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a b s t r a c t
Mesenchymal stem cells (MSCs) are potential therapeutics for the treatment of periodontal defects. It is
increasingly accepted that MSCs mediate tissue repair through secretion of trophic factors, particularly
exosomes. Here, we investigated the therapeutic effects of human MSC exosome-loaded collagen sponge
for regeneration of surgically created periodontal intrabony defects in an immunocompetent rat model.
We observed that relative to control rats, exosome-treated rats repaired the defects more efﬁciently with
regeneration of periodontal tissues including newly-formed bone and periodontal ligament (PDL). We
also observed that concomitant with this, there was increased cellular inﬁltration and proliferation.
We therefore postulated that MSC exosomes enhanced regeneration through increased cellular mobilisation and proliferation. Using PDL cell cultures, we demonstrated that MSC exosomes could increase PDL
cell migration and proliferation through CD73-mediated adenosine receptor activation of pro-survival
AKT and ERK signalling. Inhibition of AKT or ERK phosphorylation suppressed PDL cell migration and proliferation. Our ﬁndings demonstrated for the ﬁrst time that MSC exosomes enhance periodontal regeneration possibly by increasing PDL migration and proliferation. This study suggests that MSC exosome is a
viable ready-to-use and cell-free MSC therapeutic for the treatment of periodontal defects.
Statement of signiﬁcance
Mesenchymal stem cell (MSC) therapies have demonstrated regenerative potential for the treatment of
periodontal defects. However, translation of cellular therapies is hampered by challenges in maintaining
optimal cell vitality and viability from manufacturing and storage to ﬁnal delivery to patients. Although
the use of MSCs for tissue repair was ﬁrst predicated on their differentiation potential, the therapeutic
efﬁcacy of MSCs has increasingly been attributed to its paracrine secretion, particularly exosomes or
small extracellular vesicles. In this study, MSC exosome-loaded collagen sponge enhanced periodontal
regeneration in an immunocompetent rat periodontal defect model without any obvious adverse effects.
These ﬁndings provide the basis for future development of MSC exosomes as a cell-free strategy for periodontal regeneration.
� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Severe periodontitis is the sixth most prevalent disease [1]. It is
the primary cause of irreversible destruction of the teeth⇑ Corresponding author at: Faculty of Dentistry, National University of Singapore,
9 Lower Kent Ridge Road, #10-01, National University Centre for Oral Health,
119085, Singapore.
E-mail address: dentohws@nus.edu.sg (W.S. Toh).
https://doi.org/10.1016/j.actbio.2019.03.021
1742-7061/� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

