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ABSTRACT

Mesenchymal stem cell (MSC)-derived exosome plays a central role in the cell-free therapeutics involv-
ing MSCs and the contents can be customized under disease-associated microenvironments. However,
optimal MSC-preconditioning to enhance its therapeutic potential is largely unknown. Here, we show
that preconditioning of gingival tissue-derived MSCs (GMSCs) with tumor necrosis factor-alpha (TNF-
«) is ideal for the treatment of periodontitis. TNF- stimulation not only increased the amount of ex-
osome secreted from GMSCs, but also enhanced the exosomal expression of CD73, thereby inducing anti-
inflammatory M2 macrophage polarization. The effect of GMSC-derived exosomes on inflammatory bone
loss were examined by ligature-induced periodontitis model in mice. Local injection of GMSC-derived ex-
osomes significantly reduced periodontal bone resorption and the number of tartrate-resistant acid phos-
phatase (TRAP)-positive osteoclasts, and these effects were further enhanced by preconditioning of GMSCs
with TNF-. Thus, GMSC-derived exosomes also exhibited anti-osteoclastogenic activity. Receptor activa-
tor of NF-«B ligand (RANKL) expression was regulated by Wnt5a in periodontal ligament cells (PDLCs),
and exosomal miR-1260b was found to target Wnt5a-mediated RANKL pathway and inhibit its osteoclas-
togenic activity. These results indicate that significant ability of the TNF-«-preconditioned GMSC-derived
exosomes to regulate inflammation and osteoclastogenesis paves the way for establishment of a thera-
peutic approach for periodontitis.

Statement of significance

Therapeutic effect of mesenchymal stem cell (MSC) largely depends on the paracrine efficiency
of MSC, and gingiva-derived MSC (GMSC) have unique capacity to secret large amount of exo-
somes and, moreover, are easier to isolate. Recent studies indicated that appropriate precondi-
tioning of MSC with disease-related stimuli can optimize the exosomal protein or miRNA con-
tents which may efficiently support the healing and repair of specific diseases. In this study,
we examined the therapeutic effects of TNF-« preconditioned-GMSC-derived exosomes on pe-
riodontal disease, and show for the first time an optical protocol for MSC-preconditioning tar-
geting both exosomal protein- and miRNA-mediated attenuation of inflammation and osteo-
clastogenesis. These findings prove a therapeutic strategy for patients not only with periodon-
titis but with other inflammatory osteoimmune disorders.
© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Mesenchymal stem cells (MSCs) are multipotent progenitor cells
that possess self-renewal with multiple differentiation capacities
[1]. Besides its multipotency, immunoregulatory effects of MSCs
have contributed to clinical investigations for many diseases in-
volving tissue inflammation and autoimmune disorders [2]. Such
striking observations of MSCs exerting functional improvement
without engraftment or differentiation [3] have led to the develop-
ment of a therapeutic approach that utilizes the secretome of MSCs
[4]. MSCs secretes multiple trophic factors including cytokines,
growth factors and exosomes, all of which serve as paracrine me-
diators for immunoregulation and tissue regeneration [5]. It has
been well-established that soluble factors such as transforming
growth factor-f (TGF-g), IL-10, prostaglandin E2 (PGE2), and in-
doleamine 2,3-dioxygenase (IDO) contribute to an MSC-mediated
immunosuppression [6], while neutralizing these soluble factors
does not completely abrogate the immunosuppressive activity of
MSCs [7]. Meanwhile, emerging evidence have focused much at-
tention to MSC-derived exosomes which play an important role in
intercellular communication through their contents including cy-
tokines, growth factors, mRNAs, and regulatory miRNAs with di-
verse combinations [8]. Specifically, exosomal miRNAs are capable
of transferring genetic information [9], thereby inducing pheno-
typic changes in the recipient cells and enhancing the therapeu-
tic effects of MSC-derived exosomes. MSCs regulates tissue home-
ostasis by controlling paracrine factors under inflammatory mi-
croenvironment [5]. Recent studies have indicated that appropri-
ate preconditioning of MSCs with disease-related stimuli can op-
timize contents of exosomes to efficiently support the repair of
specific diseases [10]. However, the proteins or miRNA expression
profiles contained in exosomes are known to be influenced by
the pre-treatment regimens. Therefore, the establishment of opti-
cal molecular-based protocol for MSC-preconditioning needs to be
investigated.

Periodontitis is the most common osteolytic inflammatory dis-
ease in human that adversely affects systemic disorders, such as
atherosclerosis, rheumatoid arthritis, and diabetes [11]. The pathol-
ogy represents a typical osteoimmune disorder characterized by
inflammation of the periodontium and subsequent destruction of
the tooth-supporting tissue as alveolar bone that is a major cause
of tooth loss in adults [12]. Accumulation of periodontal bacteria-
associated biofilm initiates periodontitis, but is not fully sufficient
to induce the disease as the host immune response is critical for
the onset and progression [13]. Macrophages play an important
role in the immune response both during the onset and resolu-
tion of inflammation in periodontal disease [14]. Macrophages are
broadly classified into two phenotypes, pro-inflammatory M1 and
wound-healing M2 cells, which correlate with Th1/Th2 nomen-
clature [15]. Classically activated M1 macrophages are induced
by Th1 cytokines such as IFN-y or lipopolysaccharide (LPS) and
trigger acute inflammation by producing inflammatory cytokines
such as IL-18, TNF-«, and IL-6. In contrast, alternatively activated
M2 macrophages are induced by IL-4 and IL-13 through activa-
tion of the common IL-4 receptor « signaling and produce anti-
inflammatory cytokines such as IL-10, TGF-8, and VEGF [16].

Recently, adenosine signaling has been reported to influence the
generation of macrophage polarization [17]. Adenosine is mainly
produced by the CD39 and CD73 constitutively expressed on Treg
cells, which coordinately produce adenosine from ATP to mediate
immune suppression independent of IL-10 and TGF-8 [18]. As a
mediator of inflammation, ATP can be released from both host and
bacterial cells under the circumstances of inflammation triggered
by bacterial infection or tissue damage [19], while extracellular
adenosine is a potent endogenous immunosuppressive mediator
that is critical to the maintenance of homeostasis. In the presence
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of CD39 and CD73, ATP is hydrolyzed to adenosine and adenosine-
A receptor (R)-mediated signaling suppresses inflammatory M1
macrophage activity [20,21]. Furthermore, adenosine signaling via
A,gR converts phenotypic switch from M1 to M2 macrophages
[22]. Under the periodontal infection, inflammatory mediators such
as TNF-o and IL-17 are expressed by cells close to the alveo-
lar bone and such mediators up-regulate the production of lig-
and for receptor activator of NF-«kB (RANKL), which plays essen-
tial role for osteoclast-mediated bone resorption [23]. Macrophages
are involved in bone homeostasis and the increased M1/M2 ra-
tio leads to enhanced osteoclastogenesis [24]. As M2 macrophages
contribute to the tissue-remodeling process [25], their induction
results in decreased inflammation and bone loss in periodontal tis-
sues.

Compared to other somatic MSCs, dental tissue-derived MSCs
possess the unique characteristics including clinical advantages
of easy access in large quantities, as well as remarkable ther-
apeutic potential by their secretome [26]. In particular, gingival
tissue-derived MSCs (GMSCs) have a neural crest origin [27] and
exhibit profound immunomodulatory and proliferative capacities
with stable functional characteristics at higher passage num-
bers [28]. We previously reported that macrophages co-cultured
with human GMSCs acquired M2 phenotype and systemically in-
fused GMSCs promoted M2 macrophage infiltration to enhance
wound healing [29]. Furthermore, we found that GMSCs secreted
higher amounts of exosomes than those secreted by bone-marrow-
derived MSCs (BMSCs) and TNF-« preconditioning enhanced re-
lease of IL-1RA-containing exosomes [30]. However, the effect
of GMSC-derived exosomes on human osteoimmunological dis-
eases is not known. Here, we examined the therapeutic effect
of TNF-«a preconditioned-GMSC-derived exosomes on periodon-
tal disease, and tried to unveil detailed molecular mechanisms.
TNF-a-enhanced exosomal CD73 expression contributed to M2
macrophage polarization and exosomal miR-1260b was critical reg-
ulator for suppressing inflammatory bone loss. Accordingly, our
findings at the molecular level prove a therapeutic strategy for
patients with periodontitis and other inflammatory osteoimmune
disorders.

