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A B S T R A C T

The efficacy of mesenchymal stem cell (MSC) therapies is increasingly attributed to paracrine secretion, parti-
cularly exosomes. In this study, we investigated the role of MSC exosomes in the regulation of inflammatory
response, nociceptive behaviour, and condylar cartilage and subchondral bone healing in an immunocompetent
rat model of temporomandibular joint osteoarthritis (TMJ-OA). We observed that exosome-mediated repair of
osteoarthritic TMJs was characterized by early suppression of pain and degeneration with reduced inflamma-
tion, followed by sustained proliferation and gradual improvements in matrix expression and subchondral bone
architecture, leading to overall joint restoration and regeneration. Using chondrocyte cultures, we could attri-
bute some of the cellular activities during exosome-mediated joint repair to adenosine activation of AKT, ERK
and AMPK signalling. Specifically, MSC exosomes enhanced s-GAG synthesis impeded by IL-1β, and suppressed
IL-1β-induced nitric oxide and MMP13 production. These effects were partially abrogated by inhibitors of
adenosine receptor activation, AKT, ERK and AMPK phosphorylation. Together, our observations suggest that
MSC exosomes promote TMJ repair and regeneration in OA through a well-orchestrated mechanism of action
that involved multiple cellular processes to restore the matrix and overall joint homeostasis. This study de-
monstrates the translational potential of a cell-free ready-to-use exosome-based therapeutic for treating TMJ
pain and degeneration.

1. Introduction

Temporomandibular joint osteoarthritis (TMJ-OA) is an important
subtype of temporomandibular disorders (TMD) that has a high female-
to-male preponderance (2:1) [1], and is characterized by progressive
cartilage degradation, subchondral bone erosion, and chronic pain [2].
Current treatments for TMJ-OA are mainly symptomatic therapies to
manage pain and inflammation, and there is presently no effective
disease-modifying strategy to repair and regenerate the damaged TMJ
[2,3].

In recent years, there is an emerging interest in the use of me-
senchymal stem cells (MSCs) for treatment of TMJ-OA [3–5]. Being the
resident multipotent cell in several adult tissues, MSCs have the capa-
city for differentiation to multiple lineages including cartilage, bone
and adipose tissue [6]. Notably, bone marrow MSCs have demonstrated

promising therapeutic efficacy in animal studies for repair of TMJ [4,7],
and more recently in clinical studies for treatment of knee cartilage
injuries and OA [8,9]. However, the efficacy of many MSC-based
therapies is increasingly attributed to the paracrine secretion of trophic
factors [10,11], particularly exosomes. Exosomes are nano-sized
(50–200 nm) membrane vesicles with a complex cargo of proteins,
nucleic acids and lipids. MSC exosomes reportedly exert therapeutic
efficacies against many diseases such as myocardial ischemia/reperfu-
sion injury [12], wound healing [13], hepatic regeneration [14], and
more recently cartilage and bone regeneration [15,16]. A few studies
have demonstrated that MSC exosomes were therapeutic against knee
OA [17–19]. However, their relevance to TMJ-OA is unclear. This is
because unlike synovial joints such as the knee, the TMJ is a relatively
smaller joint that controls the jaw movement and is primarily composed
of fibrocartilage in both the condylar cartilage and disc. Therefore, the
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therapeutic efficacy of MSC exosomes in the knee OA cannot be ex-
trapolated to having similar efficacy in TMJ-OA. To the best of our
knowledge, the effect of MSC exosomes on TMJ-OA has not been in-
vestigated.

In this study, we used monosodium iodoacetate (MIA) to induce
TMJ-OA in rats. MIA has been used to induce OA-like lesions in TMJ
[20] and knee joint [21]. These lesions manifest characteristic OA
features such as cartilage degradation, subchondral bone sclerosis, and
chronic pain. Here, we evaluated the effects of weekly intra-articular
injections of MSC exosomes in the rat model of TMJ-OA, and in-
vestigated the molecular mechanism of exosome-mediated cellular
processes and restoration of matrix homeostasis in TMJ repair and re-
generation.

2. Methods

2.1. Preparation and characterization of MSC exosomes

Immortalized E1-MYC 16.3 human embryonic stem cell-derived
MSCs were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
(Hyclone, GE Healthcare, USA) with 10% fetal bovine serum (FBS)
(Thermofisher Scientific, Waltham, MA, USA) [22]. For exosome pre-
paration, the cells were grown in a chemically defined medium for 3
days and exosomes were purified from the conditioned medium (CM) as
previously described [22,23]. The CM was size fractionated and con-
centrated 50×by tangential flow filtration using a membrane with a
molecular weight cut-off (MWCO) of 100 kDa (Sartorius, Gottingen,
Germany), and assayed for protein concentration using a NanoOrange
Protein Quantification Kit (Thermofisher Scientific). Each batch of
exosome preparation was ascertained to have similarly sized particles
of 100–200 nm, a flotation density of 1.10–1.19 g/ml, and presence of
exosome-associated markers including CD81, ALIX and TSG101
[15,23], following the standards recommended by International Society
of Extracellular Vesicles (ISEV) [24]. The exosomes were filtered with a
0.22 μm filter (Merck Millipore, Billerica, MA, USA) and stored in
−20 °C freezer until use.

2.2. Isolation and culture of TMJ condylar chondrocytes

TMJ condylar cartilage was dissected from 8-week-old Sprague
Dawley (SD) female rats [25]. Tissues were washed 3 times with
phosphate-buffered saline (PBS) and digested in 0.2% (w/v) col-
lagenase I and II (Worthington, Lakewood, NJ, USA) for 4 h at 37 °C.
Cells were passed through 40 μm nylon cell strainer (Corning, Corning,
NY, USA) to obtain single cells before culturing at a density of
2× 104 cells/cm2 in DMEM/F12 (Hyclone) supplemented with 10%
FBS (Biowest, Nuaillé, France), 1% penicillin-streptomycin (PS, Ther-
mofisher Scientific) and 25 μg/ml L-ascorbic acid-2-phophate (AA2P,
Sigma, St. Louis, MO, USA) under a humidified atmosphere of 5%
carbon dioxide (CO2) at 37 °C. Condylar chondrocytes were dissociated
at confluence and sub-cultured to passage (P) 2 for experiments using
the in-vitro chondrocyte model of OA.

2.3. In vitro chondrocyte model of OA

An in-vitro chondrocyte model of OA utilizing interleukin (IL)-1β-
stimulation of chondrocytes to induce OA inflammation was used to
assess the chondroprotective effects of MSC exosomes against OA [26].
Briefly, rat condylar chondrocytes were seeded in 96-well U-bottom
plates at 2.5× 105 cells/well. The plates were centrifuged at 300 g for
5min to aggregate the cells, and the resulting cell pellets were cultured
in serum-free chondrogenic medium [27] composed of high glucose
DMEM (Hyclone) supplemented with 1% insulin-transferrin-selenium
(ITS+1, Sigma), 1 mM sodium pyruvate (Thermofisher Scientific),
2 mM GlutaMAX™ (Thermofisher Scientific), 40 μg/ml L-proline
(Sigma), 50 μg/ml AA2P, 10−7 M dexamethasone (Sigma), 10 ng/ml

transforming growth factor (TGF)-β1 (R&D Systems, Minneapolis, MN,
USA) and 1% PS at 37 °C with 5% CO2. The chondrocyte pellets were
stimulated with 1 ng/ml interleukin (IL)-1β (PeproTech, Rocky Hill, NJ,
USA) for 24 h, and then treated with varying concentrations of exo-
somes (1, 2 and 5 μg/ml) or vehicle (PBS) for over 48 h. This exposure
duration and concentration of IL-1β have been reported to be sufficient
to induce catabolic response in condylar chondrocytes [25]. All in vitro
experiments were performed in triplicates (n=3) in at least two in-
dependent experiments.