supporting periodontium, which is a complex structure composed
of periodontal ligament (PDL), cementum and alveolar bone. If
poorly managed or untreated, the disease often leads to tooth loss
[2]. Current treatment modalities for periodontitis are effective in
reducing/arresting the pathogenic condition but fail to predictably
regenerate the lost periodontal structures in many clinical situations [3]. Many of the common disease presentations, such as
one-walled intrabony defects, class III and interproximal furcal
defects are not amenable to current regenerative therapy, thus
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posing an unmet need for new therapeutics to address these
conditions.
In recent years, mesenchymal stem cells (MSCs) have emerged
as a promising therapy for periodontal regeneration in animal
studies [4,5] and in human studies [6]. However, this is a cellbased therapy that as with all cellular therapies, incurs signiﬁcant
operational and logistical challenges in the manufacture, delivery
and storage of cells for transplantation. The use of MSCs for tissue
repair was originally rationalized on their differentiation potential
to generate various cell types that could replace the lost cells in
injured or dead tissues. However, it is increasingly evident that
MSCs secrete a wide spectrum of factors that have the capacities
to alleviate tissue injury and promote repair and regeneration
[7]. On this note, conditioned media of PDL stem cells and bone
marrow MSCs had been shown in animal studies to promote
periodontal regeneration [8,9]. Among these secreted factors,
exosomes which are nano-sized membrane vesicles of about
50–200 nm have been shown to replicate the wide-ranging MSC
therapeutic efﬁcacies in animal models for myocardial ischemia
reperfusion injury [10], cutaneous wound [11], graft-versus-hostdisease (GVHD) [12], drug-induced hepatic injury [13], and more
recently bone and cartilage injuries [14,15]. However, the implication of these ﬁndings to periodontal regeneration remains to be
determined.
Here, we investigate if MSC exosomes could facilitate periodontal regeneration. Speciﬁcally, we evaluated the effects of human
MSC exosomes in an immunocompetent rat model with surgically
created periodontal intrabony defects. We also evaluated the
effects of MSC exosomes on PDL cell migration and proliferation,
and associated PDL expression of genes relevant to periodontal
regeneration.
2. Materials and methods
2.1. Preparation of MSC exosomes
The exosome preparation followed a standard operating procedure that was based on the principles ﬁrst described in 2010 [10].
Brieﬂy, MSC conditioned medium was size-fractionated, concentrated 50 by tangential ﬂow ﬁltration (Sartorius, Gottingen,
Germany, MWCO 100 kDa) and then characterized. 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 [10,14]. The exosomes were then 0.22 mm ﬁltered
(Merck Millipore, Billerica, MA, USA) and stored at 20 �C until
use. The exosomes were assayed for protein concentration using
a NanoOrange Protein Quantiﬁcation Kit (Thermo Fisher Scientiﬁc),
as per manufacturer’s instruction.
2.2. Isolation and culture of periodontal ligament (PDL) cells
Rat PDL cells were obtained from the extracted incisors of 8week-old Sprague Dawley (SD) rats following an established protocol with modiﬁcation [16]. Brieﬂy, the gingival soft tissues were
ﬁrst excised and the incisors were then extracted using forceps.
The incisors were washed with phosphate-buffered saline (PBS)
supplemented with 2% penicillin/streptomycin (PS; Thermo Fisher
Scientiﬁc). Tissues from the coronal and apical thirds of the incisors
were removed. The tooth then underwent digestion in 2 mg/ml of
dispase II and collagenase I (Worthington, Lakewood, NJ, USA)
overnight at 37 �C [17]. The cell suspension was passed through
a 40-mm cell strainer (Corning�, Corning, NY, USA) to disperse
the cells into single cells before seeding at a density of 2  104 cells/cm2. The culture was maintained in complete culture medium
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composed of DMEM-F12 supplemented with 10% FBS, 25 mg/ml
ascorbic acid 2-phosphate (AA2P, Sigma, St. Louis, MO, USA) and
1% PS under a humidiﬁed atmosphere of 5% CO2 at 37 �C. The culture medium was changed every alternate day until conﬂuence
was reached. Cells were then detached using TrypLe (Thermo
Fisher Scientiﬁc) and further sub-cultured to passages (P) 3 and 4
for in vitro experiments.
2.3. Cellular uptake of exosomes
Exosomes were ﬁrst labelled with Alexaﬂuor 488 dye using a
protein labelling kit (Thermo Fisher Scientiﬁc) according to the
manufacturer’s instruction. Brieﬂy, 100 mg exosomes were incubated with 10 ml of Alexaﬂuor 488 dye in PBS in a ﬁnal volume of
100 ml dye reaction mixture for 1 h at ambient temperature of
20 �C before transferred into the Biospin P6 gel column and centrifuged at 1000 g for 4 min to remove the free dye. To determine
the kinetics of exosome uptake, PDL cells were incubated with 5
mg/ml of Alexaﬂuor 488-labelled exosomes and observed at 0.25,
0.5, 1, 3 and 6 h by confocal microscopy (FV300, Olympus, Tokyo,
Japan). In some experiments, PDL cells were labelled with CellMaskTM Deep Red plasma membrane stain (Thermo Fisher
Scientiﬁc).
2.4. Cell migration
The migration of PDL cells in response to exosome treatment
was assessed using a transwell system, as previously described
[18]. Brieﬂy, 5  104 cells in 300 ml of low serum culture medium
(DMEM-F12 supplemented with 0.5% FBS and 1% PS) were placed
in the upper chamber and 1, 5 or 10 mg/ml exosomes or vehicle
control (PBS) were added to the lower chambers. After 16 h, the
upper surface of the transwell ﬁlters was swabbed free of cells.
Cells on the underside of the ﬁlter were then ﬁxed in 4% (v/v)
paraformaldehyde and stained with haematoxylin and eosin
(HE). The cells in ﬁve randomly-selected ﬁelds at 100 magniﬁcation were counted. The percentage of cell migration was calculated
by normalizing the number of cells on the underside of the transwell membrane to the initial number of cells seeded and compared against that of the PBS-treated vehicle control which was
set at 100%.
2.5. Cell viability and proliferation
Cells were seeded at 5000 cells/well in 96-well plates in complete culture medium for 16 h before the medium was changed
to low serum culture medium for 24 h. The cells were then treated
with 1, 5 and 10 mg/ml of exosomes or PBS as vehicle control. At 4,
24, 48 and 72 h, cell viability and total DNA content were measured. Cell viability was measured using the MTS (3-(4,5-dimethyl
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium) assay kit (Promega, Madison, WI, USA) following the
manufacturer’s speciﬁcations. 20 ml of MTS reagent was added to
each well and incubated at 37 �C for 2 h. Absorbance readings were
then taken at 490 nm and 650 nm (reference) using a microplate
reader (Inﬁnite� 200 PRO, TecanTM, Männedorf, Switzerland). The
value for cells treated with PBS at 4 h was set at 100% and all other
values were normalised to this value. For measurement of DNA
content, the cells in each well were lysed using 50 ml CelLytic M cell
lysis buffer (Sigma) and DNA concentration reﬂective of the cell
number was measured using the Quant-iTTM Picogreen� dsDNA
assay kit (Thermo Fisher Scientiﬁc) according to the manufacturer’s instructions. The ﬂuorescence readings were then taken at
excitation/emission wavelengths of 480/520 nm using a microplate reader.
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2.6. Exosome treatment and inhibitor studies
PDL cells were seeded at a density of 2  104 cells/cm2 and
cultured for 16 h before the medium was changed to a low serum
culture medium for 24 h, and then treated with 5 mg/ml of
exosomes or vehicle (PBS) as control for over 48 h. To investigate
the involvement of adenosine receptor and activation of AKT and
ERK pathways, PDL cells were pre-treated with 1 mM theophylline
(a non-selective adenosine receptor antagonist; Sigma) [19], 1 mM
wortmannin (inhibitor of PI3K/AKT pathway), 10 mM U0126 (inhibitor of MAPK/ERK pathway) (Cell Signaling Technology, Danvers,
MA, USA), or equivalent volume of distilled water or DMSO
(dimethyl sulfoxide) as vehicle controls for 1 h, before treatment
with 5 mg/ml exosomes or PBS vehicle for over 48 h. Following
treatment, PDL cells were rinsed with PBS and then harvested for
further analysis. All in vitro experiments were performed in
triplicates (n = 3) in at least two independent experiments.
2.7. Quantitative reverse transcription polymerase chain reaction
(RT-PCR)
Total RNA was isolated from PDL cultures using PureLink� RNA
Mini kit (Thermo Fisher Scientiﬁc) according to manufacturer’s
instructions. The RNA was then reverse transcribed to cDNA using
iScriptTM reverse transcription Supermix (Bio-Rad Laboratories,
Hercules, CA, USA). The cDNA samples were then ampliﬁed with
iTaqTM Universal SYBR� Green Supermix (Bio-Rad) and primers
(Table 1) using the CFX ConnectTM real-time PCR system (BioRad). 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 glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA, and calculated
using the comparative DCT method, and ﬁnally expressed as fold
changes [20].
2.8. Western blot hybridization
Western blot hybridization was performed using standard protocols. Brieﬂy, proteins were denatured, separated on 4–12% polyacrylamide gels (Thermo Fisher Scientiﬁc), electro-blotted onto a
nitrocellulose membrane (GE Healthcare), probed with primary
antibody followed by incubation with horseradish peroxidase
(HRP)-coupled secondary antibody against the primary antibody.
Table 1
Primer sequence used for quantitative RT-PCR.
Gene

Primer sequence

Product size

FGF-2

F: CGGTACCTGGCTATGAAGGA
R: CCAGGCGTTCAAAGAAGAAA
F: CAACTTGGAATCCCAGAACAGGAG
R: TAAGGTCCCGGCATATACGTGC
F: TCCAGGGCTCCAACGAGA
R: CTGTAGGTGAATCGACTGTTGC
F: AGGGTCCTACACATACTTCG
R: GGTCCTTGGTTAGCATTCTC
F: AAGAAGTCACCCGCGTGCTA
R: TGTGTGATGTCTTTGGTTTTGTCA
F: ATAGACTCCGGCGCTACCTC
R: CCAGGGGATCTGGGTAGG
F: TGGTTGCCCTCTTCTACTTTG
R: GTCACTGTCTGCCATGTGGG
F: AACTGGCCCTTCCTGGAG
R: TCAGGCTCATTCTCGGTAG
F: GCCTTCTTTGAGTTCGGTG
R: GCCAGGAGAAATCAAACAGAG
F: GGTCGGTGTGAACGGATTTGG
R: GCCGTGGGTAGAGTCATACTGGAAC