2. Materials and methods
2.1. Ethics statement and preparation of human tissue samples

All human gingival tissues were obtained as discarded clini-
cal samples under the approved Institutional Review Board (IRB)
protocol at the University of Pennsylvania and Kyushu Univer-
sity Hospital. The procedures for using human samples were con-
ducted in accordance with the Declaration of Helsinki and ap-
proved by the Kyushu University Institutional Review Board for Hu-
man Genome/Gene Research (Protocol Number: 2019-374). Written
informed consent was obtained from all subjects. All animal exper-
imental protocols were approved by the Institutional Animal Care
and Use Committee of Kyushu University and carried out in accor-
dance with the approved guidelines.

2.2. Mice

C57BL/6NCrSIc (female, 8-week-old) were purchased from Japan
SLC (Hamamatsu, Japan) and used under an institutionally ap-
proved animal research protocol (Kyushu University, Protocol
#A19-284-0).

2.3. Cytokines and reagents

Recombinant human TNF-¢, interferon-y (IFN-y), IL-4, IL-13,
macrophage-colony stimulating factor (M-CSF), and Wnt5a were
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purchased from Biolegend (San Diego, CA, USA). LPS from Es-
cherichia coli 055:B5 and acetylsalicylic acid were obtained from
Sigma-Aldrich (St. Louis, MO, USA). JNK inhibitor SP600125 was
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).

2.4. Cell culture

Human gingival tissue-derived MSCs (GMSCs) were isolated and
cultured as reported in our previous studies [28-30]. Briefly, gin-
gival tissues were gently separated, minced, and digested with
a phosphate-buffered saline (PBS) solution containing collagenase
type I (2 mg/mL) (Worthington Biochemicals, Lakewood, NJ, USA)
and dispase II (4 mg/mL) (Sanko Junyaku, Tokyo, Japan) for 1
h at 37 °C. Single-cell suspensions from the gingiva were ob-
tained by passing the culture through a 70-um strainer (Falcon,
BD Biosciences Discovery Labware, Bedford, MA). All nucleated
cells were seeded on 100-mm culture dishes with complete me-
dia containing Alpha modification of Eagle’s Medium (Invitrogen,
Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS, Hyclone Laboratories, USA), 2 mM L-glutamine (Invitrogen,
Carlsbad, CA, USA), 10 mM L-ascorbic acid phosphate (FUJIFILM
Wako, Japan), 100 U/mL penicillin/streptomycin (Gibco Life Tech-
nologies, country), followed by an initial incubation for 48 h at
37 °C in 5% CO, and 95% humidity. Cultures were subsequently
washed with PBS twice to eliminate nonadherent cells. Attached
cells were further cultured for another 12 days under the same
conditions in the complete medium mentioned above and cells
at the 3rd-5th passages were used for subsequent experiments.
Human CD14" peripheral blood-derived monocytes (PBMCs) were
purchased from Lonza (Basel, Switzerland). Cells were seeded in
6-well plates (2 x 10° cells/well) and cultured in RPMI 1640
medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10%
heat-inactivated FBS, 2 mM glutamine (Nacalai Tesque), 1% sodium
pyruvate (Nacalai Tesque), 1% non-essential amino acids (Nacalai
Tesque), and 25 ng/mL of M-CSF. To generate macrophages, mono-
cytes were cultured for seven days with a single change of fresh
medium at day 3 to day 4 after the initiation of the culture.
To polarize into M1 or M2 macrophages, macrophages were fur-
ther treated with 10ng/mL of LPS plus 20 ng/mL of IFN-y or
20 ng/mL of IL-4 plus 20 ng/mL of IL-13 for 24 h, respec-
tively. Human periodontal ligament (PDL) cells (Lonza) were grown
in a complete fibroblast medium using the FibroLife S2 Comp Kit
(Kurabo Industries Ltd., Osaka, Japan), and cells at the 3rd-5th pas-
sages were used for subsequent experiments.

2.5. Characterization of GMSCs

Characterization of colony forming unit-fibroblasts (CFU-Fs) and
multi-differentiation capacity of GMSCs were performed as per
previously described methods [28,31]. Isolated mononuclear cells
were seeded at a density of 1 x 103 per dish in 100-mm cul-
ture dishes containing the regular medium. Adherent cells were
cultured for 18 days. The cultures were subsequently treated with
PBS containing 0.1% Crystal violet and 4% paraformaldehyde (PFA).
Cell clusters containing >50 cells were counted as single colonies
(CFU-F) under a Primovert microscope (Zeiss). GMSCs at the 3rd-
5th passages were used for multi-differentiation capacity into
adipocytes, osteoblasts, and chondrocytes. For adipogenic differ-
entiation, GMSCs at 70%-80% confluence were cultured in an os-
teogenic medium containing «-MEM supplemented with 0.25 uM
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 5 pg/mL
insulin (Cell Science & Technology Institute, Sendai, Japan), and
2 mM glutamine. For osteogenic differentiation, GMSCs at 70%-80%
confluence were cultured in an osteogenic medium containing o-
MEM supplemented with 2 mM S-glycerophosphate (Wako, Osaka,
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Japan) and 50 pg/mL ascorbic acid (Wako). For chondrogenic dif-
ferentiation, GMSCs (5 x 105 cells) were cultured in MesenCult™-
ACF, a chondrogenic differentiation medium (STEMCELL™ Tech-
nologies, Canada), according to the manufacturer’s instructions.

2.6. Flow cytometry

The expression of CD73, CD90, CD105, CD34, CD45, and
CD11b in GMSCs and CD11b, CD206, and CD86 in PBMC-derived
macrophages were analyzed using the FACS Calibur (Becton Dick-
inson, USA) and the CellQuest software (Becton Dickinson). The
adherent cells were washed with PBS and collected using Accu-
tase (Nacalai Tesque) and resuspended in 50 pL staining buffer
(BD Pharmingen, country). The harvested cells were blocked with
2 pnL Human Trustain FcX (Fc receptor Blocking Solution; BioLe-
gend) for 10 min at room temperature, and stained with 2 uL
antibodies namely, FITC anti-human CD73, FITC anti-human CD90,
Alexa Fluor® 488 anti-human CD105, FITC anti-human CD34, PE
anti-human CD45, FITC anti-human CD11b, Alexa Fluor® 488 anti-
human CD11b, PE anti-human CD206, APC anti-human CD206, PE
anti-human CD86 and APC anti-human CD86 (BiolLegend) in the
dark for 30 min at 4 °C.

2.7. Isolation and characterization of exosomes

Extracellular vesicles were prepared according to International
Society of Extracellular Vesicles (ISEV) recommendations [32]. For
preconditioning of GMSCs, cells in 100-mm culture dishes were
grown to achieve a confluence of 70%-80%. After the medium was
aspirated, cells were rinsed three times with PBS and treated with
100 ng/mL of recombinant human TNF-¢, IFN-y, LPS (FUJIFILM
Wako), and acetylsalicylic acid (Sigma-Aldrich) in a serum-free
medium or serum-free medium alone and incubated for 48 h prior
to supernatant harvesting. GMSC-derived exosomes were isolated
from the serum-free conditioned media using the MagCapture™
Exosome Isolation Kit PS (FUJIFILM Wako) [33]. Cells were pre-
conditioned in a serum-free medium for 48 h. Medium was then
collected, centrifuged at 10 000 x g for 30 min to eliminate
other large extracellular vesicles (EV). Cleared supernatants were
passed through 0.22 mm filter membranes and concentrated using
a Vivaspin-20 concentrator (Sartorius, Gottingen, Germany). GMSC-
derived exosomes were also isolated by differential centrifugation,
as previously described [30], to compare the characteristics of ex-
osomes between the two isolation procedure (Fig. S1). Amounts
of protein in exosome were quantified using the BCA Protein As-
say Kit (Takara Bio, Otsu, Japan). Transmission electron microscopy
(TEM) analyses were performed by the Hanaichi Ultrastructure Re-
search Institute (Okazaki, Japan) as previously reported [34]. The
Nanoparticle Characterization System (NanoSight, Malvern Instru-
ments, UK) was used to measure size distribution and concen-
tration of exosomes. For treating exosomes with CD73 neutraliz-
ing antibodies, 10 ug of exosomes was incubated with 1 ug of
rabbit anti-CD73 antibody (N1N3, GeneTex, Irvine, CA) for 1 h at
room temperature, and unreacted antibodies were removed using
ExoQuick-TC reagent (SBI, Palo Alto, USA) according to the man-
ufacture’s instruction. Anti-normal rabbit (#2729, Cell Signaling
Technology) was used for negative control.

