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Abstract

BACKGROUND: Human adipose-derived mesenchymal stem cells (AMSCs) are an attractive resource for wound healing
because their regenerative capacity improves injury repair. Recently, stem cell-derived exosomes have been shown to play
a positive role in stem cell-based therapies. However, the effects of exosomes derived from AMSCs (AEXOs) on wound
healing are unclear. In this study, we aimed to examine the role of AEXOs in attenuating inflammation and explore their
effects in normal wound healing.

METHODS: We isolated exosomes from AMSCs and established a cellular model of inflammation by treatment with the
inflammatory cytokines, interferon gamma and tumor necrosis factor alpha, to determine whether AEXOs can inhibit
inflammation. We examined the wound healing effects of AEXOs in in vitro wound healing models and performed a
miRNA array to understand the role of AEXOs in inflammation and wound healing.

RESULTS: A significant difference was observed in wound closure and the expression of anti-inflammatory and wound-
healing-related factors between control and AEXO-treated cells.

CONCLUSION: Our results showed that besides alleviating the inflammation response, AEXOs also promote wound
healing. Thus, AEXOs represent a novel, stem-cell-based, therapeutic strategy for wound healing.

Keywords Adipose-derived stem cells - Exosomes - Inflammation - Wound healing

1 Introduction
Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s13770-020-00316-x) contains sup-

plementary material, which is available to authorized users. Wound healing is a complex and dynamic process con-

sisting of molecular and cellular events that regulate
homeostasis, inflammation, proliferation, maturation, and
tissue remodeling [1]. Although normal wounds heal
easily, chronic non-healing wounds can lead to a significant
economic burden on the family of affected individuals and
society due to ineffective therapies [2]. Therefore, alter-
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native and innovative therapies are urgently needed to treat
wounds. Wound healing involves diverse cell types
including macrophages, dermal fibroblasts, epidermal ker-
atinocytes, and mesenchymal stem cells [3]. Inflammation
is an early stage in the process of wound healing. M2
macrophages promote wound healing by suppressing M1-
related inflammatory responses [4]. Fibroblasts play a
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critical role in wound healing as they produce extracellular
matrix (ECM) proteins, including collagen and fibronectin,
and release soluble factors such as growth factors and
cytokines [5].

Adipose-derived mesenchymal stem cells (AMSCs) are
adult stem cells with regenerative capacity that promote
wound healing via paracrine signaling, differentiation,
exert anti-inflammatory effects, and support resident pro-
genitor cells [6]. In addition, AMSCs can improve diabetic
wound healing by enhancing epithelialization, tissue for-
mation, and the synthesis of cytokines that are beneficial
for neovascularization and by suppressing inflammation
and apoptosis [7]. Exosomes have recently received much
attention as paracrine mediators of MSCs for clinical use
for cardiovascular disease, acute kidney injury, liver injury,
and lung injury because the use of cell-based vesicles is
potentially free from tumorigenicity and immune rejection
[8-10]. The major mechanism of MSC therapy has been
attributed to their exosome-based paracrine action and not
to cell replacement or differentiation [11, 12]. MSCs can
enhance wound healing without direct contact, thus
demonstrating the importance of paracrine signaling [13].
These findings indicate that exosomes could be used a safer
therapeutic modality for various diseases [11].

Exosomes, produced in the endosomal compartments of
all cells, are small, membrane-bound, extracellular vesicles
(30-100 nm diameter) containing biological signaling
molecules, such as nucleic acids, proteins, and metabolites,
that mediate intercellular communication to cause physio-
logical changes in the recipient cells [14]. In addition to
their role as mediators of intercellular interaction, exo-
somes serve as biomarkers of diseases and vehicles for
genes and drug delivery [15]. To date, exosomes have not
been reported to have tumorigenicity, and they have a low
potential to trigger immune responses [16, 17]. Impor-
tantly, exosomes possess homing abilities to migrate to
target sites [18], because of which exosome therapy is
gaining popularity in immune modulation and regenerative
medicine [19]. Recently, many researchers have suggested
that exosomes facilitate proliferation, migration, and
angiogenesis for wound regeneration [20]. However, it has
not been fully elucidated whether exosomes released from
AMSCs (AEXOs) are implicated in wound healing, and the
mechanism underlying the therapeutic effects of exosomes
remains unclear.