82 bp

PCNA
COL1A1
POSTN
TGF-ß1
IGF-1
BAX
Survivin
Bcl-2
GAPDH

82 bp
58 bp
149 bp
70 bp
70 bp
193 bp
89 bp
199 bp
148 bp

The primary antibodies used in this study were rabbit anti-AKT
(pan) (1:1000), anti-phospho-AKT (Ser473) (1:1000), anti-ERK1/2
(1:1000) and anti-phospho-ERK1/2 (Thr202/Tyr204) (1:1000) (Cell
Signaling Technology), and mouse anti-GAPDH (1:10000, Abcam,
Cambridge, MA, USA). After incubating with the appropriate HRPcoupled secondary antibodies (GE Healthcare), the protein bands
were visualized by incubating with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientiﬁc) and then documented using the ChemiDocTM MP System (Bio-Rad). Finally, the
bands were quantiﬁed with Image LabTM software (Bio-Rad).
2.9. Exosome incorporation into collagen sponges
Exosome-loaded collagen sponges were gifts from Paracrine
Therapeutics, Biopolis, Singapore. Bovine collagen I/III sponges
(HealiAid�, Maxigen Biotech Inc. Taoyuan City, Taiwan) were cut
into pieces of 2 mm width (W)  2 mm length (L)  1 mm depth
(D) for exosome loading. The exosome-loaded collagen sponge
which is referred to as CS/Exosome hereafter was loaded with
40 mg exosomes while the control collagen sponge referred to as
CS/Control was similarly treated as per exosome loading but without exosomes. The sponges were lyophilized and kept at 4 �C until
use.
2.10. Exosome loading efﬁciency and release
To determine the MSC exosome loading efﬁciency, the
exosome-loaded sponges were each rehydrated with 200 ll PBS
in a 96-well plate and incubated at ambient temperature of 20 �C
for 10 min. The sponges were pressed repeatedly (10 times) to
extract the exosomes. To determine the release proﬁle, the
exosome-loaded sponges were each incubated in 200 ll of PBS at
ambient temperature of 20 �C and supernatant samples were harvested at 10 min, 24 and 48 h. Supernatant samples were assayed
for the cholera toxin B chain (CTB)-CD81 assay as previously
described [21]. CTB-CD81 assay had been reported to speciﬁcally
detect intact CTB-binding CD81 expressing MSC exosomes [21].
Brieﬂy, CTB-CD81 assay was performed by incubating 20 ll
supernatant sample with 0.25 lg biotinylated CTB in PBS in a ﬁnal
volume of 100 ll for 30 min, followed by immobilization using
40 ll of pre-washed streptavidin-conjugated polystyrene beads
(Spherotech, Inc. Lake Forest, IL, USA). The beads were then washed
twice with 200 ll PBS, incubated with 50 ll of anti-CD81 antibodies (1:500, Santa Cruz Biotech, Dallas, TX, USA), washed and incubated again with HRP-conjugated goat anti-mouse secondary
antibodies (1:5000, Santa Cruz Biotech). HRP activity was determined by incubating with Amplex� Red Substrate (Thermo Fisher
Scientiﬁc) as per manufacturer’s protocol. The loading efﬁciency
and release were determined by normalising the levels of CTBCD81 to the initial level of CTB-CD81 present in 40 lg exosomes
and expressed as a percentage.
2.11. Rat periodontal defect model
All procedures were performed according to the Institutional
Animal Care and Use Committee at National University of Singapore under protocol number: R17-0106. Eighteen 10-week old
male SD rats weighting 289 to 413 g (mean: 306.2 g) were used
in this study. The animals were randomly assigned to three groups:
defects left untreated (Untreated; n = 12), defects treated with collagen sponge containing 40 mg exosomes (CS/Exosome; n = 12) and
defects treated with control collagen sponge without exosome (CS/
Control; n = 12). Under general anaesthesia, bilateral periodontal
defects of size 2  2  1.5 mm (W  L  D) were created on the
mesial surface of the ﬁrst molar, as previously described [22,23]
(Fig. 1).
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Fig. 1. Animal model and study design. (A) Baseline illustrating the condition prior to surgery. Following the incision and ﬂap elevation, the naive condition of the alveolar
bone is exposed. Defect creation on the mesial surface of the ﬁrst molar in each rat was then performed. Each defect was 2  2  1.5 mm (W  L  D). (B) SD rats were
randomly allocated into three groups: defects untreated, defects treated with exosome-loaded collagen sponge (CS/Exosome; blue) and defects treated with control collagen
sponge (CS/Control; grey) (n = 12 per group). (C) The rats were euthanized at 2 or 4 weeks and samples were processed for micro-CT, histology, immunohistochemistry and
histomorphometric analyses. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

At the beginning of surgery, an adrenaline containing dental
local anaesthetic (Scandonest� 2% L, Mepivacaine HCl. 2% and
Levonordefrin 1:20,000 Injection, USP) diluted to 0.5% was used
for purpose of haemostasis. A full-thickness incision measuring
4 mm was then made parallel to the alveolar ridge starting at the
mesio-palatal line angle of the ﬁrst molar. The ﬂap was elevated
to expose the alveolar bone. Under irrigation with sterile saline, a
dental hand-piece was used to create a defect without perforation
into the sinus. A 1.4-mm diameter dental round bur was used to
establish the depth, after which a 1.8-mm diameter dental round
bur was used to reﬁne the defect. A periodontal probe was last
used to conﬁrm the ﬁnal size of the defect. The root surface was
gently debrided with a 0.7-mm diameter round bur to remove
residual PDL. The defect was then rinsed with saline and dried with
sterile cotton pellets to ensure haemostasis was achieved before it
was left untreated or implanted with exosome-loaded collagen
sponge (CS/Exosome) or control collagen sponge (CS/Control).
Finally, the ﬂap was closed with single interrupted sutures (Vicryl
6-0, Ethicon Products, Amersfoort, Netherlands) and primary closure was achieved. Subcutaneous injections of antibiotics (Euﬂoxacin; 0.1 ml/100 g) and analgesics (Camprofen; 0.1 ml/100 g) were
given once daily for 5 days post-operatively. The animals were
housed in pairs and allowed to move without restriction. Standard
food and water were provided ad libitum. At 2 and 4 weeks, animals were euthanized by CO2 inhalation. The dentoalveolar complex of the maxillary molars were harvested for analysis.