2.8. Cellular uptake of exosomes

GMSC-derived exosomes were labeled using an ExoSparkler
Exosome Membrane Labeling Kit-Green (Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocols. Then, the green
fluorescence-labeled exosomes were added to PBMC-differentiated
macrophages at a final concentration of 1 ug/mL and incubated for
3 h. Following incubation, cells were washed with PBS (pH 7.4),
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fixed with 4% PFA. Non-specific reactions were blocked with 3%
BSA in PBS. Macrophages were labelled with Alexa Fluor 594 phal-
loidin (Thermo Fisher Scientific) for F-actin, or PlasMem Bright Red
(Dojindo) for cell membrane and 4’,6-diamidino-2-phenylindole
(DAPI) (Thermo Fisher Scientific) was used for nucleus. For Cov-
erslips were mounted using the PermaFluor Mounting medium
(Thermo Fisher Scientific) and images were analyzed by LSM 700
confocal microscope (Carl Zeiss) and Zen 2012 software.

2.9. Wound healing model in mice

Mice were randomly divided into the following three groups
(n = 5): (1) the Placebo (PBS) group, (2) the GMSC-derived exo-
somes group (Exo-Ctrl), and (3) the TNF-«-preconditioned GMSC-
derived exosomes group (Exo-TNF). The excisional full-thickness
skin wound splinting model was generated in accordance with our
previous study [30]. Briefly, full-thickness square excision wounds
(10 x 10 mm?2) were created by marking the wound area on
the mid-backs of the mice. The cutaneous wounds were subcu-
taneously injected with either placebo or GMSC-derived exosomes
(200 pg) dissolved in PBS (200 uL). A series of digital photographs
of the cutaneous wounds was taken using a standard ruler as scale.
At the indicated time points, percentage of wound closure was
quantified on photographs using the Adobe Photoshop Elements
14 software (Adobe Systems, USA). Changes in the area of the cuta-
neous wounds were expressed as a percentage of the initial wound
area.

2.10. Histology and immunohistochemistry

Standard hematoxylin and eosin (H&E) staining and dual-color
immunofluorescence analysis using specific primary antibodies for
mice F4/80 (1:100, MCA497GA, Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and arginase (1:1000, D4E3M, Cell Signaling Technology,
Danvers, MA, USA) were performed as per previously described
methods [29].

2.11. Ligature-induced periodontal model in mice

Mice were randomly divided into the following four groups
(n = 5): (1) Unligated+Placebo (PBS) group, (2) Ligated+Placebo
(PBS) group, (3) Ligated+GMSC-derived exosomes (Exo-Ctrl) group,
and (4) the TNF-«-preconditioned GMSC-derived exosomes (Exo-
TNF) group. To induce periodontal bone loss in mice, a 5-0 silk lig-
ature (Akiyama Medical MFG. Co., Tokyo, Japan) was tied around
the left maxillary second molar, in accordance with Abe et al. [35].
After ligation, either placebo or exosomes (20 ug) suspended in
PBS (20 uL) were injected into the palatal gingiva of the ligated
second maxillary molar using a 33-gauge needle Hamilton syringe
(Hamilton Company, NV, USA). The contralateral molar tooth in
each mouse was left unligated (baseline control for bone loss mea-
surements). The ligations remained intact in all mice throughout
the experimental period. After seven days, mice were euthanized,
and the maxillae were removed for further analysis. To evaluate
the alveolar bone loss, the maxillae were treated with 0.5% sodium
hypochlorite solution for three days, and 3% hydrogen peroxide for
one day. After washing with PBS, the maxillae were stained with
0.05% Toluidine blue. Periodontal bone loss in defleshed maxil-
lae was assessed morphometrically using an Olympus DP72 digi-
tal camera. Specifically, alveolar bone loss was measured from the
cemento-enamel junction (CE]) of the third mesial root to the pin-
nacle of the alveolar bone (AB), and from the distal and mesial
roots of the second and first molars. The alveolar bone loss of
each group was defined as the sum of distances from the five sites
based on previous study [35] . The area of palatal alveolar bone
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loss around the maxillary secondary molars was pictured and mea-
sured using the Olympus DP-11BSW software (Olympus, Japan) ac-
cording to the previous study [36]. Schematic illustration of these
measurements were included in Fig. S2.

2.12. Tartrate-resistant acid phosphatase (TRAP) staining and
osteoclast quantification

Maxillae were fixed in a 4% paraformaldehyde solution for 24 h
and decalcified in 10% EDTA solution at 4 °C for four weeks. The
decalcified specimens were dehydrated, embedded in paraffin, and
sectioned at a thickness of 5.0 um. A part of each tissue sec-
tion was subjected to tartrate-resistant acid phosphatase (TRAP)
staining using the TRAP/ALP Stain Kit (FUJIFILM Wako). Multinu-
cleated TRAP-positive cells formed on the surface of alveolar bone
around the second molar were counted as active osteoclasts. Pho-
tographs were taken using BZ8000 (Keyence Co., Osaka, Japan) and
the number of TRAP-positive cells were counted.

2.13. Quantitative RT-PCR analysis

Total RNA was isolated from the cells using ISOGEN II (Nip-
pon Gene, Tokyo, Japan), and first-strand cDNA was synthesized
using the PrimeScript RT Master Mix (Takara Bio, Otsu, Japan). qRT-
PCR was carried out using the KAPA SYBR® FAST qPCR kit Mas-
ter Mix (Kapa Biosystems, Woburn, MA, USA) on a StepOnePlus™
Real-Time System (Applied Biosystems, Carlsbad, CA, USA) with
the following conditions: 95 °C for 3 min, 40 cycles of 95 °C for
3 s, and 60 °C for 30 s. To correct varying copies of first-strand
c¢DNA templates, a passive reference dye (Rox) was added to the
PCR master mix. The results were recorded and analyzed using
the StepOne™ software V2.2.2 (Applied Biosystems, Life Technolo-
gies Corporation) utilizing the auto calculated threshold cycle. The
AACt method was performed to calculate individual gene’s rel-
ative expression levels and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control. The primer se-
quences used in this study are listed in Table S1.

2.14. Western blot analysis

Cells were washed with PBS and lysed in the Cytobuster
Protein Extraction Reagent (Novagen Inc., Madison, Wisconsin,
USA) supplemented with a protease inhibitor cocktail (Nacalai
Tesque). Protein samples were separated on polyacrylamide gels
and then transferred onto polyvinylidene difluoride membranes.
The membranes were incubated with the appropriate primary an-
tibodies: anti-CD9 (1:1000, Ts9, Thermo Fisher Scientific), anti-
NT5E/CD73 (1:1000, D7F9A, Cell Signaling Technology), anti-CD63
(1:1000, Ts63, Thermo Fisher Scientific), anti-CD81 (1:1000, Ts81,
Thermo Fisher Scientific), anti-Calnexin (1:1000, C5C9, Cell Sig-
naling Technology), anti-RANKL (1:1000, 12A668, Novus Biologi-
cals, USA), anti-TNFRSF11B (1:1000, 5G2, Invitrogen), anti-Wnt5a
(1:1000, C27E8, Gene Tex, USA), anti-p44/42 MAPK (ERK1/2)
(1:1000, 137F5, Cell Signaling Technology), anti-Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (1:1000, D13.14.4E, Cell Signaling
Technology), anti-pan-Akt (1:1000, C67E7, Cell Signaling Technol-
ogy), anti-Phospho-Akt (Ser473) (1:1000, D9E, Cell Signaling Tech-
nology), anti-JNK (1:1000, 56G8, Cell Signaling Technology), anti-
Phospho-JNK (Thr183/Tyr185) (1:1000, 81E11, Cell Signaling Tech-
nology), and anti-8-actin (1:1000, 13E5, Cell Signaling Technol-
ogy). The blotted membranes were visualized by using a densit-
ometry technique on a LAS-4000 mini luminescent image analyzer
(GE Healthcare Marlborough, USA) and quantified using the Multi
Gauge 3.1 software (FUJIFILM, Tokyo, Japan).
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2.15. Microarray analysis of exosomal miRNA