2.4. Exosome treatment and inhibitor study

Chondrocyte pellets were stimulated with 1 ng/ml IL-1β for 24 h
before either 5 μg/ml exosomes or PBS vehicle was added. The pellets
were incubated for another 48 h. To investigate the role of adenosine
receptor in the activation of protein kinase B (AKT), extracellular
signal-regulated kinase (ERK) and adenosine monophosphate-activated
protein kinase (AMPK) pathways, 1 mM theophylline (a non-selective
adenosine receptor antagonist; Sigma) [28], 1 μM wortmannin (PI3K/
AKT inhibitor; Cell Signalling Technology, Danvers, MA, USA), 10 μM
U0126 (ERK inhibitor; Cell Signalling Technology) or 20 μM compound
C (AMPK inhibitor; Abcam, Cambridge, MA, USA) was added to the IL-
1β-treated pellets 1 h prior to the addition of exosomes as described
above. All in vitro experiments were performed in triplicates (n=3) in
at least two independent experiments.

2.5. Sulfated glycosaminoglycan, nitric oxide and DNA quantification

To measure sulfated glycosaminoglycan (s-GAG), cell pellets (n=3)
were digested with proteinase K digestion buffer (100 μg/ml in Tris-HCl
buffer, pH 8) for 18 h at 60 °C. Sulfated GAG was measured using
Biocolor Blyscan Glycosaminolgycan Assay Kit (Biocolor Ltd,
Carrickfergus, UK), as per manufacturer's instructions. The dye in the
samples and standards were measured at 656 nm using a microplate
reader (Infinite® 200 PRO, Tecan™). Nitric oxide (NO) was measured in
the pellet culture supernatants using the Griess reaction assay and ni-
trite standards from the Griess reagent kit (Thermofisher Scientific)
according to the manufacturer's protocol. The absorbance readings
were obtained at 548 nm using a microplate reader. DNA concentration
of cell pellets was measured using Quant-iT™ Picogreen dsDNA assay kit
(Thermofisher Scientific), with the fluorescence readings taken at ex-
citation 480 nm and emission 520 nm. The s-GAG and NO concentra-
tions were then normalized against the total DNA content that is re-
flective of the cell number [29], and presented as s-GAG/DNA and NO/
DNA, respectively.

2.6. MMP13 ELISA and protein quantification

MMP13 was measured in pellet culture supernatants at 48 h fol-
lowing exosome treatment using the rat MMP13 ELISA kit
(MyBiosource, San Diego, CA, USA), as per manufacturer's instructions.
The absorbance readings were obtained at 450 nm using a microplate
reader. Total protein concentration of pellet culture supernatants was
measured using Pierce™ Coomassie (Bradford) Protein Assay Kit
(Thermofisher Scientific) according to the manufacturer's protocol. The
absorbance readings were taken at 595 nm using a microplate reader.
The MMP13 concentrations were normalized againt the total protein
concentrations, and presented as MMP13/Protein.

2.7. Western blot hybridization

Western blot hybridization was performed using standard protocols.
Briefly, proteins were denatured, separated on 4–12% polyacrylamide
gels (Thermofisher Scientific), electro-blotted onto a nitrocellulose
membrane (GE Healthcare, Little Chalfont, UK), and probed with pri-
mary antibody followed by incubation with horseradish peroxidase
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(HRP)-coupled secondary antibody against the primary antibody. The
primary antibodies used were rabbit anti-AKT1/2/3 (1:1000, Santa
Cruz Biotech, Dallas, TX, USA), anti-ERK1/2 (1:1000), anti-AMPKα
(1:1000), anti-phospho-AKT (Ser 473) (1:1000), anti-phospho-ERK1/2
(Thr202/Tyr204) (1:1000), anti-phospho-AMPKα (Thr172) (1:1000)
(Cell Signalling Technology) and mouse anti-GAPDH (1:10000, Abcam).
After incubating with the appropriate HRP-coupled secondary anti-
bodies (GE Healthcare), the protein bands were visualised using
SuperSignal West Pico Chemiluminescent Substrate (Thermofisher
Scientific) and then documented using the ChemiDoc™ MP System (Bio-
Rad). Bands were quantified with Image Lab™ software (Bio-Rad) and
plotted as graphs.

2.8. Animal experiments

All procedures were performed according to the Institutional
Animal Care and Use Committee at National University of Singapore
under protocol number: R14-913. A total of forty eight SD rats (8-week-
old, female) with a mean weight 231.8 ± 18.8 g (range 198–271 g)
were used in this study. Forty six rats (92 TMJs) were randomly allo-
cated to three groups – OA+PBS (16 rats), OA+Exosome (16 rats) and
Sham (14 rats) (Fig. 1). TMJ-OA was induced by MIA injection, as
previously described [20]. In this model, MIA induces sustained in-
flammation with increased expression of pro-inflammatory cytokines to
result in OA-like pain and degenerative changes. Briefly, 0.5 mg MIA
dissolved in 50 μl PBS was injected using a 30-gauge needle into the
upper compartment of the bilateral TMJs in 32 rats in OA+PBS and
OA+Exosome groups (Fig. 1A). The 14 rats in the sham group were
given only needle pricks in place of MIA injections. Two weeks after OA
induction, the rats received weekly intra-articular injections of either
100 μg of exosomes in 50 μl of PBS for the OA+Exosome group or 50 μl
of PBS for the OA+PBS group for 2, 4 or 8 weeks (Fig. 1C). Two un-
treated animals served as age-matched naive controls. The rats were
housed under controlled temperature with a 12-h light/12-h dark cycle
and allowed free movement and access to food and water.

2.9. Quantitative reverse transcription polymerase chain reaction

Total RNA was isolated from the rat TMJ condylar cartilage using
mirVana™ total RNA isolation kit (Thermofisher Scientific) following
the manufacturer's instructions. For cell pellets, total RNA was isolated
using TRIzol™ and Life PureLink® RNA Mini kit (Thermofisher
Scientific) according to manufacturer's instructions. The RNA was then
reverse transcribed using iScript™ reverse transcription Supermix (Bio-

Rad Laboratories, Hercules, CA, USA) and then amplified using CFX
Connect™ real-time PCR system (Bio-Rad) with iTaq™ Universal SYBR®

Green Supermix (Bio-Rad). The list of primers for genes associated with
pro-inflammation, anti-inflammation, chondrogenesis, fibrosis, matrix
regulation, anti-apoptosis, proliferation and pain is shown in
Supplementary Table 1. The PCR cycling condition comprised an initial
denaturation at 95 °C for 30 s followed by 40 cycles of amplification
consisting of a 15 s denaturation at 95 °C and a 30 s extension at 60 °C.
Relative mRNA expression levels were normalized against glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) mRNA, calculated
using the comparative ΔCT method [30], and finally expressed as fold
changes. Using the sham group as the reference for normalization,
transcriptional profiling of TMJ condylar cartilage of vehicle (PBS) and
exosome-treated rats at 2-week post-treatment was generated using the
online application program - Morpheus (https://software.
broadinstitute.org/morpheus/). Samples were hierarchically clustered
using one minus spearman rank correlation as metric and average as
linkage method.

