary

chondrocytes with different treatments. COL II collagen type II, IL-1β, interleukin 1 beta
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exosomes group, which was significantly higher than

that in the IL-1β group (22.08% ± 13.6%) (p = 0.0323)

(Fig. 5b). The immunofluorescence intensity of ADAMTS5

was upregulated from 0.024 ± 0.007 to 0.044 ± 0.003

after IL-1β treatment; but upon addition of exosomes,

the intensity was downregulated to 0.027 ± 0.004

(Fig. 5b). Meanwhile, gene expression showed the simi-

lar effects of exosome treatment (see Additional file 5).

Meanwhile, the DiI-labelled exosomes can be detected

within the Col II-expressing chondrocytes (Fig. 5c),

thus indicating the colocalization between exosomes

and chondrocytes. The western blot results also showed

gradually denser Col II bands and gradually fainter

ADAMTS5 bands of chondrocytes with increasing dos-

ages of exosomes. (Fig. 5d).

Alleviation of osteoarthritis by exosomes from ESC-MSCs

Finally, the effects of ESC-MSC-derived exosomes in

alleviating osteoarthritis was evaluated in the DMM

mouse model. The injection was started 4 weeks after

DMM surgery. Five microliters exosomes or 5 μL PBS

were injected into bilateral knee joints of mice in exo-

somes group and PBS group respectively, every 3 days

for 4 weeks (Fig. 6a). The SO staining results showed

that the fibrillations had extended to some degree to the

calcified cartilage in the PBS group. The maximal

OARSI score was 3.5 ± 0.76, and the summed OARSI

score was 9.4 ± 2.49. By contrast, the exosomes group

exhibited milder OA pathology such as roughened ar-

ticular surface fibrillations below the superficial layer

and some loss of lamina. The maximal OARSI score was

2.7 ± 0.66, and the summed OARSI score was 7.3 ± 1.75

(Fig. 6b) (see Additional files 2 and 6). Both the maximal

and total OARSI scores were significantly lower in the

exosomes group than the control (Fig. 6c). The immuno-

histochemistry results showed that the cartilage of the

exosomes group displayed much stronger Col II-specific

staining, much weaker ADAMTS5-specific staining and

aggrecan neoepitope-specific staining than the control

group (Fig. 6d) (please refer to Additional file 2).

Fig. 5 Direct effects of exosomes on primary chondrocyte phenotype maintenance in the presence of IL-1β. a Expression of Col II (green) and

ADAMTS5 (red) by primary chondrocytes treated with exosomes. Scale bar, 40 μm. b Percentages of the Col II-positive cells with/without the

addition of exosomes and immunofluorescence intensity of ADAMTS5 with/without the addition of exosomes. c Colocalization of exosomes (red),

Col II (green) and chondrocytes (blue nuclei). Scale bars, 10 μm. d Expression of Col II and ADAMTS5 by the primary chondrocytes upon addition

of different concentrations of exosomes. COL II collagen type II, IL-1β, interleukin 1 beta
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Discussion

In this study, we successfully established MSCs from

the H1 human ES cell line for OA treatment. These

ESC-MSCs fulfilled the minimal criteria of MSCs as de-

fined by the International Society for Cellular Therapy

[33], which encompass the plastic adherence property,

fibroblastic morphology, molecular profile phenotype,

proliferative capacity (see Additional file 4A), and trili-

neage differentiation potential of these cells. Our re-

sults showed that intra-articular injection of ESC-MSCs

significantly impeded cartilage destruction in a DMM

OA mice model. According to the immunohistochemis-

try results, the ESC-MSCs can increase Col II (the

major cartilage matrix component) expression and de-

crease ADAMTS5 (aggrecan-degrading enzyme 5) ex-

pression in the cartilage matrix.