To identify exosomal miRNA in GMSCs preconditioned and
induced by TNF-o«,, comprehensive miRNA-expression profiles of
exosomes were analyzed in culture media from three patient-
derived GMSCs with or without TNF-a-treatment including the
2565 probes for human mRNAs, using the 3D-Gene® Human
miRNA Oligo Chip ver.21 (TORAY, Kanagawa, Japan). Total RNA was
extracted from the exosomes using the 3D-Gene® RNA extrac-
tion reagent and a liquid sample kit (TORAY, Kanagawa, Japan).
Comprehensive miRNA expression analysis was performed us-
ing a 3D-Gene® miRNA Labeling kit (TORAY, Kanagawa, Japan)
and a 3D-Gene® Human miRNA Oligo Chip (TORAY, Kanagawa,
Japan). The annotation and oligonucleotide sequences of the probes
were confirmed using the miRBase (http://microrna.sanger.ac.uk/
sequences/). After repeated cycles of stringent washes, fluorescence
signals were scanned using the 3D-Gene Scanner (Toray Industries
Inc., Tokyo, Japan) and analyzed using the 3D-Gene Extraction soft-
ware (Toray Industries Inc.). The relative expression level of a given
miRNA was calculated by comparing the signal intensities of valid
spots for all microarray experiments.

2.16. Cell transfection

Transfection of siRNA and miRNA mimics were carried out us-
ing the Lipofectamine™ RNAiMAX Transfection Reagent (Thermo
Fisher Scientific) for 24 h according to our reverse transfec-
tion protocol [37]. For knockdown analysis, Stealth™ RNAi du-
plexes against human WNT5A, a mixture of three different siRNAs
(HSS11355, HSS11356, and HSS187692), were obtained from the In-
vitrogen Corporation (Invitrogen Life Technologies, Carlsbad, CA).
Stealth™ RNAIi negative control duplex (Medium GC Duplex, Invit-
rogen Life Technologies) was used as a control. For miRNA mimic
transfection, PDL cells were transfected with 20 nM miRCURY LNA
microRNA Mimic for hsa-miR-1260b, hsa-miR-4454, and hsa-miR-
5100 (Qiagen, Germany) or control miRNA (negative control: cel-
miR-39-3p, Qiagen).

2.17. Statistical analysis

Data were analyzed using the JMP Pro 14 software (SAS Insti-
tute Inc, Cary NC, USA). Comparisons between two groups were
performed using independent unpaired two-tailed Student’s t-test,
and comparisons between more than two groups were performed
using one-way analysis of variance (ANOVA) with Bonferroni cor-
rection. P values of < 0.05 were considered statistically significant.

3. Results
3.1. Identification of GMSCs

Firstly, we isolated MSCs from human gingival tissues us-
ing the CFU-F approach [28], which is a classical gold standard
method [38]. GMSCs were independently attached to the plastic
culture dishes and to form CFU-Fs, which demonstrated that GM-
SCs exhibited greater clonal expansion and differentiation (Fig. 1A).
Multipotency of GMSCs were assessed under induced adipogenic,
osteogenic, and chondrogenic conditions, and determined using
Alizarin Red S (Fig. 1B), Oil Red O (Fig. 1C) and Alucian blue
(Fig. 1D) staining methods, respectively. Adipogenic differentiation
was further confirmed using qRT-PCR to detect the increased ex-
pression of adipocyte-specific genes including lipoprotein lipase
(LPL) and fatty acid binding protein (FABP4) (Fig. 1B). Similarly,
induction of osteocyte- and chondrocyte-specific genes was con-
firmed using runt-related transcription factor 2 (Runx2) and al-
kaline phosphatase (ALP) (Fig. 1C), SRY-Box transcription factor 9
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(Sox9) and type II collagen (Col2A) (Fig. 1D), respectively. Flow
cytometric analysis demonstrated that GMSCs were positive for
CD73, CD90, and CD105 (Fig. 1E), but negative for hematopoietic
cell markers such as CD34, CD45, and CD11b (Fig. 1F). These data
revealed that the isolated GMSCs possessed exhibit identical char-
acteristics for MSCs.

3.2. Exosomes from TNF-a-stimulated GMSCs enhance M2
macrophage polarization

To assess if the immunomodulatory capacity of GMSCs could be
mediated by GMSC-derived exosomes into macrophages, we mon-
itored cellular internalization of exosomes by macrophages. Taking
the clinical translational value into consideration, we used human
PBMC-differentiated macrophages. Fluorescently labeled exosomes
from GMSCs were successfully internalized into macrophages in
3 h after the addition, as visualized by using confocal microscopy
(Fig. 2A and B). To examine the biological effect of GMSC-
derived exosomes on anti-inflammatory M2 macrophage polariza-
tion, macrophages were stimulated with exosomes for 48 h, and
the expression of CD206, a well-accepted M2 marker, was val-
idated by using flow cytometry (Fig. S3A). To further examine
whether preconditioning of GMSCs with diverse stimuli could in-
duce significant synergistic effect, GMSCs were stimulated either
with LPS, TNF-«, IFN-y, or acetylsalicylic acid (ASA) before isola-
tion of exosomes from cell culture supernatant. To this end, stan-
dard activation of M1 and M2 was established by the addition
of LPS and IFN-y, and IL-4 with or without IL-13, respectively.
CD206" macrophage population was up-regulated by M2 activa-
tion, while decreased by M1 activation. Stimulation with GMSC-
derived exosomes alone enhanced M2 macrophage polarization, as
compared to undifferentiated macrophage (59.3% vs. 64.4%) (Fig.
S3B). Of all the remaining preconditions, TNF-o-stimulated GMSC-
derived exosomes significantly enhanced M2 activation (68.9%)
(Fig. S3B). M2/M1-related cytokine expression after stimulation
with exosomes in resting macrophages was also determined by us-
ing qRT-PCR (Fig. S3C). Exosomes with or without precondition-
ing with TNF-« increased the expression of IL-10 at the same
levels of IL-4/13 stimulation, while inflammatory M1-related IL-
18, TNF-«, and iNOS expressions were decreased. We further ex-
amined whether TNF-«a preconditioned-GMSC-derived exosomes
could shift macrophage marker expression from those of M1 to
the M2 phenotype. To this end, M1-activated macrophages were
stimulated with exosomes with or without TNF-« precondition-
ing, and the expression of M1 (CD86) and M2 marker (CD206)
was examined (Fig. 2C). TNF-«a-preconditioned GMSC-derived ex-
osomes dramatically up-regulated CD206 expression (Fig. 2D), and
the M2/M1 ratio was almost equal to [L4/13 stimulation (0.88 vs.
0.84) (Fig. 2E). Taken together, these results suggest that TNF-«
preconditioning enables GMSCs to secrete exosomes capable of
converting macrophage phenotype from proinflammatory M1 to an
anti-inflammatory M2.