Our previous study demonstrated that AEXOs promote
the M2 macrophage phenotype by activating Stat6 and
MafB transcription factors [21]. The anti-inflammatory
properties of M2 macrophages induced by AEXOs are
linked to their potent immunosuppressive effects. In this
study, we aimed to isolate exosomes from AMSCs and
establish a cellular model of inflammation by treatment
with the inflammatory cytokines, interferon gamma (IFNy)
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and tumor necrosis factor oo (TNFa), to determine whether
AEXOs can inhibit inflammation. We also aimed to
examine the wound healing effects of AEXOs in in vitro
wound healing models and perform an miRNA array to
understand the role of AEXOs in inflammation and wound
healing as miRNA in exosomes are crucial regulators
between cells [22]. Our results reveal the potential of
exosomes as cell-free therapeutic agents for wound
healing.

2 Materials and methods
2.1 Cells

Human adipose tissues were obtained from healthy donors
with approval from the Institutional Review Board of
Severance Hospital (IRB No. 4-2019-0060), Seoul, the
Republic of Korea. The tissues were cut into thin pieces
with sterile scissors, and 0.1% of collagenase (Invitrogen,
Carlsbad, CA, USA) solution was added to the minced
tissues. Next, the mixture was stirred at 37 °C for 1 h. An
equal amount of DMEM (low glucose), supplemented with
10% FBS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin (all from Invitrogen), was added to stop enzymatic
activity. After centrifugation at 1200xg for 5 min, the
supernatant was discarded, and the pellet mixture was fil-
tered through a 70-um cell strainer (BD Biosciences
Pharmingen, San Diego, CA, USA). Then, the supernatant
was discarded after centrifugation at 1200x g for 5 min.
The cells in the pellet were seeded in culture medium
(DMEM-low glucose containing 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin) in a 75-cm? cul-
ture flask (Nunc, Roskilde, Denmark) at 37 °C in a 5%
CO,-containing atmosphere. The medium was changed
every 3 or 4 days with 5 ng/ mL of bFGF (Invitrogen) for
expansion of the culture. The cells were maintained until
the adherent cells displayed the typical morphology of
AMSCs. Human dermal fibroblasts were purchased from
Invitrogen.

2.2 Exosome isolation and characterization

Exosomes were isolated from cultured AMSC media
without FBS by using an exosome isolation kit (System
Biosciences, Palo Alto, CA, USA) in accordance with the
manufacturer’s protocols. Briefly, cultured medium was
transferred to a fresh conical tube. After centrifugation at
1500x g for 5 min, the supernatant was transferred to a
fresh conical tube, and ExoQuick-TC reagent was added to
the supernatant (1:5 ratio) and mixed by inverting 4 times.
The mixture was incubated overnight at 5 °C, and cen-
trifuged at 1500xg for 30 min on the next day. After
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removal of the supernatant, the exosomes were resus-
pended in PBS (Invitrogen). The isolated exosomes were
quantified by using a BCA protein assay kit (Invitrogen),
and the final exosomes were stored at -80 °C for further
experiments. To examine their morphology, isolated exo-
somes were observed using transmission electron micro-
scopy (JEM-1011, JEOL, Tokyo, Japan). The particle size
distribution of the exosomes was analyzed with a
nanoparticle tracking system according to the manufac-
turer’s instructions (Nanosight NS300, Malvern Panalyti-
cal, Malvern, UK).