2.12. Micro-computed tomography evaluation
The harvested tissues were ﬁxed in 10% (v/v) neutral buffered
formalin (Sigma) for a week. Each maxilla was scanned using
micro-computed tomography (micro-CT; Skyscan 1176, Kontich,
Belgium) at 18-lm resolution. Using the multi-planar reconstruction function, the cut was ﬁrst oriented to the long axis of the
mesial root, and the sagittal view at the middle of the defect was
utilised for the 3-dimensional (3-D) analysis. This would minimise
inconsistencies in measurement arising from different angulations.
A stack of 50 slides spanning the defect site were selected for measurements of the percentage of bone volume over total volume
(BV/TV, %), trabecular separation (Tb.Sp, mm), trabecular thickness
(Tb.Th, mm) and trabecular number (Tb.N, 1/mm) using CTAn version 1.13 (Burker micro-CT, Kontich, Belgium). For 3-D measurements, a region of interest (ROI) of approximately 0.125 mm3
was deﬁned, coronally from the line angles of the mesial root
and amounting to a stack of 50 sections for analysis.
2.13. Histology, immunohistochemistry and histomorphometric
analysis
The harvested tissues were then decalciﬁed in 30% (v/v) buffered formic acid for 1 week, trimmed into the individual right
and left dentoalveolar complexes, before another 2 weeks of decalciﬁcation. Following decalciﬁcation, the samples were dehydrated
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in increasing concentrations of ethanol and embedded in parafﬁn.
Serial sections were cut at 5-mm thickness with a microtome (Leica,
Hamburg, Germany) and were stained with haematoxylin and
eosin (HE) to examine the general morphology and with Masson’s
trichrome (MT) to evaluate the ﬁbre insertion and collagen matrix
deposition on the root surface. The stained sections were then
imaged using an inverted microscope (Olympus IX70). Histomorphometric analysis was then carried out using ImageJ (National
Institutes of Health, Bethesda, MD, USA) as previously described
[22]. As illustrated in Fig. 2C, four reference lines were drawn to

facilitate the measurements. Line 1 was drawn to estimate the
position of the occlusal plane. Line 2 was drawn to identify the
location of the mesial cemento-enamel junction (CEJ) of the ﬁrst
molar, accounting for any possible damage during surgery. Line 2
joined the distal CEJ of the ﬁrst molar and the CEJ of the second
molar. Line 3 was drawn to join the adjacent bone peaks to indicate
the alveolar bone levels [22]. Line 4 was drawn at the root tip parallel to the occlusal plane. All measurements were parallel to the
long axis of the tooth. The tooth length (black line) extended from
Line 1 to 4, while the root length (green line) measured from Line 2