It is well documented that the secretome of MSCs

mediates many of the beneficial therapeutic effects of

MSCs on various diseases, and includes a diverse array

of cytokines, exosomes, and nuclei acids. Among these,

cytokines are the most well studied, but accumulating

scientific evidence suggests the important roles of other

components. In the past few years, the exosomes derived

from MSCs have been reported to have a therapeutic

role in various diseases [34, 35]. Hence, we investigated

whether the exosomes from ESC-MSCs can alleviate the

OA process. To distinguish the activity of exosomes and

other soluble components that maintain the chondrocyte

phenotype in an inflammatory environment, we har-

vested the CM + Exo (containing both exosomes and

other soluble components), CM-Exo (excluding exo-

somes) and exosomes by serial centrifugation (Fig. 3a).

Fig. 6 Recovery of cartilage destruction by intra-articular injection of exosomes from ESC-MSCs in a DMM model. a Flowchart of the in vivo

experiment. b Safranin O staining of articular cartilage. Boxed regions were magnified and shown in the next line. Scale bars, 200 μm. c OARSI

scores of cartilage destruction. n = 10 in each group. d Immunohistochemical staining of COL II and ADAMTS5. Boxed regions show the gross

view. Scale bars, 100 μm. COL II collagen type II, OARSI Osteoarthritis Research Society International
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The following results showed that the CM + Exo de-

creased ADAMTS5 expression and maintained Colla-

gen type II synthesis by primary chondrocytes under

IL-1β treatment in vitro. These effects were almost

identical to that of exosomes that play the same role in

a dose-dependent pattern. However, the CM-Exo group

exhibited lower capacity in maintaining the chondro-

cyte phenotype. This thus indicates that the exosomes

may be one of the major effectors of OA treatment

mediated by ESC-MSCs. Additionally, upon tracking

the location of exosomes, the exosomes can be found

to be colocalized with Col II-expressing chondrocytes,

suggesting that these may fuse with chondrocytes and

exert a direct effect on these cells.

To confirm the regenerative effects of exosomes in

vivo, the exosomes were directly injected into the knee

joints of the DMM-induced OA model. The results also

confirmed that the exosomes derived from ESC-MSCs

effectively prevented the progress of cartilage destruc-

tion in an OA model.

Previous studies have shown that the MSCs can be a

candidate for osteoarthritis therapy [7, 11, 36]. Most re-

search focus on adult MSCs, which may vary between

donors’ physical conditions. Here we attempted to estab-

lish MSCs from a promising and consistent new source

(ESCs). And these ESC-MSCs displayed similar charac-

teristics to adult MSCs with therapeutic potential in OA.

Recent studies have shown that paracrine mechanisms,

particularly exosomes are responsible for the therapeutic

effects of MSCs mediated OA treatment [37–39]. Tao

et al. [38] demonstrated that exosomes derived from

human synovial MSCs can promote chondrocyte prolif-

eration and migration. However, only when the exo-

somes were derived from miR-140-5p overexpressing

MSCs, could these exert a regenerative effect in OA

treatment. Zhu et al. [39] compared exosomes secreted

by induced pluripotent stem cell-derived MSCs and

synovial membrane-derived MSCs for OA treatment in

a collagenase-induced mouse model. Both studies dem-

onstrated that the exosomes from MSCs could some-

how prevent OA progression. And it appears that the

exosomes from induced pluripotent stem cell-derived

MSCs may be more efficient than the exosomes from

synovial membrane-derived MSCs for OA treatment. In

this study, we utilized ESC, which is also a pluripotent

cell line, as the source of MSCs. Consistent with the

published results, the exosomes derived from ESC-

MSCs effectively maintained chondrocyte phenotype

both in vitro and in vivo. Previously, Zhang et al. re-

ported that the exosomes from ESC-MSCs can enhance

cartilage repair in a cartilage defect model [22]. How-

ever, there is no direct evidence that has demonstrated

the regenerative effects of the exosomes from these

cells on OA. In this experiment, we used a DMM

mouse model, which is currently the preferred animal

OA model resembling the progressive OA pathology.