2.3 Cell proliferation assay

To identify the effects of exosomes on fibroblast prolifer-
ation, cells were seeded at a density of 1 x 10%/well in a
96-well plate (BD Falcon, Swedesboro, NJ, USA) and
treated with 5 pg/mL of exosomes. After 2 days, prolifer-
ation was analyzed using a WST-based assay kit (EZ-Cy-
tox, Daeil Lab, Seoul, Republic of Korea), according to the
manufacturer’s guidelines. The absorbance was measured
at 450 nm by using a microplate reader (Molecular Devi-
ces, San Jose, CA, USA). To create an inflammatory
environment, fibroblasts were cultured with recombinant
human TNFa (20 ng/mL) and IFNy (20 ng/mL) (Pe-
proTech, Cranbury, NJ, USA). After 2 days, cell prolifer-
ation was determined by using the WST-based assay. Cells
cultured without the inflammatory cytokines were used as
control. To investigate the antiproliferative activity of
exosomes toward T cells stimulated by 10 pg/mL of phy-
tohemagglutinin (Sigma Chemical Co., St. Louis, MO,
USA), peripheral blood mononuclear cells (PBMCs) were
co-cultured with AMSCs in 12-well plates (Falcon) using
transwell inserts (Corning, NY, USA) (PBMCs:AMSCs,
10:1 ratio). Harvested PBMCs were transferred to 96-well
plates to measure their growth by adding 10 pL of the
WST-based reagent to each well. After incubation for 3 h
at 37 °C, the absorbance of the supernatant was measured.
Non-stimulated PBMCs were used as control. The absor-
bance of treated cells was normalized to the absorbance of
control cells.

2.4 Real-time PCR

To determine gene expression levels, total RNA was iso-
lated by using RiboEx reagent (GeneAll, Seoul, Republic
of Korea). The total exosome RNA isolation kit (Invitro-
gen) was used for RNA isolation from exosomes. The
quality and quantity of extracted RNA were analyzed by
using a NanoDrop ND-1000 Spectrophotometer (Invitro-
gen), and the RNA was converted to cDNA using a
HiSenScript™ RH[-] ¢cDNA Synthesis Kit (iNtRON,
Seongnam, Republic of Korea), according to the

manufacturer’s protocols. Quantitative real-time PCR was
performed using Light Cycler 480 II SYBR Green I Master
mix (Roche Molecular Systems, Pleasanton, CA, USA)
under the following conditions: 95 °C for 10 min, 45
cycles of 60 °C for 20 s, and 72 °C for 15 s. miRNA
reactions were performed at 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s, 60 °C for 1 min, and 72 °C for
10 s. All real-time PCR experiments were performed in
triplicate using the primer sequences listed in Supplemen-
tary table S1. Relative expression levels of control and test
groups were determined by advanced relative quantifica-
tion based on the E-method provided by Roche. The
expression levels were normalized to those of GAPDH, and
U6 snRNA was used as an internal control gene for miRNA
analysis.

2.5 Flow cytometry

FACS analysis was used for characterization of cultured
AMSC:s. Briefly, adherent AMSCs were collected as single
cells after treatment with 0.05% trypsin/EDTA (Invitro-
gen). The harvested cells were stained with FITC-conju-
gated or PE-conjugated antibodies (CD34, CD45, CD73,
CD90, and CD105). The antibodies were purchased from
BD Biosciences Pharmingen. FITC- and PE-conjugated
isotype IgG were used as negative controls. Data for
AMSC characterization were analyzed by using a
Cytomics Flow Cytometer (Beckman Coulter, Fullerton,
CA, USA).

2.6 Western blot

Total protein from exosomes was extracted with RIPA
buffer (Biosesang, Seongnam, Republic of Korea), and
20 pg of total protein were separated on precast, 12%-
gradient gels by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto PVDF membranes
(Bio-Rad Laboratories, Redmond, WA, USA). The mem-
branes were blocked with 5% BSA (Sigma Chemical Co.)
in TBST and then incubated overnight with the primary
antibodies, CD9 (1:500) and CD63 (1:500) (Abcam,
Cambridge, MA, USA) in a 4 °C shaker. The membranes
were washed 3 times for 10 min each with TBST and then
incubated with HRP-conjugated, goat, anti-mouse IgG
(1:1000, Invitrogen) and goat, anti-rabbit IgG (1:1000,
Invitrogen) for 1 h at room temperature (RT). The mem-
branes were washed 3 times for 10 min each with TBST
and developed with ECL (Bio-Rad) according to the
manufacturer’s instructions. The protein bands were
detected by using the LAS4000 mini system (GE Health-
care, Uppsala, Sweden).
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2.7 Carboxyfluorescein succinimidyl ester (CFSE)
labeling

To investigate exosome uptake by cells, exosomes were
labeled with CFSE (Invitrogen). Briefly, the exosomes
were washed twice with warm PBS. Next, 5 uM of a CFSE
solution was incubated with the exosomes for 15 min in a
37 °C incubator. Then, 10 mL of cold, serum-free medium
was added to stop labeling. The exosomes were ready to
use after washing once with cold, serum-free medium. The
CFSE-labeled exosomes were co-cultured with PBMCs
and fibroblasts for 24 h. The internalization of exosomes
into PBMCs and fibroblasts was observed using an
Olympus IX71 fluorescent microscope (Olympus, Tokyo,
Japan).