3.3. Exosome from TNF-a-stimulated GMSCs facilitate skin wound
healing

To gain further insight into the impact of TNF-«a-preconditioned
GMSC-derived exosomes (Exo-TNF) on M2 macrophage polariza-
tion, in vivo therapeutic effects of exosomes on wound healing
were evaluated in a mice model (Fig. 3A). Compared to control
mice (PBS), injection of GMSC-derived exosomes without precondi-
tioning (Exo-Ctrl) displayed promoted skin wound healing at days
5 and 7 after wound creation. Moreover, Exo-TNF treatment re-
vealed significantly augmented wound closure compared to Exo-
Ctrl-treated mice, wherein the accelerated wound closure was ob-
served as early as day 3 after wound creation (Fig. 3B and C).
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Fig. 1. Characterization of stem cells isolated from human gingival tissues (A) Capability of CFU-Fs of GMSCs. Toluidine blue staining. Representative images of CFU-Fs on a
culture dish (left) and fibroblastic colony-forming cells (right). (B) Adipogenic differentiation of GMSCs. Representative images of Oil Red O staining and adipocyte-specific
gene expression (LPL and FABP4) were analyzed using qRT-PCR. (C) Osteogenic differentiation of GMSCs. Representative images of Alizarin Red staining and osteogenesis-
specific genes expression (Runx2 and ALP) were analyzed using qRT-PCR. (D) Chondrogenic differentiation of GMSCs. Representative images of Alcian blue staining and
chondrogenic differentiation-related gene expression (Sox9 and Col2A) were analyzed using qRT-PCR. (E) and (F) Immunophenotype of GMSCs. Surface expression of MSC-
positive (E) and negative (F) markers on GMSCs were evaluated using flow cytometry. Blue histograms: GMSCs stained with control antibody; Red histograms: GMSCs stained
with antibodies against cell surface antigens. Percentiles indicate the average of each antigen. **p <0.01; ***p <0.001. Error bars are means + SD. Data were analyzed using
independent unpaired two-tailed Student’s t-test. Scale bar = 500 um. (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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These macroscopic findings were confirmed using histological as-
sessment (Fig. S4). Exo-TNF-injected wounds demonstrated fastest
re-epithelialization compared to PBS and Exo-Ctrl-treated groups.
At day 7, infiltration of inflammatory cells remained potent in
the control group, while these cells were apparently decreased
in exosome-treated wounds by day 7 (Exo-Ctrl) and day 5 (Exo-
TNF), respectively. To further assess the exosome-mediated M2
macrophage induction in the wounds, tissues were stained for
the macrophage marker F4/80 and arginase-1, another well-known
marker for M2 macrophage [39] (Fig. 3D and 3E). Exo-Ctrl-treated
wounds increased the expression of F4/80 and arginase-1-positive
macrophages in a time-dependent manner. Furthermore, induc-
tion of arginase-1-positive macrophages reached the peak at day
5 post wounding in Exo-TNF-treated wounds, and the percentage
of arginase-1-positive macrophages were significantly higher than
Exo-Ctrl-treated wounds. These results demonstrated that GMSC-
derived exosomes were capable of enhancing wound healing ca-
pacity and resolving inflammation by inducing M2 macrophage po-
larization, and TNF-« preconditioning enabled GMSCs to augment
these effects.

3.4. TNF-o-stimulation increases CD73 expression in GMSC-secreted
exosomes

Next, we explored the molecular mechanisms of TNF-« precon-
ditioning on the secretion of exosomes from GMSCs inducing M2
macrophage polarization. Western blot demonstrated that TNF-«
stimulation increased the secretion of exosome from GMSCs with-
out affecting the expression of exosomal positive markers (CD9,
CD63 and CD81), and both exosomes were free of cellular calnexin
contaminants (Fig. 4A). The morphology of exosomes was com-
pared using a transmission electron microscope (TEM). Both exo-
somes had the appearance of 100-nm saucer-like shape of typi-
cal exosomes [8] (Fig. 4B). Nanosight particle tracking analysis fur-
ther confirmed the purity and size distribution of the exosomes
(Fig. 4C). The most abundant particle sizes of Exo-Ctrl and Exo-TNF
were almost the same (Mode: 109 + 3.1 nm vs. 104 + 1.8 nm).

To validate the effect of TNF--preconditioning on exosome re-
lease, the number of GMSC-secreted Exo-Ctrl and Exo-TNF parti-
cles were normalized to those of manipulated cells or protein con-
centration. TNF-« stimulation significantly increased exosome re-
lease by approximately 2.7-fold (Fig. 4D), while it exerted little
effect on exosomal protein density (Fig. 4E). In accordance with
our established protocol, time course expressions of CD73 and
CD39 mRNAs during TNF-«a-preconditioning were monitored for
48 h. qRT-PCR analysis demonstrated that CD73 mRNA was sig-
nificantly elevated within 12 h and kept constitutively higher for
up to 48 h, although the expression level of CD39 was unchanged
(Fig. 5A). Similarly, a significantly increased CD73 expression of
Exo-TNF in comparison with Exo-Ctrl was observed (Fig. 5B). How-
ever, protein expression profiles of cellular CD73 in GMSCs were
unchanged during TNF-«-preconditioning (Fig. 5C), thereby indi-
cating that TNF-a-induced CD73 proteins were released by CD73-
overexpressed Exo-TNF of GMSCs. We further explored whether ex-
osomal CD73 expression is responsible for M2 macrophage polar-
ization by using CD73 neutralizing antibody (Fig. 5D). In PBMC-
differentiated CD11b+ M1 polarized macrophage, the percentage
of M1 macrophage (CD86+CD206~ cells) and M2 macrophage
(CD86-CD206™ cells) were 64.86% and 0.48%. As expected, treat-
ment of Exo-Ctrl and Exo-TNF converted macrophage phenotype
from M1 to M2 (12.72% vs. 32.16% and 8.77% vs. 40.77%), respec-
tively. While pretreatment of exosomes with IgG had little effect
on these M1/M2 marker expressions, neutralizing anti-CD73 Ab-
treated exosomes significantly abolished the induction of M1 to
M2 macrophage polarization in Exo-Ctrl (58.03% vs. 0.68%) and
Exo-TNF (46.84% vs. 0.78%). These result demonstrated that TNF-
enhanced exosomal CD73 expression is essential for inducing M2
macrophage polarization.

3.5. GMSC-secreted exosomes inhibit periodontal bone loss

Preconditioning of GMSCs with TNF-o enhanced macrophage
polarization toward an anti-inflammatory (M2) phenotype, sug-
gesting that this negative feedback loop could be potentially
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**p <0.01; ***p <0.001. Error bars represent means =+ SD., n= 3. Statistical analyses were performed using one-way analysis of variance (ANOVA) with Bonferroni correction.

useful for the regulation of inflammatory bone loss. To test this
hypothesis, we employed ligature-induced periodontitis model and
the protective effects of GMSC-derived exosomes from inflamma-
tory bone loss were examined using a split-mouth experimental
design (Fig. 6A). At day 7 after ligation, severe alveolar bone loss
was observed around the ligated 2nd molar, compared to unligated
groups. In contrast, local injection of exosomes into the gingiva
significantly reduced the bone resorption induced by the ligation,
meanwhile the opposite control sites showed similar bone heights
[distance from the cementoenamel junction (CEJ) to the alveolar
bone crest (ABC)] at baseline (Fig. 6B). Distance from CEJ to ABC in
the Exo-Ctrl group decreased to approximately half of the ligated
control (PBS). Compared with Exo-Ctrl, Exo-TNF treatment found
to be more effective with a clear statistical trend (P = 0.09 < 0.1)
(Fig. 6C). When the volume of total bone loss was calculated, sig-
nificant difference was observed between Exo-Ctrl and Exo-TNF
groups (Fig. 6D). The number of TRAP-positive osteoclasts in the
alveolar bone was significantly lower in mice treated with Exo-TNF
than in mice treated with Exo-Ctrl, while it was significantly higher
in ligated control (PBS) mice (Fig. 6E and F).

3.6. GMSC-secreted exosomes regulate the RANKL/OPG system by
targeting Wnt5a-mediated RANKL expression

RANKL/OPG system is an essential regulator of osteoclastoge-
nesis and bone resorption. Therefore, we examined the expres-
sion of RANKL and OPG in the gingival tissue from an experimen-
tal periodontitis mice model. qRT-PCR analysis revealed that treat-
ment of both Exo-Ctrl and Exo-TNF resulted in reduced expression
of RANKL mRNA, while the expression of OPG mRNA was signif-
icantly up-regulated (Fig. 7A). Since periodontal ligament (PDL)-
alveolar bone interface plays a critical role in periodontal bone
homeostasis [40], we examined the effect of GMSC-derived exo-
somes on RANKL/OPG signaling in PDL cells. LPS-induced RANKL
expression was significantly inhibited in the presence of GMSC-
derived exosomes preconditioned with or without TNF-¢, while
OPG expression was up-regulated as well (Fig. 7B). Consequently,
GMSC-derived exosomes restored the increased RANKL/OPG ratio
in the LPS-stimulated PDL cells, and it was lowered by Exo-TNF
treatment as well (Fig. 7C). This was reflected in RANKL protein ex-
pression (Fig. 7D and E). To explore the underlying mechanism for
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Fig. 6. Therapeutic effect of GMSC-derived exosomes on periodontal bone loss in mice (A) Schematic illustration for ligature-induced periodontitis model and local adminis-
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Statistical analyses were performed using one-way analysis of variance (ANOVA) with Bonferroni correction. Scale bar = 500 pm.