Fig. 2. Histological and histomorphometric evaluation of periodontal regeneration. Following 2 and 4 weeks of treatment, samples were harvested for histological and
immunohistochemical analysis. Histological analysis of periodontal regeneration by (A) haematoxylin and eosin (HE) and (B) Masson’s trichrome (MT) staining.
Representative images (n = 6). The red box indicates the region of interest (ROI) for the magniﬁed view of HE while the blue box indicates that for the MT. The black
arrowheads indicate the newly-formed bone, whereas the R indicates the root surface. (C) Schematic illustrating measurements of relative bone gap and PDL length. Four
reference lines were drawn to facilitate the measurements. Line 1 was drawn to demarcate the position of the occlusal plane. Line 2 was drawn to estimate the position of the
cemento-enamel junction (CEJ) on the mesial surface of the ﬁrst molar. Line 3 was drawn to join the adjacent bone peaks to indicate the alveolar bone levels. Line 4 was
drawn at the root tip parallel to the occlusal plane. Measurements were parallel to the long axis of the tooth. The tooth length was represented by the black line that extended
from Line 1 to 4, while the root length was represented by the green line measuring from Line 2 to 4. The relative bone gap was assessed as the distance (blue line) from the
alveolar bone level to the top of the new bone and expressed as a percentage of the tooth length. The relative PDL length was assessed as the length of the root surface (red
line) with inserting functional PDL ﬁbres (deﬁned by an angle between long axis of the ﬁbres to the root surface that was > 60�) and expressed as a percentage of the root
length. The data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01 compared to CS/Control or untreated group; #P < 0.05, ##P < 0.01 compared to CS/Exosome at 2 weeks
(n = 6). CS/Exosome group showed signiﬁcant improvements in the measurements of PDL length and bone gap indicative of new PDL and bone formation, compared to that of
CS/Control and untreated groups. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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to 4. Inversely indicative of newly-formed bone, the relative bone
gap was assessed as the distance (blue line) from the alveolar bone
level to the top of the new bone and expressed as a percentage of
the tooth length, parallel to the long axis of the mesial root as previously described [22]. Using the MT-stained sections, the length of
the root surface (red line) with inserting functional PDL ﬁbres
(deﬁned by an angle between long axis of the ﬁbres to the root surface that was >60�) was measured. This was then expressed as a
percentage of the root length and reported as the relative PDL
length. Analysis was performed in a blinded fashion by two periodontal surgeons JRC and JHF, and the mean of two measurements
were tabulated.
Immunohistochemistry was performed using a biotinstreptavidin Lab Vision UltraVision detection system (Thermo
Fisher Scientiﬁc) to detect the proliferating cells expressing proliferative cell nuclear antigen (PCNA) as previously described [18].
Brieﬂy, the sections were hydrated before treated for antigen
retrieval with sodium citric buffer (pH 6) at 60 �C for 1 h. Endogenous peroxidase was quenched using peroxidase block for 15 min,
and non-speciﬁc protein binding was blocked by incubation with
Ultra V blocking solution for 5 min. The mouse anti-PCNA antibody
(1:4000, Abcam) was then applied at ambient temperature for 1 h
before rinsing with PBS and incubating with biotinylated secondary antibody for 30 min. The DAB (3, 30 -diaminobenzidine)
chromogen was applied for 3 min to visualize the antibodyantigen reaction. Nuclear counterstaining was performed using
Mayer’s haematoxylin (Sigma). The stained sections were dehydrated and cover-slipped before imaged under an inverted microscope (Olympus IX70). For the quantiﬁcation analysis of PCNA, a
ROI of approximately 0.155 mm2 was deﬁned at the coronal most
aspect of the PDL. Positively-stained cells were counted at 200
magniﬁcation and expressed as a percentage of positive cells present in the ROI.
2.14. Statistical analysis
All quantitative data were reported as mean ± standard error of
the mean (SEM). Shapiro-Wilk test was ﬁrst used to determine the
normality of the data distribution. Student’s t-test or one-way
analysis of variance (ANOVA) followed by Scheffe’s post-hoc test
was performed for normally distributed data. Mann-Whitney and
Kruskal-Wallis tests were performed for data that was not normally distributed using a statistical package (SPSS version 25.0,
Chicago, IL, USA). Statistical signiﬁcance was set as P < 0.05.
3. Results
3.1. MSC exosomes promote regeneration of critical-size periodontal
defects
At 2 weeks, both CS/Exosome and CS/Control groups showed
enhanced inﬁltration of ﬁbroblast-like cells that probably
enhanced the formation of new soft tissues. Remnants of collagen
sponges were found. In contrast, the untreated group had lesser
cell inﬁltration and showed a collapse of gingival soft tissues. All
the groups showed epithelial down-growth along the root surfaces,
and the orientation of the collagen ﬁbres was haphazard with no
deﬁnitive direction.
The CS/Exosome group but not the CS/Control and untreated
groups showed small amounts of newly-formed alveolar bone
(indicated by black arrowheads) at the apical end of the defect
(Fig. 2A). Consistent with these observations, our histomorphometric measurements showed reduced bone gap indicative of
increased new bone formation in the CS/Exosome group
(35.89 ± 0.38%) compared to those in CS/Control group
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(41.72 ± 1.33%; P = 0.001) and untreated group (39.12 ± 0.61%;
P = 0.058) (Fig. 2D).
At 4 weeks, the host cell inﬁltration of ﬁbroblast-like cells had
subsided in all the groups. The epithelial down-growth persisted
in all the groups with the collagen ﬁbres appearing parallel to
the root surfaces. CS/Exosome group displayed the most signiﬁcant
improvements in bone and periodontal tissue regeneration compared to that in CS/Control and untreated groups. Five out of six
defects (83%) in the CS/Exosome group showed new bone formation, as opposed to only two out of six defects (33%) in the CS/
Control group and three out of six defects (50%) in the untreated
group. Bone gap measurements showed signiﬁcantly reduced bone
gap of 28.02 ± 1.63% in the CS/Exosome group compared to
37.17 ± 1.71% in CS/Control group (P = 0.003) and 38.01 ± 1.31% in
untreated group (P = 0.002). The bone gap in the exosome group
was about 73.7% of that in the untreated group. Compared to
2 weeks, only the exosome-treated defects signiﬁcantly improved
their relative bone gap by 7.87% (P = 0.001), while the other two
groups, CS/Control and untreated groups showed no signiﬁcant
improvements from week 2 to week 4. Ankylosis was also not
observed in all samples at both time points.
At 4 weeks, functionally oriented PDL ﬁbres were seen to span
between the root surface and the newly-formed bone in four out
of six defects in the CS/Exosome group. In contrast, no functionally
oriented PDL ﬁbres were observed in CS/Control and untreated
groups, instead disorganized collagen ﬁbres parallel to the
denuded root surface were found. The mean PDL length was relatively longer in the CS/Exosome group (20.30 ± 0.96%) than in the
CS/Control group (15.10 ± 1.46%; P = 0.046) and untreated group
(14.44 ± 1.51%; P = 0.024) (Fig. 2B and E). Among the groups, the
CS/Exosome group exhibited a signiﬁcant increase in the PDL
length by 5.95% from week 2 to week 4 (P = 0.030). In contrast,
CS/Control and untreated groups showed no signiﬁcant improvements in the PDL length between the two time points.
Consistent with the bone gap measurements, the micro-CT
assessment of bone structural parameters at 2 weeks revealed signiﬁcantly higher percentage of bone volume over total volume (BV/
TV) in the CS/Exosome group (35.69 ± 0.94%) compared to that in
CS/Control group (29.13 ± 2.18%; P = 0.025) but not to the
untreated group (34.93 ± 1.07%; P = 0.938) (Fig. 3A and B). No signiﬁcant differences in other parameters, Tb.Sp, Tb.Th and Tb.N
were observed.
Differences in bone parameters were more evident at 4 weeks.
At 4 weeks, signiﬁcantly higher BV/TV of 45.77 ± 3.25% was found
in CS/Exosome group, compared to 31.37 ± 2.20% (P = 0.010) in
CS/Control group and 30.69 ± 3.01% (P = 0.007) in untreated group
(Fig. 3A and B). Trabecular separation (Tb.Sp) was also signiﬁcantly
lower in CS/Exosome group (0.099 ± 0.003 mm) compared to CS/
Control (0.143 ± 0.013 mm) and untreated (0.141 ± 0.009 mm)
(P < 0.05, Fig. 3C). However, no signiﬁcant differences in Tb.Th
and Tb.N were found among the three groups (Fig. 3D and E). Consistent with the improvements in bone gap from 2 to 4 weeks, signiﬁcant improvements in BV/TV (35.69 ± 0.94% to 45.77 ± 3.25%;
P = 0.025) and Tb.Sp (0.146 ± 0.007 to 0.099 ± 0.003 mm;
P < 0.001) were observed with exosome treatment (Fig. 3A–C).

3.2. MSC exosomes enhance proliferation during periodontal
regeneration
Cellular proliferation by staining for PCNA+ cells was examined
at the coronal most aspect of the PDL (Fig. 4A). The CS/Exosome
group consistently displayed a signiﬁcantly higher percentage of
proliferative PCNA+ cells at week 2 and week 4 (48.14 ± 3.20%
and 35.39 ± 3.00%, respectively) compared to that of CS/Control
group (20.37 ± 3.01%; P = 0.024 and 17.31 ± 3.37%; P = 0.046,
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Fig. 3. Micro-CT assessment of periodontal regeneration. Following 2 and 4 weeks of treatment, samples were harvested for micro-CT analysis. (A) Sagittal view of
representative micro-CT images for the different groups at the defect site (indicated by the red arrowheads). Quantitative micro-CT assessment of (B) BV/TV (%), (C) Tb.Sp
(mm), (D) Tb.Th (mm) and (E) Tb.N (1/mm). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01 compared to CS/Control or untreated group; #P < 0.05, ###P < 0.001
compared to CS/Exosome at 2 weeks (n = 6). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

respectively) and untreated group (20.67 ± 6.71%; P = 0.012 and
15.06 ± 6.62%; P = 0.024, respectively) (Fig. 4B & C).
3.3. Exosome loading and release from collagen scaffold
To determine the loading efﬁciency, the sponges were incubated in PBS for 10 min at ambient temperature and repeatedly
pressed to release the exosomes. The CTB-CD81 level of released
exosomes was measured and normalized against that in 40 lg exosomes. By assaying for CTB-CD81, a surrogate marker for intact
MSC exosomes, it was determined that the exosome-loaded collagen sponges contained the equivalent of 67.7 ± 1.8% of CTB-CD81
present in 40 lg exosomes (Fig. 5). Hence, the loading efﬁciency
was 67.7 ± 1.8%.