2.10. Pain behavioural measurement

Mechanical hyper-nociception was assessed using the von Frey mi-
crofilament procedure as previously reported [31]. This method mea-
sures the threshold intensity of force that when applied to the TMJ
region would elicit a reflex response (e.g. head withdrawal) in the an-
imal. Starting from the lowest force, the rats were tested with a series of
filaments (Aesthesio®, Damnic global, CA, USA) at the preauricular
area. The head withdrawal threshold (HWT) is defined as the lowest
force of the filaments that produced the withdrawal response for at least
three times [31]. Assessment of mechanical hyper-nociception were
performed at weekly intervals and the HWT was calculated as a mean
value per joint of 4 rats per group.

2.11. Micro-computed tomography evaluation

At 2, 4 and 8-week post-treatment, animals were euthanized and
bilateral TMJs were removed surgically. The dissected TMJ condyles
were fixed overnight at 10% (v/v) neutral buffered formalin (pH 7.4)
and analysed by a high resolution micro-computed tomography (micro-
CT) system (Quantum FX, Perkin-Elmer). Samples were scanned cor-
onally at 90 kV and 100 μA with a 20 μm-effective pixel size. The sa-
gittal and top images of the condyle were reconstructed. A stack of 200
coronal slides across the entire condyle were selected for measurements
of the percentage of bone volume over total volume (BV/TV, %),

Fig. 1. Schematic illustration of in vivo ex-
periment design. (A) Schematic of animal
model showing injection into the upper
compartment of rat TMJ performed by in-
serting the 30-gauge needle anterior to the
external auditory canal. (B) Injection of dye
solution into the upper compartment of
TMJ to confirm the injection site. (C) To
induce TMJ-OA, 0.5mg MIA dissolved in
50 μl PBS was injected using a 30-gauge
needle into the upper compartment of TMJ.
After 2 weeks, OA-like lesions could be ob-
served. Thereafter, the rats received weekly
intra-articular injections of 100 μg of exo-
somes in 50 μl of PBS or equivalent volume
of the vehicle for over 8 weeks. Sham con-
trol rats were given sham injections.
Measurement of head withdrawal threshold
(HWT) for nociceptive response was per-
formed at weekly intervals. The rats were

euthanized and TMJ tissue samples were harvested at 2 weeks for transcriptome analysis, and at 2, 4 and 8 weeks for micro-CT, histology, immunohistochemical
staining and histomorphometric analyses. Sample size for the number (n) of joints are indicated.
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trabecular thickness (Tb·Th, mm), trabecular separation (Tb.Sp, mm),
and trabecular number (Tb·N, 1/mm) using CTAn version 1.13 (Bruker
microCT, Kontich, Belgium).

2.12. Histological and immunohistochemical analyses

Following micro-CT examination, the fixed TMJ specimens were
decalcified in 30% (v/v) formic acid for 2 weeks before processed for
histology. The samples were dehydrated and embedded in paraffin for
microtomy according to the standard procedure [32]. Serial sections
were cut at 5-μm and stained with haematoxylin and eosin (HE) for
general morphology and toluidine blue (TB) for s-GAG deposition.
Immunohistochemistry was performed as previously described [25] to
detect cleaved caspase-3 (CCP3) (Cell Signalling Technology), pro-
liferative cell nuclear antigen (PCNA), α-smooth muscle actin (α-SMA),
IL-1β, inducible nitric oxide synthase (iNOS), matrix metalloproteinase
13 (MMP13) and a disintegrin and metalloproteinase with thrombos-
pondin motifs 5 (ADAMTS5) (Abcam) as summarized in Supplementary
Table 2. The stained sections were then imaged using an inverted mi-
croscope (Olympus IX70, Olympus, Tokyo, Japan). Based on TB-stained
sections, the quality of joint repair was assessed using the Mankin's
histological scoring system by three blinded independent observers for
parameters as described in Supplementary Table 3 [33]. The score for
normal rat articular cartilage is 0 and the maximum score for degen-
erative articular cartilage is 14. The TB-stained sections were also used
to evaluate the general morphology, occurrence of anterior disc dis-
placement and presence of osteophytes. From the articular surface till
the condyle neck, the condyle head was divided into three regions: the
anterior, central (middle) and posterior regions, and the condylar
height and cartilage thickness was measured at each region (Fig. 3C).
The percentage of cartilage thickness was calculated by dividing the
cartilage thickness against the condylar height at each region. The
percentage of TB positively-stained area for s-GAG in the estimated

cartilage layer was measured at 200×magnification in three fields
using ImageJ software (National Institutes of Health, Bethesda, MD,
USA). For semi-quantitative analysis of PCNA, CCP3, α-SMA, MMP13,
ADAMTS5, IL-1β and iNOS expression levels, positively-stained cells
were counted at 200×magnification in three fields and expressed as
the percentages of positive cells.

2.13. Statistical analysis

All datasets were checked for normality using tests of normality
including Shapiro–Wilk test. All data for Mankin score, nociceptive
response and semi-quantitative histological, immunohistochemical and
micro-CT analyses were expressed as mean ± standard error mean
(SEM). Differences between groups were determined by Kruskal-Wallis
test followed by Dunn-Bonferroni post hoc test for non-normally dis-
tributed data, and by one-way ANOVA followed by Scheffe post hoc test
for normally distributed data. Pearson's correlation was used to eval-
uate the association between two variables, and the data presented as r
(Pearson correlation coefficient), n (sample size), P (statistical sig-
nificance level). Chi-square test with Bonferroni correction was used for
analysing the occurrences of osteophyte and anterior disc displacement
using SPSS version 25.0 (SPSS, Chicago, IL, USA). Statistical sig-
nificance was set as P < 0.05.

3. Results

3.1. MSC exosomes suppress pain and modulate early gene expression
changes in TMJ-OA

In this study, treatment was initiated 2 weeks after MIA injection
when TMJ-OA has developed. Intra-articular injections of MSC exo-
somes in the OA+Exosome group or PBS vehicle in the OA+PBS group
were administered on a weekly basis for 2, 4 or 8 weeks (Fig. 1). The

Fig. 2. Gene expression changes and
time-course analysis of nociceptive re-
sponses following treatment with MSC
exosomes. (A) Heat map depicting
early gene expression changes of mar-
kers associated with pro-inflammation,
anti-inflammation, chondrogenesis, fi-
brosis, matrix regulation, anti-apop-
tosis, proliferation and pain in TMJ
condylar cartilage tissue samples fol-
lowing treatment at 2 weeks. n = 6–7/
group. (B) Schematic illustration of
pain behaviour measurement. A series
of filaments (right) starting from the
lowest force was applied to the rat at
the preauricular area (left) to assess the
head withdrawal. (C) Time-dependent
nociceptive responses following treat-
ment with MSC exosomes. HWT was
measured before MIA-induction of OA,
and during the time-course of treat-
ment with MSC exosomes. Data re-
present mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001 compared
to OA+PBS group; ##P < 0.01,
###P < 0.001 compared to sham
group. n=8/group. The HWT declined
significantly after MIA injection over 2
weeks compared to the sham control
(P < 0.001). Exosome treatment ra-
pidly increased the HWT compared to
PBS treatment as early as 2 weeks

(P = 0.017), and progressively improved the HWT to baseline level similar to the sham control from week 5 and sustained up to week 8 post-treatment. In contrast,
vehicle treatment in OA+PBS group showed little to no effect on the recovery of HWT.
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animals in the sham group were given similar needle pricks but no
injections. Early therapeutic effects of MSC exosomes were assessed by
transcriptome analysis of the TMJ condylar cartilage tissue harvested at
2-week post-treatment. Nociceptive responses by HWT measurement
were monitored on a weekly basis during treatment, and at 2, 4 and 8-
week post-treatment, TMJs from each group of animals were harvested
for histological analysis.