Different from a simple cartilage defect, OA is considered

a multifactorial cartilage lesion disease within a chronic

inflammatory microenvironment. In our model, the cartil-

age lesion was caused by accumulated damage on the cen-

tral weight-bearing area of the medial femoral condyle

and the medial tibial plateau. This model is also suffi-

ciently sensitive to allow investigation of new therapeutic

strategies that confer significant protection against OA

progression. In this model, exosomes by themselves were

demonstrated to be able to prevent lesion progression and

exert a similar regenerative effect as ESC-MSCs. Further

in vitro analysis revealed that this effect was mediated by

direct contact between exosomes and chondrocytes and

involves balancing the synthesis of extracellular matrix

protein Collagen type II with expression of the matrix

degradation enzyme ADAMTS5.

Although this study showed that ESC-MSC-derived

exosomes play a significant role in preventing OA

progression similar to ESC-MSCs, there are still some

limitations of our results. We set the two animal exper-

iments sequentially not simultaneously. Meanwhile, the

frequency of injection was also different between the

ESC-MSC and exosomes groups. Hence, we cannot

compare the therapeutic efficacy of exosomes with

ESC-MSCs directly, as we cannot exclude other factors

that may work together with exosomes to facilitate

ESC-MSC-mediated OA treatment. In addition, we only

set a single time point and a single dosage in the animal

experiment. It would be more clinically relevant to add

more time points of intervention in our experiments to

explore whether there is a therapeutic window in OA

disease. Furthermore, the effective dosage of exosomes

needs to be optimized. To date, the active ingredients

in exosomes are unknown. As the exosome is a complex

carrier which contains lipids, DNA, mRNA, miRNA,

LncRNA, and even various proteins, they exhibit thera-

peutic function through immunomodulation, bioener-

getics or biochemical effects in different disease models

[19, 21, 24, 34]. Hence, the underlying mechanisms of

their therapeutic effects on osteoarthritis need to be fur-

ther investigated in more detail.

In conclusion, the exosomes are one of the effectors

produced by ESC-MSCs to alleviate OA by balancing

the synthesis and degradation of cartilage matrix. The

study of exosomes in OA therapy has just begun, and

our results suggest that exosomes from ESC-MSCs have

great potential for OA treatment, which merits further

investigation.

Conclusions
In this study, we confirmed that ESC-MSCs can alleviate

OA in a DMM mouse model. The following in vitro
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study shows that the effects of ESC-MSCs may be

dependent on the exosomes in the CM + Exo of ESC-

MSCs. We also provided evidence that exosomes can

modulate chondrocytes to maintain Col II expression

and decrease ADAMTS5 expression under IL-1β treat-

ment. The in vivo study also confirmed the function of

exosomes on osteoarthritis treatment in an inflamma-

tory microenvironment. In summary, the exosomes

from ESC-MSCs exert a beneficial therapeutic effect on

OA by balancing the synthesis and degradation of

chondrocyte extracellular matrix (ECM), which in turn

provides a new target for OA drug and drug-delivery

system development.

Additional files

Additional file 1: The primers sequence for real-time PCR. (XLSX 46 kb)

Additional file 2: The immunohistochemistry of the joint sample. (A)

The SO staining of joints in sham group, scale bars = 200 μm. (B) The IHC

staining of aggrecan neoepitope, scale bars = 100 μm. (C) The histology

staining of adjacent section, scale bars = 100 μm. (D) The overview of the

IHC staining of Col II. (The solid black arrow indicate the Col II loss, the

hollow blue arrow indicates the same background), scale bars = 200 μm.