To determine the release proﬁle, the exosome-loaded sponges
were incubated in PBS at ambient temperature and monitored
for CTB-CD81 which was normalized against that in 40 lg exosomes. There was a rapid release of exosomes as indicated by the
CTB-CD81 level following a 10-min of incubation (Fig. 5). By
24 h, 69.1 ± 1.6% which approximated that of the loading efﬁciency
(67.7%) was released, implying that most of the loaded exosomes
were released (Fig. 5). At 48 h, the CTB-CD81 level had rapidly
declined to 30.1 ± 0.1% indicating a signiﬁcant exosome loss of
about 50% exosomes, possibly due to degradation (Fig. 5). We
had previously reported that the integrity of MSC exosome is critical for its bioactivity in tissue repair [24]. These ﬁndings suggest
that the bioavailability of exosomes was limited to about 48 h
post-implantation.
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Fig. 4. Evaluation of cellular proliferation during the course of exosome-induced periodontal regeneration. (A) Proliferative cell nuclear antigen (PCNA) staining and analysis
of PCNA+ cells at the coronal most portion of the PDL. (B) Immunohistochemical staining of PCNA and (C) quantitative analysis of PCNA+ cells at 2 and 4 weeks. Representative
images (n = 6). The PCNA+ cells were counted at 200  magniﬁcation and expressed as the percentage of positively stained cells. Data are expressed as the mean ± SEM.
*P < 0.05 compared to CS/Control or untreated group; #P < 0.05 compared to CS/Exosome at 2 weeks (n = 6).

3.4. Exosome uptake and effects on PDL cell migration and
proliferation
As the exosome-mediated periodontal regeneration was characterized by enhanced cell inﬁltration and proliferation, we tested if
these processes were directly modulated by MSC exosomes. To
assess if MSC exosomes interact directly with PDL cells, PDL cells
were incubated with labelled exosomes and monitored by confocal
microscopy over 6 h. We observed that the cells rapidly take up the
exosomes and became ﬂuorescent within 30 min. They reached a
maximum ﬂuorescent intensity at 3 h before diminishing at 6 h
(Fig. 6A). When viewed under a higher magniﬁcation at 1 h, the
labelled exosomes were found mainly in the cytoplasm (Fig. 6B).
These ﬁndings implied that exosomes could be rapidly internalized
and interacted directly with the PDL cells. In our migration assay,
MSC exosomes enhanced migration of PDL cells in a dosedependent manner (Fig. 6C). At 10 mg/ml, exosomes induced a 2fold higher migration rate than that of PBS control (P < 0.001,
Fig. 6C). This ﬁnding suggests that MSC exosomes facilitate peri-

odontal defect repair, possibly by eliciting rapid migration of PDL
cells into the defect. To further determine if MSC exosomes affect
the proliferation of PDL cells as observed in the animal model,
PDL cells were treated with increasing concentrations of exosomes
over 72 h. As shown in Fig. 6D, exosome treatment dosedependently enhanced the number of viable PDL cells from 24 h
onwards, with signiﬁcant enhancements at 5 mg/ml (P = 0.021)
and 10 mg/ml (P < 0.001) compared to that of PBS treatment. After
peaking at 48 h, there was a general decrease in cell viability but
the exosome-treated PDL cells consistently showed higher viability
with 10 mg/ml exosomes showing at least 1.6-fold higher viability
than the PBS control (P < 0.001, Fig. 6D). As with cell viability,
the DNA content reﬂective of the cell number increased with
increasing concentrations of exosomes (Fig. 6E). Consistent with
the changes in cell viability, 10 mg/ml of exosomes induced a significant increase in cell number compared to the PBS control group
(P = 0.014, Fig. 6E) as early as 24 h. By the end of 72 h, PDL cells
in the 10 mg/ml exosome treatment group proliferated 2.3-fold faster than those in the PBS control group (P = 0.008, Fig. 6E).
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AKT (P < 0.001) and ERK inhibition (P < 0.001, Fig. 7D), respectively.
Similarly, exosome treatment enhanced PDL cell proliferation compared to PBS control (P < 0.01). However, this exosome-enhanced
proliferation at 48 h was signiﬁcantly reduced 1.7-fold and 1.4fold with inhibition of AKT (P < 0.001) and ERK (P = 0.003,
Fig. 7E), respectively. These observations corroborated our gene
expression analysis (Fig. 7F). Exosome-induced elevation of FGF-2
and Bcl-2 at 24 h was partially suppressed by both AKT and ERK
inhibition (P < 0.01). PCNA, Survivin, COL1A1 and TGF-b1 were signiﬁcantly downregulated by AKT (but not ERK) inhibition
(P < 0.05). On the other hand, exosome-induced suppression of
BAX was partially reversed with ERK inhibition (P = 0.03) that concurrently inhibited IGF-1 expression induced by MSC exosomes
(P = 0.04). However, exosome-induced elevation of POSTN was
not affected by AKT or ERK inhibition, suggesting that some of
the exosome-induced gene expressions were not mediated by
AKT or ERK signalling, and possibly not by CD73-mediated adenosine receptor signalling. Collectively, our ﬁndings suggest that MSC
exosomes can mediate adenosine receptor activation of prosurvival kinases AKT and ERK, and related gene expression to
enhance PDL cell migration and proliferation that are cellular processes relevant to periodontal regeneration.
Fig. 5. Exosome loading efﬁciency and the release from exosome-loaded collagen
sponge. The loading efﬁciency and the release of intact exosomes from the
exosome-loaded sponges were measured using the CTB-CD81 assay. Each sponge
was loaded with 40 lg exosomes. To determine the loading efﬁciency, the sponges
were incubated in PBS for 10 min and repeatedly pressed to release the exosomes.
To determine the release kinetics, the exosome-loaded sponges were incubated in
PBS at ambient temperature for 10 min, 24 and 48 h. Supernatant samples were
then assayed for CTB-CD81. The levels of CTB-CD81 were normalized to the initial
level of CTB-CD81 present in 40 lg exosomes and expressed as a percentage. Data
are expressed as the mean ± SEM. n = 2.