Transcriptional profiling of the condylar cartilage tissues revealed

early gene expression changes in the OA+Exosome group compared to
the OA+PBS group (n=7/group, Fig. 2A). One sample with low RNA
yield was removed from OA+Exosome group, and one sample having
the lowest outlier values was removed from OA+PBS group. Notably,
OA+Exosome rats displayed significantly reduced expression of genes
associated with pro-inflammation (IL-1β), apoptosis (BAX), fibrosis (α-
SMA) and pain (Substance P, CGRP, NGF, P75NTR and TrkA) compared
to OA+PBS rats (P < 0.05). Additionally, exosome treatment also

(caption on next page)
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modulated some of the genes involved in matrix regulation. For ex-
ample, TIMP2 (P=0.013) which inhibits MMPs was upregulated by
∼9-fold, while ADAMTS5 (P=0.035) which hydrolyses aggrecan was
downregulated by ∼2-fold.

Concomitant with the reduced expression of pain-associated genes
by exosome treatment (Fig. 2A), OA+Exosome rats had reduced pain as
indicated by higher HWT than those in OA+PBS group as early as 2
weeks post-treatment (P=0.017). The pain was reduced to baseline
and was similar to that of the sham group from week 5 with a HWT of
21.9 ± 2.0 g (P > 0.99). This was then maintained for the duration of
the treatment (P > 0.99). In contrast, the OA+PBS group showed
minimal HWT improvement throughout the course of the experiment
(Fig. 2C).

3.2. MSC exosomes reverse TMJ degeneration in TMJ-OA

At the early time point of 2 weeks, the exosome- and the PBS-treated
groups did not exhibit significant differences in cell morphology or
matrix distribution (Fig. 3). Specifically, there were no significant dif-
ferences in condylar height and cartilage thickness (Fig. 3A–D), and in
s-GAG deposition and MMP13 expression between OA+Exosome and
OA+PBS groups (Fig. 3B). While there was no significance difference in
percentages of MMP13+ cells between OA+Exosome and OA+PBS
groups (40.3 ± 3.6% vs. 56.2 ± 5.0%; P=0.286), significantly more
MMP13+ cells was observed in the OA+PBS compared to the sham
group (56.2 ± 5.0% vs. 20.2 ± 2.9%; P = 0.001). Consequently,
there was no significant difference in Mankin scores between
OA+Exosome and OA+PBS groups (2.7 ± 0.5 vs. 3.1 ± 0.5;
P > 0.99) at 2 weeks, but a significant deterioration was noted in the
OA+PBS group compared to the sham group (3.1 ± 0.5 vs. 1.5 ± 0.3;
P=0.049) (Fig. 3D). Anterior disc displacement was observed in 2 out
of 8 osteoarthritic TMJs in OA+PBS group, while none was observed in
OA+Exosome and sham groups. No osteophytes were observed in any
of the groups at 2 weeks (Fig. 3E).

At 4-week post-treatment, exosome-treated group showed a
smoother cartilage surface, improved cellularity, reduced cartilage
thickening, and minimal depletion of s-GAG as compared to the PBS-
treated group. Although there was no difference in condylar height
among various groups, the condyles in exosome-treated group exhibited
less fibrous cartilage thickening at the posterior region of the condyle
(37.5 ± 4.2% vs. 55.6 ± 5.2%; P=0.044), and a lower percentage of
α-SMA+ cells compared to that in PBS treatment group (36.4 ± 4.3%
vs. 69.7 ± 5.3%; P=0.003) (Fig. 3A and B). Relative to PBS-treated
lesions, exosome-treated lesions displayed significantly higher percen-
tage areal deposition of s-GAG (49.7 ± 5.7% vs. 27.0 ± 4.2%;
P=0.019) and reduced percentage of MMP13+ cells (29.6 ± 3.2% vs.
60.8 ± 5.2%; P=0.008) (Fig. 3B). By 4 weeks, OA+Exosome group
had a Mankin score of 3.0 ± 0.3 as opposed to that in the OA+PBS
group of 6.0 ± 0.8 (P=0.058), and was comparable to the sham
group with a score of 3.2 ± 1.1 (P > 0.99, Fig. 3). Additionally,
anterior disc displacement was observed in only 2 out of 8 TMJs in the

OA+Exosome group compared with 5 out of 8 TMJs in OA+PBS group
and 1 out of 8 in the sham group. The occurrence of osteophytes re-
mained low at 1 out 8 TMJs in all three groups (Fig. 3E).

At 8-week post-treatment, the OA+Exosome group showed effec-
tive restoration of the TMJ condylar structure with marked improve-
ments in overall condylar height, cartilage thickness, cellularity and
matrix deposition, and subchondral bone integrity that were compar-
able to that of sham control, and closely resembled the age-matched
naive TMJ condyle (Fig. 3A). When compared with OA+PBS group, the
exosome-treated condyles showed improvement in the condylar height
(814.3 ± 30.7 μm vs. 715.5 ± 19.4 μm; P=0.071), had reduced fi-
brous thickening particularly in the anterior (20.8 ± 2.4% vs.
35.4 ± 3.2%; P=0.006) and posterior regions (31.1 ± 2.4% vs.
56.3 ± 3.3%; P=0.010) that was concomitant with the significantly
lower percentage of α-SMA+ cells found in the cartilage (43.4 ± 3.9%
vs. 72.5 ± 4.7%; P=0.006) (Fig. 3B and C). The exosome-treated
condylar cartilage also displayed significant matrix restoration with a
higher percentage areal deposition of s-GAG (52.1 ± 4.3% vs.
23.7 ± 2.3%; P=0.007) and reduced matrix degradation as evident
by the significantly lower percentages of MMP13+ cells (37.2 ± 4.1%
vs. 54.8 ± 2.3%; P=0.048) (Fig. 3A and B) and ADAMTS5+ cells
(53.1 ± 4.3% vs. 82.6 ± 2.1%; P=0.005) (Supplementary Fig. 1)
than the PBS-treated condyles. The exosome-treated group had a
Mankin score of 3.7 ± 0.5, which was significantly better than that of
PBS-treated group (9.9 ± 1.4; P=0.005) and was comparable to that
of sham group (3.8 ± 0.3; P > 0.99) (Fig. 3D). The incidence of
anterior disc displacement remained low and was only observed in 2
out of 8 exosome-treated TMJs, as opposed to 4 out of 8 PBS-treated
TMJs (Fig. 3E). Similarly, osteophytes in the subchondral bone were not
observed in the exosome-treated condyles, but was detected in 4 out of
8 of PBS-treated condyles (50% occurrence) (P=0.021) (Fig. 3E). By
Pearson's correlation analysis, high percentages of α-SMA+ cells
(r=0.627, n=24, P=0.001) and MMP13+ cells (r=0.678, n=24,
P=0.001) were positively correlated with the increases in Mankin
scores for OA degenerative changes.