GMSC-derived exosome-mediated RANKL inhibition in PDL cells,
we investigated the involvement of Wnt signaling, which plays
an essential role in osteoclastogenesis [41]. Wnt5a stimulation up-
regulated RANKL mRNA expression in a dose-dependent manner
(Fig. 7F), while Wnt5a knockdown abrogated LPS-induced RANKL
expression in PDL cells (Fig. 7G). To assess the effect of GMSC-
derived exosomes on Wnt5a expression, PDL cells were stimulated
with LPS in the presence or absence of GMSC-derived exosomes.
qRT-PCR revealed that LPS stimulation significantly up-regulated
Wnt5a mRNA expression, while it was diminished by the Exo-
Ctrl and Exo-TNF treatment (Fig. 7H). Western blot analysis further
demonstrated that Exo-Ctrl and Exo-TNF treatments significantly
down-regulated LPS-induced Wnt5a expression, although exosome
stimulation alone did not affect Wnt5a expression in the absence
of LPS (Fig. 71). These results indicated that LPS-induced RANKL
expression was regulated by Wnt5a, and GMSC-derived exosomes
potentially targeted Wnt5a to induce RANKL suppression in PDL
cells.
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3.7. miR-1260b is essential for exosome-mediated RANKL inhibition

To gain further insight into GMSC-derived exosome-mediated
RANKL inhibition, we postulated that exosomal miRNAs could be
transferred into PDL cells to interfere with the Wnt5a mRNA ex-
pression. Moreover, Exo-TNF inhibited periodontal bone loss in
mice model more efficiently than Exo-Ctrl. This led us to hypoth-
esize that TNF-o stimulation might change the composition of
GMSC-derived exosome cargo, and some specific miRNAs in Exo-
TNF might account for the enhanced inhibitory effect on osteo-
clastogenesis. Thus, we performed miRNA microarray screening
by comparing the effect of TNF-a preconditioning among three
patient-derived GMSCs (Fig. 8A). Following data normalization, we
found 655 universal differentially expressed miRNAs in Exo-TNF
compared to Exo-Ctrl. To exclude the individual differences, we ex-
tracted substantially up-regulated and downregulated 62 miRNAs
based on the average expression of all samples. A heat map for un-
supervised hierarchical clustering performed on these differentially
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Fig. 7. GMSC-derived exosomes regulate the RANKL/OPG ratio by targeting Wnt5a-mediated RANKL expression (A) Effect of GMSC-derived exosome injection on RANKL
and OPG mRNA expression in ligature-induced mouse periodontitis model. Gingival tissues around the second maxillary molar on day 7 (Fig. 5.) were collected and total
RNA were extracted for RANKL (left) and OPG (right) mRNA detection. Relative mRNA expressions were normalized to GADPH. (B) Effects of GMSC-derived exosomes on
LPS-induced RANKL (left) and OPG (right) mRNA expression in human periodontal ligament (PDL) cells. Cells were incubated with 5 pg/mL of GMSC-derived exosomes (Exo-
Ctrl) or TNF-¢-preconditioned GMSC-derived exosomes (Exo-TNF) for 12 h, followed by stimulation with LPS (5 ug/mL) for 6 h. Relative mRNA expression was normalized to
that of GADPH. (C) Effect of GMSC-derived exosomes on RANKL/OPG mRNA ratio in PDL cells was evaluated by calculating mRNA expression levels in (B). (D) Western blot
analysis showing the expression of RANKL and OPG. PDL cells were incubated with 5 pg/mL of Exo-Ctrl or Exo-TNF for 12 h, followed by stimulation with LPS (5 pg/mL)
for 48 h. (E) Effect of GMSC-derived exosomes on RANKL/OPG ratio based on protein expression in PDL cells as in (D). Results were obtained from three independent
experiments. (F) Effect of Wnt5a on RANKL mRNA expression in human PDL cells. Cells were stimulated with the indicated amount of recombinant Wnt5a for 24 h and
qRT-PCR was performed to assess RANKL mRNA expression. (G) Effect of Wnt5a knockdown on LPS-induced RANKL mRNA expression in PDL cells. PDL cells were transfected
with siRNA for 24 h, followed by stimulation with LPS (5 pg/mL) for 6 h, and qRT-PCR was performed. Control siRNA (si-Ctrl), Wnt5a siRNA (si-Wnt5a). (H, I) Effect of
GMSC-derived exosomes on LPS-induced Wnt5a expression was assessed using qRT-PCR (H) and western blotting (I). (H) PDL cells were treated with 5 pg/mL of LPS in the
presence or absence of 5 pg/mL of GMSC-derived exosomes (Exo-Ctrl) or TNF-«-preconditioned GMSC-derived exosomes for 1 h. (I) PDL cells were treated with 5 pug/mL of
Exo-Ctrl, Exo-TNF, LPS alone, and LPS in the presence of Exo-Ctrl or Exo-TNF for 3 h (upper). Relative Wnt5a protein expressions were measured by quantifying the density
of bands and normalized against S-actin using the MultiGauge software (lower). *p < 0.05, **p < 0.01, ***p <0.001. Error bars represent means + SD. Statistical analyses
were performed using one-way analysis of variance (ANOVA) with Bonferroni correction.

expressed 62 miRNAs is shown in Fig. 8B. We further screened for terfered with Wnt5a mRNA expression, thus inhibiting RANKL ex-
significantly up-regulated miRNAs using the microRNA Data Inte- pression.

gration Portal (mirDIP) and TargetScan database to identify miR- We further examined the effect of GMSC-derived exosomes on
NAs that could be potentially associated with osteoclastogenesis LPS-induced signaling pathways in PDL cells, which is essential for
(Fig. 8C). Specifically, miR-1260b was ranked in the top three of RANKL expression. After confirming that LPS-mediated phosphory-
most highly up-regulated miRNAs by using TNF-« precondition- lation of AKT, ERK, and JNK peaked at 15 min, 45 min, and 60 min,
ing, and the TargetScan database analysis revealed that hsa-miR- phosphorylation levels of these signaling in the presence of Exo-
1260b could be associated with Wnt signaling genes, including Ctrl and Exo-TNF at each time point were examined. Exo-TNF
WNT2B, WNT5A, WNT5B, dickkopf WNT signaling pathway in- specifically decreased the phosphorylation of JNK, whereas AKT
hibitor 2 (DKK2), WNT9B, and WNT8. To validate these results, and ERK pathways were not affected by GMSC-derived exosomes
PDL cells were transfected with miRNA mimics for miR-1260b (Fig. 9B and C). Moreover, we found that LPS-induced RANKL ex-
and two other top up-regulated miRNAs (miR-5100 and miR-4454) pression was abrogated by specific inhibitor for JNK, SP600125
following TNF- o preconditioning. qRT-PCR demonstrated that (Fig. 9D), thereby indicating that Exo-TNF suppressed RANKL ex-
miR-1260b specifically decreased the expression of Wnt5a mRNA pression via JNK signaling. To validate if this effect was mediated
(Fig. 9A), thereby indicating that Exo-TNF containing miR-1260b in- by Exo-TNF-containing miR-1260b, time course inhibition of Exo-
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Fig. 8. Identification of TNF-« inducing exosomal miRNAs in GMSCs (A) Experimental strategy for the identification of TNF-« inducing exosomal miRNA derived from GMSCs.
(B) Heat map and unsupervised hierarchical clustering. Clustering was performed on GMSC-derived exosomes from three patient-derived samples. Exo-Ctrl (“C") and Exo-TNF
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and purple color represents expression lower than the mean. (C) Potential of hsa-miR-1260b in regulating osteoclastogenesis-related genes as predicted from the mirDIP and
TargetScan Databases. (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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Fig. 9. Identification of RANKL targeting exosomal miRNA induced by TNF-« treatment in GMSC (A) Validation of novel TNF-« inducible exosomal miRNA-mediated Wnt5a
gene silencing was assessed using qRT-PCR. PDL cells were transfected with 20 nM of miRNA mimics for potent TNF-a-inducible exosomal miRNAs as indicated. (B) and (C)
Effect of GMSC-derived exosomes on LPS-induced signaling. PDL cells were treated with 5 pg/mL of LPS in the presence or absence of 5 pg/mL of GMSC-derived exosomes
(Exo-Ctrl) or TNF-a-preconditioned GMSC-derived exosomes for 15 min to detect AKT, 45 min to detect ERK, and 60 min to detect JNK phosphorylation, respectively, using
western blot analysis (B). (C) Relative phosphorylation was measured by quantifying the density of each corresponding Pan/Phospho-bands using the MultiGauge software.
(D) Effect of JNK inhibition on LPS-induced RANKL expression in PDL cells. PDL cells were stimulated with LPS (5 ug/mL) for 48 h with or without pre-treatment with
SP600125 (10 uM) for 1 h. Relative RANKL protein expressions were measured by quantifying the density of bands and normalized against B-actin using the MultiGauge
software. (E, F) Inhibition of LPS-mediated JNK signaling using Exo-TNF and miR-1260b. PDL cell were stimulated with LPS for 60 min in the presence or absence of Exo-
TNF (E), or after transfection using miR-1260b mimics (F). Time-course phosphorylation of JNK was monitored using western blotting. **p < 0.01, ***p <0.001. Error bars
represent means =+ SD. Statistical analyses were performed using one-way analysis of variance (ANOVA) with Bonferroni correction.