3.5. MSC exosomes enhance PDL cellular migration and proliferation
through adenosine receptor-mediated activation of AKT and ERK
signalling pathways
MSC exosomes had been shown to activate pro-survival AKT
and ERK signalling in vitro and in vivo [24,25] at least in part
through exosomal CD73/ecto-5́-nucleotidase (NT5E) activity.
CD73 is the only known extracellular NT5E that can hydrolyse adenosine monophosphate (AMP) to adenosines which in turn can
activate AKT and ERK phosphorylation via adenosine receptor
interaction [26]. We had also previously demonstrated that adenosine signalling promoted chondrocyte proliferation and migration
[18]. We therefore postulated that exosomal CD73/NT5Emediated AKT and ERK signalling pathways could similarly promote PDL migration and proliferation to regenerate periodontal
defects in the animals. Consistent with our hypothesis, MSC exosomes elicited rapid phosphorylation of AKT and ERK and this
phosphorylation was attenuated by theophylline, a non-selective
adenosine receptor antagonist (Fig. 7A and B). Speciﬁcally at
5 mg/ml exosome, phosphorylation of AKT and ERK peaked as early
as 15 min. On contrary, AKT phosphorylation remained low while
ERK phosphorylation was reduced with PBS treatment at 15 min
before declining thereafter. Notably exosome-induced AKT and
ERK phosphorylation was consistently higher than that of PBS control for up to 1 h (Fig. 7A). These results demonstrated that MSC
exosomes can rapidly initiate pro-survival signalling in PDL cells
to enhance cell viability and induce gene expression changes
Next, we determine if AKT and ERK signalling mediate
exosome-induced increases in PDL cellular migration and proliferation. Phosphorylation of AKT and ERK induced by MSC exosomes
was abrogated by treatment with wortmannin and U0126, respectively (Fig. 7C). Functionally, MSC exosomes promoted migration of
PDL cells but this promotion was suppressed 3-fold and 2-fold by

4. Discussion
In this report, we demonstrated that human MSC exosomeloaded collagen sponge (CS/Exosome) enhanced periodontal regeneration in an adult immunocompetent rat model. Consistent with
our previous studies that used the same source of human MSC exosomes, no adverse responses from the immunocompetent animals
were observed [10,13,14].
Previous studies have reported that transplantation of PDL stem
cells and bone marrow MSCs, or their conditioned medium in collagen sponges were able to promote periodontal regeneration in
animal studies [9,27]. Since the therapeutic effect of the MSC conditioned medium had been increasingly attributed to MSC exosomes, we investigated here the efﬁcacy of exosome-loaded
sponges in periodontal regeneration. In this study, we demonstrated that MSC exosomes replicated the therapeutic efﬁcacy of
MSCs and conditioned medium in promoting periodontal regeneration in a rat model. We assessed periodontal regeneration by
standard parameters, namely bone growth, functional PDL length
and inhibition of epithelial down-growth. Notably, MSC exosomes
enhanced bone growth and improved PDL length with signiﬁcant
improvements over time. However, exosome treatment did not
inhibit epithelial down-growth. This down-growth is typically
observed in small animal models where a barrier membrane to
exclude epithelial cells was not applied because of the small defect
size of the animals [22].
Collagen sponges were used as the scaffold material to load exosomes as they are widely used for space maintenance in conjunction with other biologics for periodontal regeneration [28]. Being
radiolucent, resorbable and relatively inert compared to bone substitutes (e.g. deproteinised bovine bone mineral) in bone regeneration, collagen sponge was ideal as a scaffold for testing MSC
exosomes in regeneration of periodontal tissues. The inertness of
the collagen sponge with limited capacity to promote periodontal
regeneration was also conﬁrmed in our study.
In this study, we observed that a single implantation of
exosome-loaded collagen sponge in a surgically created periodontal defect model promoted periodontal regeneration with
enhanced bone growth and increased functional PDL length at
week 4. This observation suggests that despite the rapid release
and decay of exosomes from the collagen sponges within the ﬁrst
48 h, the effect of exosome on periodontal regeneration appeared
to persist and propagate for at least 4 weeks as evident by the
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Fig. 6. Effects of MSC exosomes on PDL cell migration and proliferation. (A) Cellular uptake assay by confocal microscopy demonstrated rapid uptake of MSC exosomes
(green). (B) Merged images of CellMaskTM Deep Red plasma membrane stain (red) and Alexaﬂuor-488-labelled exosomes (green) at high magniﬁcation revealed cytoplasmic
localization of exosomes. (C) Transwell migration assay showed dose-dependent effect of MSC exosomes on PDL cell migration. Data are expressed as the mean ± SEM.
**P < 0.05, ***P < 0.001 compared to PBS control; ##P < 0.01 compared to 1 mg/ml exosome (n = 3). (D) Cell viability assay and (E) DNA assay showed potent dose and timedependent effects of MSC exosomes on PDL cell viability and proliferation. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to PBS control;
#
P < 0.05 compared to 1 mg/ml exosome (n = 3). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

signiﬁcant improvements in bone regeneration and functionally
oriented PDL formation in the exosome-treated animals over a period of 4 weeks. This observation that a transient exposure to MSC
exosomes could trigger a sustained regenerative process is consistent with our long-standing hypothesis that MSC exosomes work
rapidly to restore homeostasis and enable the initiation of endogenous tissue repair and regeneration processes [29,30].
In 2013, we demonstrated that MSC exosomes reduce myocardial ischemia reperfusion injury by rapidly increasing ATP production, activating survival kinase signalling and reducing apoptosis in
a mouse model of reperfusion injury [24]. We subsequently attributed this expeditious halt in a cascading injury process, restoration
of homeostasis and the initiation of cellular recovery and repair to
the protein cargo of MSC exosomes [31–33]. We further postulated
that as many of the key proteins to initiate cellular repair and
recovery were enzymes, they could potentially restore homeostasis in the injured tissue to facilitate endogenous tissue repair and
regeneration [29].
Therefore, the relatively short 48-hour exposure to MSC exosome released by the collagen sponge may be sufﬁcient to promote
periodontal regeneration. This is also supported by our observations that MSC exosomes were rapidly taken up within minutes
by PDL cells in vitro, induced signal transduction within 15 min,