Collectively, our findings demonstrated that MSC exosomes alle-
viated TMJ degeneration by suppressing inflammation and pain, re-
ducing adverse fibrosis, and promoting overall matrix restoration of the
TMJ condylar cartilage and subchondral bone at the later stages of
repair. We noted that needle pricks alone caused tissue injury as evident
in the sham group, which registered a significant increase in Mankin
score of 1.5 at week 2 to 3.8 at week 8 (P=0.013, Fig. 3D). We also
noted that despite having a more severe tissue injury at 2 weeks, the
Mankin score in the OA+Exosome group increased only slightly from
2.7 at week 2 to 3.7 at week 8 (P > 0.99) to reach a level similar to
that of the sham group. On the other hand, PBS-treated animals showed
a severe deterioration in Mankin scores from 3.1 at week 2 to
9.9 at week 8 (P=0.001, Fig. 3D). Together, these observations suggest
that MSC exosomes alleviate tissue injury and/or enhance tissue repair
in TMJ-OA.

Fig. 3. MSC exosomes promote TMJ repair and regeneration in OA. Histopathological evaluation showed that MSC exosomes restored TMJ matrix synthesis in OA.
(A) Haematoxylin and eosin (HE) and toluidine blue (TB) staining, and immunohistochemical staining for α-SMA and MMP13 at 2, 4 and 8 weeks. Representative
images (n=6–8). Scale bars: 500 or 100 μm. (B) Percentage areal deposition of s-GAG by quantification of TB-stained area, and percentages of α-SMA+ and
MMP13+ cells in TMJ condylar cartilage. Representative images (n = 6–8). Scale bar: 100 μm. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***
P < 0.001 compared to OA+PBS group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to sham group. n = 6–8/group. (C) Schematic model to illustrate the
anterior, central and posterior regions of the rat TMJ condylar head. The condylar height was measured at each region, including AH: anterior height; CH: central
height; PH: posterior height of condyle. The cartilage thickness was also measured at each region including at: anterior thickness; ct: central thickness; and pt:
posterior thickness of cartilage. Measurements of condylar height and percentage (%) cartilage thickness. Condylar height was measured at different regions (AH, CH
and PH). Cartilage thickness was measured and expressed as percentage of condylar height at different regions (% at, % ct and % pt). Data are presented as
mean ± SEM. *P < 0.05, **P < 0.01 compared to OA+PBS group; #P < 0.05, ##P < 0.01 compared to sham group. n = 6–8/group. (D) Mankin scores of
samples at 2, 4 and 8 weeks. Data represent mean ± SEM. *P < 0.05, **P < 0.01 compared to OA+PBS group; #P < 0.05, ##P < 0.01 compared to sham group.
n=6–8/group. (E) Number of occurrences of anterior disc displacement (top) and osteophytes (bottom). Data represent the number of joints that were affected by
anterior disc displacement or osteophytes. *P < 0.05 compared to OA+PBS group; #P < 0.05 compared to sham group. n=6–8/group. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. MSC exosomes alleviate subchondral bone deterioration in TMJ-OA

The overall reduction in condylar height despite increased fibrous
cartilage thickening observed in the OA+PBS group suggest sub-
chondral bone erosion (Fig. 3C). We therefore investigated the changes
in bone structural parameters namely, the percentage of bone volume
over total volume (BV/TV), trabecular thickness (Tb·Th), trabecular
separation (Tb.Sp), and trabecular number (Tb·N) (Fig. 4). Exosome
treatment showed early attenuation of bone loss at 2 weeks as measured
by an increase in BV/TV of 14.4% (P=0.041) over that in PBS treat-
ment group. However, there were no significant differences in the other
three parameters, Tb·Th, Tb. Sp, and Tb·N (Fig. 4C). Significant differ-
ences in all four bone structural parameters were observed only at week

8. Relative to the OA+PBS group, OA+Exosome group had an increase
in BV/TV and Tb·Th of 14.3% (P=0.011) and 11.7% (P=0.647),
respectively and a decrease in Tb. Sp and Tb·N of 11.2% (P=0.183)
and of 13.2% (P = 0.116), respectively. All four bone structure para-
meters in the OA+Exosome group were comparable to those in the
sham group (Fig. 4C). On the other hand, the bone structure parameters
were significantly deteriorated in the OA+PBS group relative to the
sham group namely, decrease in BV/TV and Tb·Th of 15.2%
(P=0.002) and 24.9% (P=0.040) respectively, and increase in Tb. Sp
and Tb·N of 27.2% (P=0.040) and 23.2% (P=0.009), respectively.

3.4. MSC exosomes reduce IL-β+ and iNOS+ cells during TMJ repair

Consistent with the suppression of inflammation-associated genes at
week 2 (Fig. 2A), we observed that relative to the OA+PBS group, the
percentage of IL-β+ cells in the OA+Exosome group was initially lower
at 2 weeks (9.9± 0.9% vs. 22.2±2.8%; P = 0.035) before peaking at
4 weeks to a similar level as the OA+PBS group (Fig. 5A). By 8 weeks,
there was no significant differences among the three groups (Fig. 5A).
The percentage of iNOS+ cells in OA+Exosome group was similar to
that in the sham group at 2, 4 and 8 weeks (Fig. 5B) but were sig-
nificantly reduced relative to that in the OA+PBS group at
11.9 ± 1.2% vs. 24.5 ± 2.4% (P=0.027), 27.2 ± 3.8% vs.
45.4 ± 3.1% (P=0.014), and 16.2 ± 2.7% vs. 47.3 ± 3.7%
(P=0.002), respectively. By Pearson's correlation analysis, high per-
centages of IL-1β+ cells (r=0.465, n=24, P=0.025) and iNOS+

cells (r=0.667, n=24, P = 0.001) in OA+PBS group were found to
have positive correlation with the increments in Mankin scores for OA
degenerative changes.

3.5. MSC exosomes promote proliferation and reduce apoptosis during TMJ
repair

The percentage of proliferative PCNA+ cells in the exosome-treated
group was consistently higher compared to that in the PBS treatment
group at 2, 4 and 8 weeks, and was statistically significant at 4 weeks
(82.1 ± 1.0% vs. 67.7 ± 5.5%; P=0.044) and 8 weeks
(70.9 ± 5.2% vs. 29.2 ± 3.2%; P=0.002), respectively (Fig. 5C).
Unlike the PCNA+ cells, the percentage of CCP3+ apoptotic cells in the
exosome-treated group was consistently lower than that in the PBS
treatment group at all three time points, 38.3 ± 2.8% vs. 59.8 ± 3.3%
(P=0.024), 39.6 ± 4.0% vs. 61.2 ± 2.8% (P=0.007), and
30.6 ± 2.5% vs. 55.2 ± 4.2% (P=0.019), respectively (Fig. 5D).
They were however similar to those in sham group.