(PNG 1202 kb)

Additional file 3: The OARSI score table of PBS and ESC-MSCs injection

group (XLSX 44 kb)

Additional file 4: The detection of ESC-MSCs and exosomes. (A) The

proliferation curve of ESC-MSCs tested by CCK8. (B) The analysis of

pluripotent marker on ESC and ESC-MSCs. (C) The protein concentration

assay of the isolated exosomes. (The blue line is the standard curve of

protein assay; the black point is the detected OD value of exosomes

sample). (PNG 116 kb)

Additional file 5: The gene expression related to osteoarthritis upon IL-

1β treatment with/without exosomes. (A) The proteases associated with

osteoarthritis gene expression related to GAPDH. (B) The Col2a gene

expression related to GAPDH. (PNG 367 kb)

Additional file 6: The OARSI score table of PBS and exosomes injection

group. (XLSX 40 kb)

Abbreviations

CM + Exo: Conditioned medium containing exosomes; CM-Exo: Conditioned

medium without exosomes; Col II: Collagen type II; DMM: Destabilization of

the medial meniscus; ESC-MSCs: Embryonic stem cell-derived mesenchymal

stem cells; IL-1β: interleukin 1 beta; MSCs: Mesenchymal stem cells;

OA: Osteoarthritis; OARSI: Osteoarthritis Research Society International;

qRT-PCR: Quantitative real-time polymerase chain reaction

Acknowledgements

The authors would like to thank the staff in Core Facilities, School of

Medicine, Zhejiang University, Core Facilities, Life Sciences Institute of

Zhejiang University, and the Laboratory Animal Center, Zhejiang University

for the technical support.

Funding

This work was supported by the National High Technology Research and

Development Program of China (2015AA020302), the National Key Scientific

Program (2017YFA0104900), the National Natural Science Foundation of

China grants (81330041, 31200739, 31470948, 81401857), the Science and

Technology Department Program of Zhejiang Province (2013C33156), the

Key Scientific and Technological Innovation Team of Zhejiang Province

(2013TD11), the Technology Development Project from the Science

Technology and Innovation Committee of Shenzhen Municipality

(CXZZ20130320172336579), as well as sponsorship by the China Scholarship

Council and the Fundamental Research Funds for the Central Universities.

Availability of data and materials

The authors declare that the data supporting the findings of this study are

available within the article and its supplementary information files.

Authors’ contributions

YFW participated in the experimental design, acquisition of data, data

analysis and interpretation, and manuscript writing. DSY performed the

animal experiment, histological experiment, and acquisition of data. ZML

acquired the experimental data of the western blot and animal experiments.

FZ acquired the experimental data of the western blot. JD joined the

experimental design and manuscript revision. BBW contributed to the

experimental design. JZ participated in the experiment design. BCH

modified grammar and polished the manuscript. XHZ provided the ESC

cell line. HWOY took part in the conception and design. HL conducted the

conception, design, and manuscript writing. All authors read and approved

the final manuscript.

Ethics approval and consent to participate

All experimental procedures were performed in accordance with the

National Institutes of Health (NIH) Guidelines for Care and Use of Laboratory

Animals and approved by the ethics committee of Zhejiang University (No.

ZJU 2015-004).

Consent for publication

Not applicable

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1Dr. Li Dak Sum & Yip Yio Chin Center for Stem Cell and Regenerative

Medicine, Zhejiang University, Hangzhou 310058, People’s Republic of China.
2Key Laboratory of Tissue Engineering and Regenerative Medicine of

Zhejiang Province, Hangzhou 310058, People’s Republic of China. 3Institute

for Biomechanics, Swiss Federal Institute of Technology Zurich (ETH),

Vladimir-Prelog-Weg 3, Zurich 8093, Switzerland. 4Endodontology, Faculty of

Dentistry, The University of Hong Kong, Pokfulam, Hong Kong. 5Central

Laboratory, the First Affiliated Hospital, School of Medicine, Zhejiang

University, Hangzhou, Zhejiang 310003, People’s Republic of China.
6Department of Sports Medicine, School of Medicine, Zhejiang University,

Hangzhou 310058, People’s Republic of China. 7State Key Laboratory for

Diagnosis and Treatment of Infectious Diseases, Collaborative Innovation

Center for Diagnosis and Treatment of Infectious Diseases, The First Affiliated

Hospital, School of Medicine, Zhejiang University, Hangzhou 310003, People’s

Republic of China. 8Harvard-MIT Division of Health Sciences and Technology,

Brigham Women’s Hospital, Harvard Medical School, Boston, MA 02139, USA.