TNF and miR-1260b on LPS-mediated JNK activation was monitored
for 60 min. Both pretreatment of Exo-TNF and transfection of miR-
1260b significantly suppressed LPS-induced phosphorylation of JNK
in PDL cells (Fig. 9E and F). These results suggested that Exo-TNF
containing miR-1260b was critical for RANKL inhibition by target-
ing Wnt5a expression as well as JNK signaling.

4. Discussion

MSC-based cell therapy has entered the clinical trial phase for
the purpose of tissue regeneration and the treatment of autoim-
mune disorder. According to the National Institutes of Health’s
clinical trial registry, more than 700 clinical trials for MSCs therapy
are currently in progress throughout the world (http://clinicaltrials.
gov). Although animal models and clinical case reports have
demonstrated that MSCs can be successfully applied to periodon-
tal defects [42], only two clinical trials have been registered in
ClinicalTrials.gov for periodontal disease. The reason for this may
not only be attributed to the restrictions on ethical regulation, but
may also be attributed to the time and cost for the preparation
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of large quantities of cells. Considering that therapeutic effect of
MSCs largely depends on the paracrine efficiency of MSCs [4] and
the advantages of the use of GMSCs including easier isolation from
small piece of gingival tissue (~2 x 2 mm?), rapid cell proliferation,
and the ability to secrete large amount of exosomes, we speculated
that GMSC-derived exosome-based therapy could be ideal for clin-
ical use.

While CD73 is widely considered as a classical marker of MSCs
[43], its essential role is to mediate immune suppression by en-
zymatically converting ATP to adenosine. Exosomal expression of
CD73 was first identified in human cancer cells, which contributed
to extracellular adenosine production, thereby leading to tumor
growth and metastasis [44]. More recently, expression of CD73
on MSC-secreted exosomes has also been reported [45]. In the
present study, we not only showed that GMSC-derived exosomes
express CD73, but also identified for the first time that TNF-« pre-
conditioning of GMSCs enhanced CD73 expression on these exo-
somes. Interestingly, treatment with TNF-« in GMSCs significantly
increased CD73 mRNA expression, while it did not change in en-
dothelial cells [46] and astrocytes [47], suggesting that induction
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of CD73 by TNF-« stimuli was GMSC-specific. We also found that
TNF-o (100 ng/mL) stimulation induced larger amount of exosome
secretion (2.7-fold) in GMSCs. It was reported that TNF-« was able
to slightly increase the GMSCs proliferation at a low concentration
(5-10 ng/mL), while a high concentration (100 ng/mL) of TNF-o
slightly decreased its proliferation after 48 h [48], of which the
latter corresponded to our preconditioning protocol. Exosome pro-
duction is regulated by Rab27, a family of small GTPases [49], and
the expression of Rab27A is regulated by NF-«B signaling [50].
Therefore, we speculate that TNF-« induces Rab27 activation via
the NF-«B pathway to promote exosome release, thereby yielding
prominent effect that outweighs decreased cell viability.

Emerging evidence has shown the immunoregulatory effects
of MSC-derived exosomes [51], but few reports have addressed
MSC-macrophage cross talk, by which anti-inflammatory M2
macrophage polarization is induced [52,53]. In this study, we
demonstrated that GMSC-derived exosomes significantly promoted
recipient macrophages toward M2 polarization, and the effect
was further enhanced by TNF-« preconditioning of GMSCs. Pre-
vious studies have demonstrated that injury-based precondition-
ing (TNF-«, LPS, and hypoxia) of MSCs can increase the produc-
tion of growth factors [54], and LPS-preconditioned MSC-derived
exosomes can induce M2 polarization in THP-1 cells [55]. Simi-
larly, we reported that MSCs stimulated with TNF-« enhanced pro-
duction of IL-1RA-containing exosomes [30], that IFN-y improved
dentin regeneration activity [31], and that ASA promoted osteoge-
nesis [56]. Considering these results, we compared the effect of
100 ng/mL of TNF-«, IFN-y, LPS, and aspirin on GMSC-derived ex-
osomes and found that only TNF-« treatment significantly polar-
ized macrophage phenotype from M1 to M2. In the current study,
not only M1 macrophage generated from PBMC, but also GMSC-
derived exosomes stimulated macrophage included CD86*CD206*
cell population (Fig. 5D). In such double stained macrophages, ex-
pression of CD206% was partially accounted by M-CSF-induced
macrophages differentiation procedure, since M-CSF is a potent
M2 macrophage inducer [57]. Conversely, CD86™ cells were con-
sidered to be remnant from M1 macrophage induction. However,
GMSC-derived exosomes significantly increased CD86-CD206" M2
macrophage polarization from CD867CD206~ M1 macrophages,
and we further demonstrated that expression level of exosomal
CD73 was associated with the ability of exosomes to switch M1
macrophage into M2 phenotype.

Recent studies have demonstrated that infused GMSCs ex-
erted prominent immunoregulation via CD39/CD73/adenosine sig-
naling [58], and endogenous CD73 activity of GMSCs contributed
to macrophage differentiation [59]. However, it is still unclear
whether CD73 not anchored to the cell membrane is a good adeno-
sine manufacturer. Although neutralizing anti-CD73 Ab-treated ex-
osomes decreased the induction of M2 marker expression sug-
gesting that CD73 could be anchored on the surface of exosome,
the precise molecular mechanism mediated by exogenously added
CD73 should be validated in future study. While the therapeutic
effect of MSC-exosomes on cutaneous regeneration is widely ac-
cepted [60], induction of M2 macrophage plays a critical role in the
resolution of inflammation and tissue remodeling in wound heal-
ing model [61]. Consistently, our current study also demonstrated
that injection of Exo-TNF significantly accelerated wound healing
and closure together with accelerated M2 macrophage infiltration.
Taken together, these findings support the notion that manipulat-
ing the differentiation of plastic macrophage toward M2 phenotype
may provide clinical strategies for not only better wound healing,
but also for the treatment of inflammatory disorders.