3.6. MSC exosomes ameliorate IL-1β-induced inflammatory effects and
matrix degradation

As exosome-mediated repair of osteoarthritic TMJs was largely
characterized by the attenuation of inflammation and restoration of
matrix synthesis, we next examined if MSC exosomes can restore matrix
synthesis of chondrocytes using a cellular OA model of IL-1β-induced
inflammation (Fig. 6). Briefly, chondrocyte pellets were stimulated with
IL-1β for 24 h and then treated with or without exosomes for over 48 h
(Fig. 6A). In the presence of IL-1β, there was decreased s-GAG synthesis
but this effect was reversed by MSC exosomes (Fig. 6B). Exosome
treatment significantly increased the levels of s-GAG/DNA in IL-1β-
treated chondrocytes in a dose-dependent manner, with ∼2-fold in-
crease in s-GAG/DNA at 48 h following treatment with 5 μg/ml exo-
some (Fig. 6B). Additionally, exosome treatment significantly reduced
IL-1β-induced NO production in a dose-dependent manner, with max-
imum suppression at 5 μg/ml (Fig. 6C). MSC exosome treatment ef-
fectively abrogated IL-1β-induced NO production to that of the control.
At 48 h, IL-1β-treated chondrocytes showed a significant ∼80% re-
duction in NO production following treatment with 5 μg/ml exosome
(P < 0.001), reaching a level comparable to that of control (P > 0.99,

Fig. 4. MSC exosomes restore TMJ subchondral bone volume and architecture
in OA. Rat TMJs were harvested for micro-CT analysis at 2, 4 and 8 weeks. (A)
Sagittal view and (B) top view of the condyles. Representative images (n=6–8)
(C) Ratios of bone volume (BV/TV), trabecular thickness (Tb·Th), trabecular
separation (Tb.Sp), and trabecular number (Tb·N). Data represent
mean ± SEM. *P < 0.05, **P < 0.01 compared to OA+PBS group;
#P < 0.05, ##P < 0.01 compared to sham group. n=6–8/group.
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Fig. 6C). Similarly, MSC exosomes reversed the MMP13 production that
was elevated by IL-1β treatment. Following 48 h treatment with 5 μg/
ml exosome, MMP13 production by IL-1β-treated chondrocytes was
reduced by ∼60% (P < 0.001), reaching a level comparable to that of
control (P > 0.99, Fig. 6D). Collectively, we observed that MSC exo-
somes enhanced s-GAG synthesis impeded by IL-1β, and suppressed IL-
1β-induced NO and MMP13 production, consistent with the suppressed
inflammation, restored matrix synthesis and reduced degradation ob-
served in our exosome-treated animal model.

3.7. MSC exosomes suppress inflammation and restore matrix homeostasis
by eliciting adenosine receptor-dependent AKT, ERK and AMPK signalling
pathways

We had previously reported that MSC exosome had the capacity to
induce pro-survival AKT and ERK signalling in vitro and in vivo [12,34],
possibly through CD73 activity. We observed that exosome-induced
enhancements in proliferation, migration and matrix synthesis were
partly associated with exosome-induced AKT and to a lesser extent, ERK
phosphorylation in knee chondrocytes [35]. However, inhibition of

Fig. 5. MSC exosomes suppress inflammation, promote cellular proliferation and reduce apoptosis during TMJ repair. Quantitative analysis of (A) IL-1β+, (B) iNOS+,
(C) PCNA+ and (D) CCP3+ cells in TMJ condylar cartilage at 2, 4 and 8 weeks. Representative images (n = 6–8). Scale bar: 100 μm. The number of cells that stained
positive for IL-1β, iNOS, PCNA and CCP3 were counted at 200 × magnification and expressed as the percentages of positively stained cells. Data represent
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to OA+PBS group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to sham group. n=6–8/
group.
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AKT and ERK phosphorylation reduced but did not completely abrogate
these exosome effects on chondrocyte proliferation, migration and
matrix synthesis, suggesting the involvement of other exosome-induced
signalling pathways. We also reported that exosome-induced AKT or
ERK phosphorylation was activated by adenosines produced from the
hydrolysis of adenosine monophosphate (AMP) by exosomal CD73, the
only known ecto-5′-nucleotidase that is present on MSC exosome
[34,35].

We postulated that apart from AKT/ERK signalling pathways, AMPK
as a major signalling pathway for matrix homeostasis [36,37] could
also be triggered by exosome CD73-mediated adenosine receptor acti-
vation to attenuate inflammation and restore matrix homeostasis in OA.
Consistent with our hypothesis, phosphorylation of AKT, ERK and
AMPK was enhanced by MSC exosomes, but was attenuated by theo-
phylline, a non-selective adenosine receptor antagonist (P < 0.05)
(Fig. 7B). Functionally, we found that theophylline attenuated recovery
of IL-1β-induced suppression of s-GAG/DNA (Fig. 7C) and IL-1β-in-
duced elevation of NO and MMP13 production (Fig. 7D and E) by MSC
exosomes. Compared to exosome treatment alone, the chondrocytes in
exosome with theophylline treatment had significantly reduced levels
of s-GAG/DNA at 48 h (P < 0.001), and significantly upregulated le-
vels of NO/DNA at 6 h (P < 0.001), 24 h (P < 0.01) and 48 h (P <
0.01), and MMP13/Protein at 48 h (P < 0.001) (Fig. 7C – E). As ade-
nosine receptor inhibition by theophylline did not abrogate exosome-
induced AKT, ERK and AMPK phosphorylation to the same extent, there
could be other exosomal activators of AKT, ERK and AMPK phosphor-
ylation.

The role of AKT, ERK and AMPK phosphorylation in mediating the
effects of MSC exosomes on s-GAG synthesis, NO and MMP13 produc-
tion in IL-1β-treated chondrocytes was next assessed in the presence of
wortmannin, U0126 and compound C which are specific inhibitors of
AKT, ERK and AMPK phosphorylation, respectively. In the presence of
wortmannin, exosome-mediated AKT phosphorylation in IL-1β-treated
chondrocytes was attenuated (P < 0.05) (Fig. 7F). Concomitantly, s-
GAG/DNA was significantly reduced at 48 h (P < 0.001), while NO/
DNA was significantly elevated at 24 h (P < 0.01) and 48 h (P <
0.001), and MMP13/Protein significantly increased at 48 h (P <
0.001) (Fig. 7G – I). In the presence of U0126, exosome-mediated ERK
phosphorylation in IL-1β-treated chondrocytes was inhibited

(P < 0.05) (Fig. 7J). Concurrently, s-GAG/DNA was significantly re-
duced at 24 and 48 h (P < 0.001), while NO/DNA was significantly
increased at 6, 24 and 48 h (P < 0.001) and MMP13/Protein elevated
at 48 h (P < 0.05) (Fig. 7K – M). Similarly, the presence of compound
C attenuated exosome-mediated AMPK phosphorylation in IL-1β
treated chondrocytes (P < 0.05) (Fig. 7N), with concomitant reduction
of s-GAG/DNA at 24 and 48 h (P < 0.001) and increased production of
NO/DNA as early as 6 h (P < 0.01), and MMP13/Protein at
48 h (P < 0.001) (Fig. 7O–Q). Together, these findings demonstrated
that MSC exosomes act through adenosine receptor-mediated AKT, ERK
and AMPK phosphorylation to reduce inflammation and restore matrix
homeostasis in OA by recovering s-GAG matrix synthesis while con-
currently suppressing NO and MMP13 production.