Received: 16 March 2017 Revised: 14 June 2017

Accepted: 13 July 2017

References

1. Glyn-Jones S, Palmer AJR, Agricola R, Price AJ, Vincent TL, Weinans H, Carr AJ.

Osteoarthritis. Lancet. 2015;386(9991):376–87.

2. Ding C. Do NSAIDs affect the progression of osteoarthritis? Inflammation.

2002;26(3):139–42.

3. Edwards RR, Dolman AJ, Martel MO, Finan PH, Lazaridou A, Cornelius M,

Wasan AD. Variability in conditioned pain modulation predicts response to

NSAID treatment in patients with knee osteoarthritis. BMC Musculoskelet

Disord. 2016;17:284.

4. Khan HI, Aitken D, Chou L, McBride A, Ding C, Blizzard L, Pelletier JP,

Pelletier JM, Cicuttini F, Jones G. A family history of knee joint replacement

increases the progression of knee radiographic osteoarthritis and medial

tibial cartilage volume loss over 10 years. Osteoarthritis Cartilage. 2015;

23(2):203–9.

5. Liao CY, Chan HT, Chao E, Yang CM, Lu TC. Comparison of total hip and

knee joint replacement in patients with rheumatoid arthritis and

Wang et al. Stem Cell Research & Therapy  (2017) 8:189 Page 12 of 13

dx.doi.org/10.1186/s13287-017-0632-0
dx.doi.org/10.1186/s13287-017-0632-0
dx.doi.org/10.1186/s13287-017-0632-0
dx.doi.org/10.1186/s13287-017-0632-0
dx.doi.org/10.1186/s13287-017-0632-0
dx.doi.org/10.1186/s13287-017-0632-0


osteoarthritis: a nationwide, population-based study. Singapore Med J.

2015;56(1):58–64.

6. Schmidt I. Surgical treatment options in thumb carpometacarpal osteoarthritis:

a recent literature overview searching for practice pattern with special focus

on total joint replacement. Curr Rheumatol Rev. 2015. Epub ahead of print.

7. Freitag J, Bates D, Boyd R, Shah K, Barnard A, Huguenin L, Tenen A.

Mesenchymal stem cell therapy in the treatment of osteoarthritis:

reparative pathways, safety and efficacy - a review. BMC Musculoskelet

Disord. 2016;17:230.

8. Steinert AF, Ghivizzani SC, Rethwilm A, Tuan RS, Evans CH, Noth U. Major

biological obstacles for persistent cell-based regeneration of articular cartilage.

Arthritis Res Ther. 2007;9(3):213.

9. Afizah H, Hui JHP. Mesenchymal stem cell therapy for osteoarthritis. J Clin

Orthop Trauma. 2016;7(3):177–82.

10. Gupta PK, Das AK, Chullikana A, Majumdar AS. Mesenchymal stem cells for

cartilage repair in osteoarthritis. Stem Cell Res Ther. 2012;3(4):25.

11. Qi Y, Feng G, Yan W. Mesenchymal stem cell-based treatment for cartilage

defects in osteoarthritis. Mol Biol Rep. 2012;39(5):5683–9.

12. Du WJ, Chi Y, Yang ZX, Li ZJ, Cui JJ, Song BQ, Li X, Yang SG, Han ZB, Han ZC.

Heterogeneity of proangiogenic features in mesenchymal stem cells derived

from bone marrow, adipose tissue, umbilical cord, and placenta. Stem

Cell Res Ther. 2016;7(1):163.