2.8 Multiplex supernatant cytokine assay

The supernatant was collected and stored at — 80 °C for
cytokine assay. The harvested supernatant was analyzed
using a Magnetic Luminex Assay-human premixed multi-
analyte kit (R&D Systems, Minneapolis, MN, USA).
Briefly, to 50 puL of the supernatant or standard in each
well were added 50 pL of the diluted microparticle cock-
tail, followed by a 2-h incubation at RT on a shaker at
800 rpm. After removing the liquid from each well,
100 pL wash buffer was filled and washed 3 times. Then,
50 pL of a diluted biotin-antibody cocktail was added to
each well and incubated for 1 h at RT on the shaker at
800 rpm. The wells were washed 4 times. Subsequently,
50 pL of diluted streptavidin-PE was added to each well
and incubated for 30 min at RT on the shaker at 800 rpm.
After washing 4 times, 100 pL of wash buffer was added to
each well and incubated for 2 min at RT on the shaker at
800 rpm. Finally, the resuspended microparticles were
analyzed using a Luminex analyzer. All samples were
assayed in duplicate, and the concentrations were obtained
from an appropriate standard curve.

2.9 In vitro wound healing assay

Fibroblasts were seeded into 12-well plates (BD Falcon) at
a density of 2 x 10 cells/well. The cells were maintained
until they became 100% confluent monolayers. For in vitro
injury, the cells in a well were scratched once with a
1,000 pL. pipette tip to make an artificial wound. The
scratch border was marked with a fine line and pho-
tographed using a phase microscope immediately after the
scraping. Wounded cells were incubated in the presence of
5 pg/mL exosomes for 24 h; DMEM without exosomes
was used as a control. The migration of cells was evaluated
as a function of how far the cells had progressed from the
scratch line. Wound healing assays were performed in
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triplicate, and the migration of cells was quantified for
depiction in a bar chart.

2.10 Library preparation/sequencing and data
analysis

Total RNA was extracted using TRIzol reagent (Invitro-
gen) according to the manufacturer’s protocol. RNA
quality was evaluated by using an Agilent 2100 Bioana-
lyzer with an RNA 6000 Pico Chip (Agilent Technologies,
Amstelveen, The Netherlands). RNA quantification was
performed using a NanoDrop 2000 Spectrophotometer
system (Thermo Fisher Scientific, Waltham, MA, USA).
For AMSCs and exosomal RNAs, an NEBNext Multiplex
Small RNA Library Prep kit (New England BioLabs, Inc.,
Ipswich, MA, USA) was used to construct libraries
according to the manufacturer’s instructions. Briefly, 1 pg
of total RNA from each sample was used to ligate the
adaptors, and cDNA was synthesized using reverse tran-
scriptase with adaptor-specific primers. PCR was per-
formed for library amplification, and libraries were purified
using QIAquick PCR Purification Kit (Qiagen, Inc., Hil-
den, Germany) and AMPure XP beads (Beckman Coulter).
The yield and size distribution of the small RNA libraries
were assessed by using the Agilent 2100 Bioanalyzer
instrument for the High-sensitivity DNA Assay (Agilent
Technologies). High-throughput sequences were produced
by NextSeq500 system via single-end sequencing (Illu-
mina, San Diego, CA, USA). Sequence reads were mapped
by using the software tool, Bowtie2, to obtain a BAM file
(alignment file). The mature miRNA sequence was used as
a reference for mapping. Read counts mapped on the
mature miRNA sequence were extracted from the align-
ment file using bedtools (v2.25.0) and Bioconductor that
uses R (version 3.2.2) statistical programming language (R
development Core Team, Vienna, Austria, 2011). Read
counts were used to determine the expression levels of
miRNAs. Quantile normalization was used for comparison
between samples, and miRWalk 2.0 was used for miRNA
target study.