4. Discussion

We had previously reported that weekly intra-articular administra-
tion of human MSC exosomes is effective in repair and regeneration of
critical-sized osteochondral defects in immunocompetent rats [15].
Studies on the use of MSC exosomes for OA treatment have thus far
been limited to the knee [17,18] and to date, no study has investigated
its use for TMJ-OA. To the best of our knowledge, this is the first de-
monstration for the therapeutic use of human MSC exosomes in TMJ-
OA. Here, we demonstrated in an immunocompetent rat model that
MSC exosomes mediate repair and regeneration of the osteoarthritic
TMJs through early reduction in inflammation to suppress pain and
tissue degeneration followed by increased proliferation and matrix
synthesis to restore the TMJ osteochondral tissues. Specifically, MSC
exosomes reduced transcription of inflammatory genes such as IL-1β,
reduced presence of inflammatory IL-β+ and iNOS+ cells, increased
proliferative PCNA+ cells, decreased CCP3+ apoptotic cells, reduced
MMP13+ and ADAMTS5+ cells, increased s-GAG matrix synthesis and
reduced α-SMA+

fibrotic cells in TMJ-OA. By the end of 8-week
treatment, exosome-treated condyles showed remarkable restoration of
condylar structure, matrix deposition and subchondral bone integrity
that were comparable to that of sham group, and closely resembled the
age-matched naive TMJ condyle. As in all our previous studies
[14,15,35], we did not observe any adverse immune reactions from the
use of xenogeneic human MSC exosomes in fully immunocompetent

Fig. 6. Effects of MSC exosomes on matrix
biosynthetic activity of condylar chon-
drocytes in the presence of IL-1β. (A) Time
schedule for treatment of chondrocyte pellets
in vitro. Chondrocyte pellets were stimulated
with 1 ng/ml IL-1β for 24 h and then treated
with exosomes at varying concentrations (1, 2
and 5 μg/ml) or PBS vehicle for 48 h. (B)
Quantitative analysis of s-GAG/DNA showed
dose-dependent effect of MSC exosomes on s-
GAG production by IL-1β-treated chon-
drocytes. Data represent mean ± SEM.
*P < 0.05, **P < 0.01, **P < 0.001
compared to IL-1β; #P < 0.05, ##P < 0.01,
###P < 0.001 compared to control. n = 3/
group. (C) Measurement of NO production in
culture supernatants normalized against the
DNA content showed dose-dependent in-
hibitory effect of exosomes on NO production
by IL-1β-treated chondrocytes. Data represent
mean ± SEM. **P < 0.01, ***P < 0.001
compared to IL-1β; ##P < 0.01,
###P < 0.001 compared to control. n = 3/
group. (D) Measurement of MMP13 produc-
tion in culture supernatants at 48 h after
exosome treatment. MMP13 concentrations

normalized againt total protein concentrations showed dose-dependent suppressive effect of exosomes on MMP13 production by IL-1β-treated chondrocytes. Data
represent mean ± SEM. **P < 0.01, ***P < 0.001 compared to IL-1β; ##P < 0.01, ###P < 0.001 compared to control. n=3/group.
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animals.
It is well-established in OA pathogenesis that adverse inflammation,

catabolic matrix degradation and/or reduced matrix synthesis, and
cellular apoptosis and/or reduced proliferation exacerbate disease
progression and joint damage [2,38]. Several pro-inflammatory

mediators including cytokines such as IL-1β and TNF-α, and reactive
metabolites such as reactive oxygen and nitrogen species reportedly
contribute to the onset and progression of OA. For instance, IL-1β is
significantly elevated in the synovial fluid of patients with TMJ-OA
[39,40] and is thought to mediate matrix degradation in OA by

(caption on next page)
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inducing expression of matrix degradative enzymes such as MMP13 and
ADAMTS5 [2,41]. Commonly elevated by inflammation, excessive
production of reactive nitrogen species such as NO are known to cause
mitochondrial dysfunction, structural alteration of proteins, matrix
degradation, and cell injury and apoptosis in OA [38].

In our study, we found that during the treatment of TMJ-OA, MSC
exosomes target the key pathological features of TMJ-OA, namely in-
flammation, catabolic matrix degradation and cellular apoptosis. MSC
exosomes ameliorated inflammation in TMJ-OA as evident by the re-
duced expression of IL-1β and iNOS which correlated with the im-
provements in Mankin scores for OA degenerative changes. This sup-
pression of inflammation is consistent with the potent
immunomodulatory activities often observed in MSC exosome treat-
ment of animal model of diseases. In a mouse model of myocardial
ischemia/reperfusion injury, attenuation of reperfusion injury was ac-
companied by reduced neutrophil influx and peripheral white blood
cells [12]. We also found that MSC exosomes delayed skin graft rejec-
tion with concomitant induction of regulatory T cells (Tregs) in mice
with acute immune reactivity caused by the allogenic skin graft, but not
in un-grafted mice [42]. This polarization of CD4+ T cells to Tregs was
found to be activated by allogenic CD11C+ antigen presenting cells
[43]. Similarly, in a mouse model of hyperoxia-induced lung injury,
MSC exosomes were found to enhance infiltration of M2 macrophages
while reducing the levels of M1 macrophages and pro-inflammatory
cytokines such as TNF-α to attenuate inflammation and reduce micro-
vasculature loss that led to improved lung function [44,45]. This
modulation of the inflammatory responses by MSC exosomes leading to
enhanced tissue repair was also observed in other animal model of
diseases such as retinal laser injury [46], spinal cord injury [47] and
sepsis [48]. In the context of cartilage regeneration, we had previously
reported that MSC exosomes induced infiltration of regenerative M2
macrophages over the inflammatory M1 macrophages at the defect site
with a concomitant reduction in pro-inflammatory synovial cytokines
including IL-1β and TNF-α to promote repair of osteochondral defects
in rats [35]. The most important verification of the immunomodulatory
potency of MSC exosome to date is the efficacy of MSC exosome in the
successful treatment of an acute graft-versus-host disease (GVHD) pa-
tient [49]. However, the role of MSC exosomes in modulating the
phenotype of immune cells such as macrophages or Tregs during TMJ
repair in OA needs to be further investigated. For instance, it would be
important to determine in further studies if MSC exosomes induce in-
filtration and/or polarization of regenerative M2 macrophages and

associated anti-inflammatory cytokines such as IL-10 to attenuate in-
flammation and promote joint repair in TMJ-OA.

To elucidate the mechanism of action underlying the effects of MSC
exosomes on catabolic matrix degradation and/or reduced matrix
synthesis and cellular apoptosis and/or reduced proliferation, we
started by examining the protein and RNA cargo of our MSC exosomes
[34,50–52] to identify molecules in the cargo that could elicit some of
the observed MSC exosome effects. We previously reported that MSC
exosome expresses CD73, the only known ecto-5′-nucleotidase that can
convert extracellular AMP to adenosine to activate pro-survival AKT
and ERK signalling [34]. We implicated the role of CD73 in os-
teochondral repair by demonstrating that the inhibition of AKT and
ERK signalling by AMPCP (a CD73 inhibitor), adenosine receptor an-
tagonist (theophylline), wortmannin (inhibitor of PI3K/AKT phos-
phorylation) or U0126 (inhibitor of ERK phosphorylation) reduced the
proliferation and migration of chondrocytes enhanced by MSC exo-
somes [35]. Consistent with these observations, mice lacking A2A
adenosine receptor or CD73/ecto-5′-nucleotidase reportedly developed
spontaneous OA [53] and A2B receptor knockout mice showed de-
creased bone mineral density compared to the wide-type mice [54]. In
this study, we also investigated AMPK signalling pathway as it is also
implicated in the maintenance of chondrocyte matrix homeostasis
[36,37]. AMPK activity has been shown to be reduced in OA cartilage
and in IL-1β-treated chondrocytes [37], and deficiency of AMPK has
been reported to accelerate OA development in animal studies [36].
Since exosome induced-phosphorylation of AMPK, in addition of AKT
and ERK, is also attenuated by theophylline, we postulated that CD73
contributes partly to the repair of TMJ-OA by MSC exosome through
adenosine receptor activation of AKT, ERK and AMPK signalling path-
ways. Using an in-vitro chondrocyte model of OA, we observed that
MSC exosomes increased s-GAG synthesis and inhibited NO and MMP13
production in IL-1β-treated chondrocytes through adenosine receptor
activation of AKT, ERK and AMPK phosphorylation. These effects were
partially abrogated by theophylline, wortmannin, U0126 or compound
C, which inhibited adenosine receptor activation, AKT, ERK and AMPK
phosphorylation, respectively. As inhibition by theophylline did not
inhibit the exosome-mediated phosphorylation of AKT, ERK and AMPK
to the same extent, it is possible that exosome-mediated AKT, ERK and
AMPK phosphorylation could also be induced by other exosome pro-
teins. Profiling of MSC exosome cargo had revealed a diverse array of
proteins and nucleic acids with>850 unique gene products and>150
microRNAs [50–52]. The diverse proteome has significant redundancy.