Given the close relationship between inflammation and bone
resorption in periodontal disease [62], our findings show that
significant inhibition of bone loss by GMSC-derived exosomes
in a mouse periodontal model can be explained by the anti-
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inflammatory effects of exosomes, including TNF-o-mediated ex-
osomal CD73 up-regulation and subsequent M2 macrophage infil-
tration in vivo. Recent studies have also reported that transplan-
tation of periodontal ligament stem cells (PDLSCs) which possess
immunomodulatory properties [63] similar to GMSCs, could in-
duce macrophage polarization toward M2 to enhance periodon-
tal regeneration [64]. Furthermore, PDLSCs co-cultured with M2
macrophages enhanced cementoblast differentiation [65], suggest-
ing the potential of M2-macrophage-mediated periodontal regen-
eration. Exosome-mediated cell differentiation and reprogramming
can be accomplished through mutual communication between
MSCs and tissue-injured cells [66]. Except for the direct effect
of M2 macrophage on PDLSCs, whether Exo-TNF can contribute
to periodontal tissue regeneration needs to be further investi-
gated. Overall, we demonstrated that injection of Exo-TNF signifi-
cantly decreased TRAP-positive osteoclasts in the mouse periodon-
titis model. The possible roles of CD73 and adenosine in bone
homeostasis have been reported [67]. The expression of CD73 is
regulated by the Wnt-B-catenin pathway, which is a critical sig-
naling pathway in bone metabolism [68] and CD73 KO mice ex-
hibited osteopenia [69], thus indicating that the activity of CD73 is
essential for osteogenesis. Most recent studies have demonstrated
that adenosine regulates not only osteogenesis, but also osteo-
clastogenesis via AygR, and osteoporosis model mice exhibits de-
creased adenosine levels [70]. Therefore, we speculated that CD73
was one of the key molecules in Exo-TNF that suppressed peri-
odontal bone loss. In support of this notion, Luo et al. demon-
strated that osteoclast precursors co-cultured with GMSC partially
suppressed osteoclast differentiation via CD39-CD73-adenosine
pathway [71].

The RANKL/OPG ratio is a well-recognized biomarker for pe-
riodontal tissue destruction [72]. During periodontitis, both PDL
cells and osteoblasts increase the RANKL/OPG ratio to participate
in osteoclastic bone resorption [12,73]. PDL tissue surrounds the
root of the tooth and anchors it to the tooth socket surrounded
by the bone, and plays a pivotal role in tooth maintenance [74].
Thus, PDL cells are involved in the regulation of osteoclastogen-
esis in the alveolar bone through the release of RANKL [40]. We
showed that Exo-TNF treatment decreased the RANKL/OPG ratio
both in vitro and in vivo. Another interesting result was that en-
hanced expression of OPG mRNA was observed in mouse ligated
gingival tissue, while LPS-stimulation had no effect in PDL cells. To
confirm OPG producing cells in gingival tissue, we isolated gingi-
val fibroblasts from mice (mGFs) and OPG and RANKL mRNA ex-
pression in LPS-stimulated mGFs were analyzed. LPS-stimulation
significantly increased the expression of OPG mRNA, while RANKL
mRNA was unchanged in mGFs (Fig. S6). These results suggest that
mGFs were central producer of OPG in ligature-induced mouse pe-
riodontal model. In support of this notion, previous report demon-
strated that human gingival fibroblasts (HGFs) produce OPG and it
was enhanced by LPS-stimulation to protect from bacterial chal-
lenge [75].

We further investigated precise molecular mechanism of Exo-
TNF-mediated regulation of RANKL. While toll-like receptor plays
a critical role in microbial infection-induced periodontal inflam-
mation |[76], emerging evidence indicates that Wnt signaling path-
ways also play essential roles in host response to inflammation
[77]. The Wnt/TLR-axis is involved in certain inflammatory disor-
ders [78], such as sepsis, Alzheimer’'s disease [79], obesity, and
type 2 diabetes [80]. Specifically, recent studies have shown that
the enhanced Wnt5a expression in the gingival tissue is associ-
ated with periodontal inflammatory process [81,82]. As an inflam-
matory mediator, the expression of Wnt5a is regulated by TLR-
mediated NF-kB signaling [83] and involved in osteoclastogenesis
[84]. Collectively, our results suggest that LPS stimulation targets
TLR-mediated signaling and induces Wnt5a expression, and this in-
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Schema 1. Proposed therapeutic strategy for periodontal disease using exosomes derived from TNF-«-treated GMSCs.

duction is downregulated by Exo-TNF treatment, thereby inhibiting
RANKL expression in PDL cells.

It is widely accepted that enriched miRNAs in MSC-exosomes
can post transcriptionally regulate gene expression [85], thereby
leading to phenotypic modification and reprogramming of recip-
ient cells [66]. Moreover, the secretion of exosomes is enhanced
in cells exposed to a stress environment including inflammatory
cytokines, hypoxia, and the expression profiles of exosomal miR-
NAs change distinctively according to these stimuli [86]. However,
whether exosomal miRNA profile is modulated by TNF-« in GM-
SCs remains unclear. To further explore the possibility that the
TNF-«t-regulated exosomal miRNA might prevent periodontal bone
loss, we performed miRNA array analysis. In this study, we demon-
strated that miR-1260b, which was significantly up-regulated by
TNF-«-stimulation, specifically targeted Wnt5a and JNK to down-
regulate RANKL expression. Wnt5a has been reported to enhance
RANKL expression via phosphorylation of JNK [87], which is an es-
sential signaling mechanism for the activation of osteoclastogene-
sis [88]. Similarly, we demonstrated that not only Exo-TNF treat-
ment, but also transfection of miR-1260b mimicked in PDL cells
significantly reduced phosphorylation of JNK. The impact of MSC-
derived exosomes on signaling pathways have also been reported
namely, bone marrow somatic cell-derived exosomes inhibited the
JNK pathway [89], while MSC-derived exosomal CD73 contributed
to the activation of AKT and ERK [90]. Considering the possibility
that LPS-stimulation alone induces saturation of phosphorylation
of AKT and ERK, further activation of these molecules by exter-
nal exosomes have not been observed in our study. Database anal-
ysis revealed that miR-1260b could regulate osteoclastogenesis-
associated genes, and Wnt5a and JNK1 were predicted to be the
major targets (Fig. 8C). It should be noted that other miR-1260b
targeting candidate genes included RANK, TNF receptor-associated
factor 6 (TRAF6), and NFATc1, all of which were the master inducer
genes for osteoclast differentiation [91]. Protein kinase C-8 (PKCB)
and transcription factor EB (TFEB) are involved in RANKL-mediated
bone resorption in osteoclasts [92], and CSF-1 plays a key role in
osteoclast recruitment [93]. Thus, our finding that the injection of
Exo-TNF significantly decreased TRAP-positive cells in our mouse
periodontitis model strongly suggests that miR-1260b is involved
in the regulation of osteoclastogenesis. Furthermore, considering
that miR-1260b has been reported to be downregulated in the gin-
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gival tissue from periodontitis [94], it may suggest another mech-
anism by which miR-1260b inhibits alveolar bone resorption.

Previous studies have shown that miR-146a, miR-125a, and
miR-145-5p modulates macrophages from a pro-inflammatory M1
to an anti-inflammatory M2 phenotype [95]. Meanwhile, let-7
miRNA family targets NF-kB signaling [96] and exosomes from
LPS-preconditioned MSCs enhance let-7b to induce M2 polariza-
tion in THP-1 cells [55]. In our current study, exosomes from LPS-
stimulated GMSCs did not enhance M2 macrophage polarization,
and the expression of these miRNAs was almost unchanged as ob-
served in microarray data. This discrepancy may be due to differ-
ences in the origin of MSCs, and further investigation is required
to identify and characterize other downstream target molecules of
exosomal miRNAs in TNF-¢-stimulated GMSCs. It should be noted
that miR-1260b was one of the few miRNAs which was univer-
sally up-regulated among three patient-derived specimens. There-
fore, miR-1260b may be a target for miRNA mimic-based treatment
against inflammation-induced bone loss.

5. Conclusions

Our present study reveals that therapeutic effect of TNF-o-
preconditioned GMSC-derived exosomes was induced by the up-
regulation of CD73 and miR-1260b. TNF-o¢ promoted CD73 ex-
pression on exosomes to induce M2 macrophage polarization,
thus contributing to the resolution of inflammation and prevent-
ing bone loss in the periodontal tissue. Exosomal miR-1260b was
essential for the inhibition of osteoclastogenesis via the Wnt5a-
mediated RANKL pathway. These latest findings and the pro-
posed therapeutic strategy are summarized (Schema 1). Taken to-
gether with its unique advantages including easy accessibility and
prominent exosome productive ability, GMSC is one of the most
ideal exosome sources for clinical applications. Collectively, TNF-cc-
preconditioned GMSC-derived exosomes may be a promising ther-
apeutic tool against periodontitis and other inflammatory disorder
leading to bone loss.
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