2.11 Statistical analysis

All data were expressed as means + Standard Deviation
(SD). One-way analysis of variance (ANOVA) for data
with > 2 groups with Bonferroni correction and Student’s
t test for data of paired groups were performed using SPSS
software 18 (SPSS Inc., Chicago, IL, USA). p < 0.05 (*)
and < 0.01 (##) were considered significant.
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Fig. 1 Treatment with a
mixture of IFNy and TNFa
induced inflammation in
fibroblasts. A Representative A
phase-contrast images of
fibroblasts stimulated with

20 ng/mL of IFNy and TNFa
for 48 h (x200 magnification,
scale bar = 100 pm). B Cell
proliferation was measured by
using a EZ-cytox assay kit with
WST. C The relative mRNA
levels of inflammatory /L-6 and
CCL2 were analyzed by real- B
time PCR. The data are
expressed as the mean = SD of
three independent experiments.
*Significant difference from
untreated control cells,

p < 0.05. ##Significant
difference from untreated
control cells, p < 0.01
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3 Results

3.1 Establishing cell-based models of inflammation
with proinflammatory cytokines, IFNy
and TNFa

Dermal fibroblasts were used to model inflammation. To
determine whether proinflammatory cytokines affect mor-
phology and proliferation of fibroblasts, fibroblasts were
incubated with 20 ng/mL of IFNy and TNFa for 48 h.
Untreated cells were used as control. We observed that, in
the presence of proinflammatory cytokines, the fibroblasts
exhibited change in morphology, appearing as enlarged and
flat cells (Fig. 1A). Treatment with proinflammatory
cytokines significantly decreased the proliferation of
fibroblasts (Fig. 1B). Next, we investigated the effect of
proinflammatory stimuli on fibroblasts at the mRNA level.
Treatment with proinflammatory cytokines markedly
increased the expression of interleukin (IL)-6 and CCL2
(Fig. 1C). Taken together, these results show that a mixture
of IFNy and TNFo can create an inflammatory environ-
ment for fibroblasts.

3.2 Characterization of adipose-derived
mesenchymal stem cells (AMSCs) and exosomes
produced by AMSCs (AEXOs)

Cells cultured from adipose tissue displayed spindle-
shaped and fibroblast-like morphology (Fig. 2A). Flow
cytometry data revealed that the cells expressed MSC
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markers, CD73, CD90, and CD105, but did not express the
hematopoietic markers, CD34 and CD45 (Fig. 2A). These
results confirm that the cells cultivated from adipose tissue
are mesenchymal stem cells. Exosomes isolated from
AMSC culture supernatants, and analyzed by TEM,
appeared as round, membrane-bound vesicles (Fig. 2B).
Nanoparticle tracking analysis revealed that the average
diameter of most exosomes was 76.3 nm (Fig. 2C). Wes-
tern blotting confirmed the expression of the exosomal
markers, CD9 and CD63, in AEXOs (Fig. 2D). Fluores-
cence microscopy revealed green fluorescent cells after
internalization of AEXOs by PBMCs and fibroblasts
(Fig. 2E).

3.3 AEXOs induced M2 macrophage polarization
and attenuated inflammation with immune
modulation

To further confirm M2 macrophage polarization by
AEXOs, we used a cell-based model of inflammation as
shown in Fig. 1. In a co-culture system of PBMCs and
IFNy-and-TNFa-treated fibroblasts, exosome-treated cells
showed the most significant increase in expression of
arginase (Arg)l and CD206, markers of M2 polarized
macrophages, compared with untreated fibroblasts,
demonstrating that AEXOs induced polarization to the M2
macrophage phenotype (Fig. 3A). Studies have shown that
miR-34a-5p, miR-124-3p, and miR-146a-5p induce M2
polarization in macrophages by targeting various tran-
scription factors and proteins [23]. Hence, we analyzed
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o