Fig. 7. MSC exosomes restore IL-1β-impeded matrix synthesis in part through adenosine receptor dependent activation of AKT and AMPK signalling pathways. (A)
Time schedule for treatment of chondrocyte pellets in vitro. (B) Western blot analysis of adenosine receptor inhibition by theophylline and semi-quantitative analysis
of AKT, ERK and AMPK phosphorylation. Adensoine receptor inhibition by theophylline suppressed exosome-mediated AKT, ERK and AMPK phosphorylation.
Representative results of 3 independent experiments. Data represent mean ± SEM. ▲P < 0.05 compared to IL-1β+Exosome; *P < 0.05 compared to IL-1β;
#P < 0.05 compared to control. n=3. (C) Measurements of s-GAG/DNA, (D) NO/DNA and (E) MMP13/Protein showed that the counteractive effects of MSC
exosomes against IL-1β-induced matrix degradation and inflammation were attenuated in the presence of theophylline. Data represent mean ± SEM. ▲▲P < 0.01,
▲▲▲P < 0.001 compared to IL-1β+Exosome; *P < 0.05, **P < 0.01, ***P < 0.001 compared to IL-1β; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to
control. n=3/group. (F) Western blot and semi-quantitative analysis of AKT inhibition by wortmannin. Representative results of 3 independent experiments. Data
represent mean ± SEM. ▲P < 0.05 compared to IL-1β+Exosome; *P < 0.05 compared to IL-1β; #P < 0.05 compared to control. n=3. Addition of wortmannin
suppressed exosome-mediated phosphorylation of AKT. (G) Measurments of s-GAG/DNA, (H) NO/DNA and (I) MMP13/Protein showed that exosome treatment
induced increase in s-GAG synthesis and decrease in NO and MMP13 production in IL-1β-treated chondrocytes, but these effects were suppressed by wortmannin
inhibition of AKT phosphorylation. Data represent mean ± SEM. ▲▲P < 0.01, ▲▲▲P < 0.001 compared to IL-1β+Exosome; *P < 0.05, **P < 0.01,
***P < 0.001 compared to IL-1β; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to control. n=3/group. (J) Western blot and semi-quantitative analysis of
ERK inhibition by U0126. Representative results of 3 independent experiments. Data represent mean ± SEM. ▲P < 0.05 compared to IL-1β+Exosome; *P < 0.05
compared to IL-1β; #P < 0.05 compared to control. n=3. Addition of U0126 suppressed exosome-mediated phosphorylation of ERK. (K) Measurements of s-GAG/
DNA, (L) NO/DNA and (M) MMP13/Protein showed that exosome treatment induced increase in s-GAG synthesis and decrease in NO and MMP13 production in IL-
1β-treated chondrocytes, but these effects were suppressed by U0126 inhibition of ERK phosphorylation. Data represent mean ± SEM. ▲P < 0.05,
▲▲▲P < 0.001 compared to IL-1β+Exosome; *P < 0.05, **P < 0.01, ***P < 0.001 compared to IL-1β; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to
control. n=3/group. (N) Western blot and semi-quantitative analysis of AMPK inhibition by compound C. Representative results of 3 independent experiments. Data
represent mean ± SEM. ▲P < 0.05 compared to IL-1β+Exosome; *P < 0.05 compared to IL-1β; #P < 0.05 compared to control. n=3. Addition of compound C
inhibited exosome-mediated AMPK phosphorylation. (O) Measurements of s-GAG/DNA and (P) NO/DNA and (Q) MMP13/Protein showed that exosome-induced
recovery of s-GAG synthesis and inhibition of NO and MMP13 production in IL-1β-treated chondrocytes were attenuated by compound C inhibition of AMPK
phosphorylation. Data represent mean ± SEM. ▲▲P < 0.01, ▲▲▲P < 0.001 compared to IL-1β+Exosome; *P < 0.05, **P < 0.01, ***P < 0.001 compared to
IL-1β; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to control. n=3/group.
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Aside from CD73, MSC exosomes also have TGF-β and insulin growth
factor (IGF) that could potentially activate AKT, ERK and/or AMPK
signalling pathways in chondrocytes [55–58].

As with the use of MSC exosomes in other animal models of dis-
eases, tissue repair and regeneration in TMJ-OA also involved a wide
spectrum of effects (viz. decrease in pain, inflammation, apoptosis,
matrix degradation and fibrosis coupled with increase in proliferation
and matrix synthesis) (Fig. 8), it is quite unlikely that all these effects
are mediated by exosome CD73 alone. We had attributed the wide-
ranging therapeutic effects of MSC exosomes to the functionally com-
plex exosome cargo and more specifically to the protein cargo [59]. The
cargo proteins are predominantly involved in cellular communication,
structure and mechanics, immune modulation, metabolism, and tissue
regeneration [34,50,51]. As joint tissues are highly complex and com-
posed of several cell types, this wide distribution of biological activities
confer on MSC exosomes the potential to interact with multiple cell
types in the complex TMJ and elicit diverse cellular responses needed
for tissue repair [34,50,51]. Although the role of each of these in-
dividual molecules in the therapeutic activity of exosome remains to be
determined, the combined functional complexity of the cargo provides
a compelling rationale for MSC exosomes to have the potential to exert
their wide-ranging therapeutic efficacies.

Our study demonstrates that intra-articular injection of MSC exo-
somes is an efficacious treatment to control pain and repair tissues in
TMJ-OA, and this provides the rationale for the development of an ‘off-
the-shelf’ cell-free standard-of-care for the treatment of TMJ-OA. As
MSC exosomes represent a novel “first-in-class” therapeutics, there are
significant challenges and considerations in manufacture, safety and
regulation, and these are actively being discussed and addressed [60].

5. Conclusion

Temporomandibular joint osteoarthritis (TMJ-OA) is a degenerative
joint disease characterized by chronic pain, cartilage degradation and
subchondral bone erosion, and is caused by perturbation of joint
homeostasis resulting in a net loss of cells and matrix. Here, we showed
in an animal model of TMJ-OA that MSC exosomes can reduce pain and
repair osteoarthritic TMJs by mounting a well-coordinated response of
attenuating inflammation, enhancing proliferation and matrix synth-
esis, while reducing apoptosis and matrix degradation to achieve

overall joint homeostasis, and promote TMJ repair and regeneration.
Therefore, MSC exosomes are a potential disease-modifying therapy for
patients suffering from TMJ-OA.
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