and modulated gene expression and cellular activities such as
migration, viability and proliferation within 48 h. In particular,
the exosome-mediated increase in expression of genes associated
with cell migration (IGF-1, FGF-2), survival and anti-apoptosis
(IGF-1, Survivin and Bcl-2), and proliferation (IGF-1, FGF-2 and
PCNA) [34–37] has the potential to propagate the effects of exosomes on these cellular activities beyond 48 h. We also observed
exosome-mediated increase in PDL matrix-associated genes,
namely the extracellular matrix proteins, COL1A1 and POSTN, and
associated growth factors for matrix synthesis, IGF-1 and TGF-b1
[35,38]. Apart from matrix synthesis, IGF-1 also plays critical roles
in bone matrix mineralization [39] and had reportedly enhanced
osteogenic differentiation of PDL stem cells [35]. Periostin (POSTN)
is an extracellular matrix protein that supports adhesion and
migration of ﬁbroblasts and osteoblasts, and is thought to contribute to periodontal regeneration by recruiting PDL ﬁbroblasts
and osteoblasts for new PDL and bone formation, respectively
[40]. These could explain the signiﬁcant bone formation in the
exosome-treated animals. Together, these ﬁndings suggest that
MSC exosomes facilitated periodontal regeneration through a synergistic combination of enhanced cell viability, migration, proliferation, matrix synthesis and differentiation to form new bone and
PDL attachment.
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Fig. 7. MSC exosomes modulate PDL cellular activities in part through adenosine receptor activation of AKT and ERK signalling. (A) Western blot analysis revealed rapid
activation of AKT and ERK signalling pathways in PDL cells following exposure to 5 mg/ml exosomes. Representative results of 3 independent experiments. (B) Western blot
analysis of adenosine receptor inhibition by theophylline (a non-selective adenosine receptor antagonist; 1 mM). Adenosine receptor inhibition by theophylline (THEO)
reduced exosome-mediated AKT and ERK phosphorylation. Representative results of 3 independent experiments. (C) Western blot analysis of AKT and ERK inhibition by PI3K/
AKT inhibitor, wortmannin (WORT; 1 mM) and MAPK/ERK inhibitor (U0126; 10 mM). Wortmannin and U0126 suppressed exosome-mediated phosphorylation of AKT and ERK,
respectively. Representative results of 3 independent experiments. (D) Transwell migration assay showed that exosome-mediated PDL cell migration was suppressed by AKT
inhibition, and lesser extent of ERK. Data are expressed as the mean ± SEM. **P < 0.01, ***P < 0.001 compared to PBS control; ###P < 0.001 compared to cells with exosome and
vehicle (DMSO) treatment (n = 3). (E) DNA assay showed that MSC exosomes enhanced PDL cell proliferation at 48 h, but this effect was signiﬁcantly reduced by inhibition of
AKT and by a lesser extent with inhibition of ERK. Data are expressed as the mean ± SEM. **P < 0.01 compared to PBS control; ##P < 0.01, ###P < 0.001 compared to cells
treated with exosome and DMSO (n = 3). (F) Quantitative RT-PCR analysis at 24 h post-treatment showed involvement of AKT and ERK signalling pathways in exosomemediated regulation of genes associated with the PDL cellular activities. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01 compared to PBS control; #P < 0.05,
##
P < 0.01 compared to cells treated with exosome and DMSO (n = 5).
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To elucidate the molecular mechanism by which MSC exosomes
could enhance this multitude of cellular activities, we investigated
if CD73-mediated adenosine receptor signalling was involved. MSC
exosomes expresses CD73, the only known ecto-5́-nucleotidase
(NT5E) that can hydrolyse extracellular AMP to adenosines to activate the pro-survival AKT and ERK signalling through the adenosine receptors [25]. ATP is a danger signal released by cells in
stress or injury to remove or destroy ‘‘dangers” [41,42]. Excessive
extracellular ATP is deleterious, and could lead to excessive inﬂammation and cell death [42]. In periodontitis, extracellular ATP has
been implicated as a cause of alveolar bone loss through elevated
pro-inﬂammatory cytokine production and caspase activity [43],
and as a therapeutic target to prevent further inﬂammation and
periodontal tissue destruction [43,44]. Extracellular ATP has a very
short half-life measured in seconds [45] and is degraded by ectonucleotidases such as CD39 to ADP and AMP, and ﬁnally by CD73
into adenosine, a potent activator of the survival kinases, AKT
and ERK.
The role of CD73 in mediating the therapeutic activity of MSC
exosome has been reported [18,24,25,46]. We had previously
observed that the MSC exosome-mediated cardioprotection was
concomitant with AKT phosphorylation, a survival kinase signalling in a mouse model of myocardial infarction reperfusion
injury [24], which is induced possibly by CD73-mediated adenosine signalling [24,25]. In addition, MSC exosomes also induced
AKT and ERK phosphorylation in chondrocytes that were stressed
by reducing serum or adding inﬂammatory cytokine interleukin1b in the culture medium [18,46]. This phosphorylation was abrogated in the presence of theophylline, a non-selective antagonist of
adenosine receptors.
In this study, we also observed that adenosine signalling
through phosphorylation of AKT and ERK played a signiﬁcant role
in mediating exosome-induced PDL cellular migration and proliferation. Attenuation of AKT or ERK phosphorylation by wortmannin
or U0126 signiﬁcantly inhibited these cellular activities. AKT
appeared to be a more critical target of MSC exosomes than ERK,
as attenuation of AKT phosphorylation resulted in a greater reduction in PDL cell migration and proliferation. Together, these ﬁndings suggest that the enhanced cellular inﬁltration and
proliferation observed during exosome-mediated periodontal
regeneration could be attributed at least in part to exosomal
CD73-mediated adenosine receptor activation of pro-survival AKT
and ERK signalling. However, it is important to note that there
could be other exosome activators of AKT and/or ERK phosphorylation since exosome-mediated AKT and ERK phosphorylation was
not completely abolished by theophylline inhibition of the adenosine receptors. Indeed, MSC exosome cargo is highly diverse and
complex [21,32,47,48] and contain growth factors such as TGF-b,
IGF and FGF that could potentially activate AKT and/or ERK signalling pathways in PDL cells [34–38].
This study provides a rationale for the development of an ‘offthe-shelf’ cell-free therapeutic alternative to cell-based MSC therapy for the treatment of periodontal defects. Comparing to cellular
therapies, exosome-based therapeutics offer unique advantages of
being cell-free, ready-to-use and more amenable to reformulation
to support different routes of administration [49]. For instance,
exosome manufacture is more amenable to scalable manufacturing
processes such as the use of immortalized clonal producer cell
sources [50].
As in all studies, there are notable limitations to our study.
Although there was regeneration of periodontal tissues, the overall
extent of regeneration was not optimal. Future studies would be
needed to determine the dose of exosomes and to identify scaffold
materials for optimal tissue regeneration. The effects of exosomes
should also be monitored over a longer follow-up period. Furthermore, the rat periodontal defect model that was surgically created
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in our study might not be reﬂective of the chronic inﬂammatory
conditions of plaque-induced periodontitis. Nevertheless, it provides a critical proof-of-concept to rationalize future investigation
in larger, clinically relevant animal models.
5. Conclusion
Periodontal regeneration aims to reconstitute the lost periodontal tissues including PDL, cementum and alveolar bone. In this
study, we have shown that human MSC exosomes in combination
with collagen sponge have the capacity to promote regeneration of
periodontal tissues and newly-formed alveolar bone in a rat periodontal defect model without causing any adverse responses. This
exosome-mediated periodontal regeneration could be attributed to
the effects of MSC exosomes in promoting PDL cellular activities
such as migration and proliferation in part through adenosine
receptor activation of AKT and ERK signalling pathways. Importantly, our ﬁndings provide the basis for further investigation of
human MSC exosomes as a ready-to-use and cell-free therapeutic
for periodontal regeneration.
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