13. Marfy-Smith SJ, Clarkin CE. Are mesenchymal stem cells so bloody great

after all. 2017;6(1):3–6.

14. Schafer R, Spohn G, Baer PC. Mesenchymal stem/stromal cells in regenerative

medicine: can preconditioning strategies improve therapeutic efficacy?

Transfus Med Hemother. 2016;43(4):256–67.

15. Brown PT, Squire MW, Li WJ. Characterization and evaluation of mesenchymal

stem cells derived from human embryonic stem cells and bone marrow.

Cell Tissue Res. 2014;358(1):149–64.

16. Wang X, Kimbrel EA, Ijichi K, Paul D, Lazorchak AS, Chu J, Kouris NA,

Yavanian GJ, Lu SJ, Pachter JS, et al. Human ESC-derived MSCs outperform

bone marrow MSCs in the treatment of an EAE model of multiple sclerosis.

Stem Cell Reports. 2014;3(1):115–30.

17. Lotfinia M, Kadivar M, Piryaei A, Pournasr B, Sardari S, Sodeifi N, Sayahpour

FA, Baharvand H. Effect of secreted molecules of human embryonic stem

cell-derived mesenchymal stem cells on acute hepatic failure model. Stem

Cells Dev. 2016;25(24):1898–908.

18. Sanchez L, Gutierrez-Aranda I, Ligero G, Rubio R, Munoz-Lopez M,

Garcia-Perez JL, Ramos V, Real PJ, Bueno C, Rodriguez R, et al.

Enrichment of human ESC-derived multipotent mesenchymal stem cells

with immunosuppressive and anti-inflammatory properties capable to

protect against experimental inflammatory bowel disease. Stem Cells.

2011;29(2):251–62.

19. Lai RC, Yeo RW, Lim SK. Mesenchymal stem cell exosomes. Semin Cell Dev

Biol. 2015;40:82–8.

20. Baiula M, Spampinato S. Mesenchymal stem cell secretome to control

inflammation in allergic conjunctivitis. Eye Sci. 2015;30(4):140–2.

21. Furuta T, Miyaki S, Ishitobi H, Ogura T, Kato Y, Kamei N, Miyado K, Higashi Y,

Ochi M. Mesenchymal stem cell-derived exosomes promote fracture healing

in a mouse model. Stem Cells Transl Med. 2016;5(12):1620–30.

22. Zhang S, Chu WC, Lai RC, Lim SK, Hui JH, Toh WS. Exosomes derived from

human embryonic mesenchymal stem cells promote osteochondral

regeneration. Osteoarthritis Cartilage. 2016;24(12):2135–40.

23. Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and

function. Nat Rev Immunol. 2002;2(8):569–79.

24. Kordelas L, Rebmann V, Ludwig AK, Radtke S, Ruesing J, Doeppner TR, Epple M,

Horn PA, Beelen DW, Giebel B. MSC-derived exosomes: a novel tool to treat

therapy-refractory graft-versus-host disease. Leukemia. 2014;28(4):970–3.

25. Yu B, Zhang X, Li X. Exosomes derived from mesenchymal stem cells.

Int J Mol Sci. 2014;15(3):4142–57.

26. Glasson SS, Chambers MG, Van Den Berg WB, Little CB. The OARSI

histopathology initiative - recommendations for histological assessments of

osteoarthritis in the mouse. Osteoarthritis Cartilage. 2010;18 Suppl 3:S17–23.

27. Chen X, Song XH, Yin Z, Zou XH, Wang LL, Hu H, Cao T, Zheng M, Ouyang

HW. Stepwise differentiation of human embryonic stem cells promotes

tendon regeneration by secreting fetal tendon matrix and differentiation

factors. Stem Cells. 2009;27(6):1276–87.

28. Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of

exosomes from cell culture supernatants and biological fluids. Curr Protoc

Cell Biol. 2006;Chapter 3:Unit 3 22.

29. Dai J, Yu D, Wang Y, Chen Y, Sun H, Zhang X, Zhu S, Pan Z, Heng BC,

Zhang S, et al. Kdm6b regulates cartilage development and homeostasis

through anabolic metabolism. Ann Rheum Dis. 2017;76(7):1295–303.

30. Gosset M, Berenbaum F, Thirion S, Jacques C. Primary culture and

phenotyping of murine chondrocytes. Nat Protoc. 2008;3(8):1253–60.

31. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,

Moorman MA, Simonetti DW, Craig S, Marshak DR. Multilineage potential of

adult human mesenchymal stem cells. Science. 1999;284(5411):143–7.

32. Liu H, Kemeny DM, Heng BC, Ouyang HW, Melendez AJ, Cao T. The

immunogenicity and immunomodulatory function of osteogenic cells

differentiated from mesenchymal stem cells. J Immunol. 2006;176(5):2864–71.

33. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D,

Deans R, Keating A, Prockop D, Horwitz E. Minimal criteria for defining

multipotent mesenchymal stromal cells. The International Society for

Cellular Therapy position statement. Cytotherapy. 2006;8(4):315–7.

34. Ono M, Kosaka N, Tominaga N, Yoshioka Y, Takeshita F, Takahashi RU,

Yoshida M, Tsuda H, Tamura K, Ochiya T. Exosomes from bone marrow

mesenchymal stem cells contain a microRNA that promotes dormancy in

metastatic breast cancer cells. Sci Signal. 2014;7(332):ra63.

35. Phinney DG, Di Giuseppe M, Njah J, Sala E, Shiva S, St Croix CM, Stolz DB,

Watkins SC, Di YP, Leikauf GD, et al. Mesenchymal stem cells use

extracellular vesicles to outsource mitophagy and shuttle microRNAs.

Nat Commun. 2015;6:8472.

36. Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy in a caprine

model of osteoarthritis. Arthritis Rheum. 2003;48(12):3464–74.

37. van Buul GM, Villafuertes E, Bos PK, Waarsing JH, Kops N, Narcisi R, Weinans H,

Verhaar JA, Bernsen MR, van Osch GJ. Mesenchymal stem cells secrete factors

that inhibit inflammatory processes in short-term osteoarthritic synovium and

cartilage explant culture. Osteoarthritis Cartilage. 2012;20(10):1186–96.

38. Tao SC, Yuan T, Zhang YL, Yin WJ, Guo SC, Zhang CQ. Exosomes derived

from miR-140-5p-overexpressing human synovial mesenchymal stem cells

enhance cartilage tissue regeneration and prevent osteoarthritis of the

knee in a rat model. Theranostics. 2017;7(1):180–95.

39. Zhu Y, Wang Y, Zhao B, Niu X, Hu B, Li Q, Zhang J, Ding J, Chen Y, Wang Y.

Comparison of exosomes secreted by induced pluripotent stem cell-derived

mesenchymal stem cells and synovial membrane-derived mesenchymal stem

cells for the treatment of osteoarthritis. Stem Cell Res Ther. 2017;8(1):64.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Wang et al. Stem Cell Research & Therapy  (2017) 8:189 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mice and OA model
	Cell culture
	Chondrocyte isolation and culture
	Colony-forming unit assay
	Flow cytometry
	Trilineage differentiation assay
	Isolation of exosomes from ESC-MSCs medium
	Western blot assay
	Immunocytochemistry
	Tissue histology and immunohistochemistry
	Transmission electron microscopy
	Quantitative real-time polymerase chain reaction �(qRT-PCR)
	Statistical analysis

	Results
	Establishment of ESC-MSCs
	Alleviation of osteoarthritis by ESC-MSCs
	Effect of ESC-MSCs culture medium deficient in exosomes on cartilage matrix maintenance
	Effects of exosomes derived from ESC-MSCs on cartilage matrix maintenance
	Alleviation of osteoarthritis by exosomes from ESC-MSCs

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