Fig. 2 Characterization of AMSCs and exosomes derived from
AMSCs. A The morphology and expression of cell surface markers of
AMSCs. Cells cultured from adipose tissue displayed the typical
fibroblast-like morphology of MSCs (x100 magnification, scale
bar = 200 pm). Flow cytometry analysis revealed that cells were
positive for CD73, CD90, and CD105, all MSC markers, but negative
for hematopoietic markers, CD34 and CD45. B Transmission electron

miRNA levels using real-time PCR, and found that the
miRNAs known to mediate M2 macrophage polarization
were highly expressed in the exosomes when compared to
the AMSCs (Fig. 3B). Thus, miR-34a-5p, miR-124-3p, and
miR-146a-5p expressed in these exosomes were probably
responsible for the polarization to the M2 macrophage
phenotype. M2 polarization of macrophages is linked to
wound repair and suppression of the immune response and
of inflammation [23]. To determine the effects of AEXOs
on immunosuppression, PBMCs were stimulated by phy-
tohemagglutinin (PHA) and treated with AEXOs. As
shown in Fig. 3C, AEXOs suppressed the proliferation of
PBMCs. In our cell-based model of inflammation, we
observed that exposure of PBMCs to exosomes signifi-
cantly decreased the expression levels of the IL-6 gene
(Fig. 3D). Under the same treatment conditions, AEXO-
treated PBMCs showed upregulation of anti-inflammatory
genes, tumor necrosis factor-inducible gene 6 (TSG-6),
compared to their expression in IFNy-and-TNFo-treated
PBMCs (Fig. 3D). Collectively, these results suggest that
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microscopy image of AEXOs (scale bar = 200 nm). C Exosome
particle size was analyzed by using Nanosight; the mean diameter was
76.3 nm. D CD9 and CD63, both exosomal markers, were detected by
western blotting. E Fluorescence images were obtained after treating
PBMCs and fibroblasts with CFSE-labeled (green) exosomes for
12 h. Unlabeled exosomes were used as negative control (x200
magnification, scale bar = 100 pm)

AEXOs induce M2-phenotype macrophage polarization via
expression of miR-34a-5p, miR-124-3p, and miR-146a-5p.
Moreover, our data indicate that AEXOs can attenuate
immune response and inflammation.

3.4 Effects of AEXOs on IFNy-and-TNFa-treated
fibroblasts

We investigated the effects of AEXOs in inflammatory-
cytokine-stimulated fibroblasts. Treatment with IFNy and
TNFa increased the expression of inflammatory markers,
TNFua, IL-6, and IL-8 in fibroblasts, which was significantly
reduced after treatment with AEXOs (Fig. 4A). To evalu-
ate changes in inflammatory cytokine levels after AEXO
treatment, the culture medium was subjected to a magnetic
beads-based multiplex assay. We found that treatment with
IFNy and TNFua increased the concentrations of the TNFo,
IL-6, and IL-8 in the culture medium, whereas the level of
IL-10 was significantly reduced (Fig. 4B). Of note,
decrease in protein levels of TNFa, IL-6, and IL-8 and
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Fig. 3 Exosomes derived from AMSCs induced an anti-inflammatory
M2 phenotype in PBMCs. A Relative expression levels of TNFo,
Argl, and CD206 were determined by real-time PCR. PBMCs were
co-cultured with IFNy-and-TNFo-treated fibroblasts. Untreated
fibroblasts were used as control. B Expression of miR-34a-5p, miR-
124-3p, and miR-146a-5p was upregulated in exosomes compared to
that in AMSCs. Exosomes derived from AMSCs exerted
immunomodulatory effects and suppress inflammation. C The sup-
pression of the proliferation of PHA-stimulated PBMCs was

increase in IL-10 concentrations were significant after
treatment with AEXOs (Fig. 4B). These results indicate
that AEXOs play a role in controlling the cellular response
to proinflammatory environments.

3.5 AEXOs accelerate the proliferation
and migration of fibroblasts

We investigated the proliferation of fibroblasts cultured
with AEXOs and found that the proliferation and expansion
of fibroblasts treated with AEXOs were higher than in the
control cells (Fig. 5SA). Additionally, we explored whether
AEXOs could influence the migration of fibroblasts in an
in vitro scratch assay. Quantification of the migrated cells
revealed significantly faster migration of fibroblasts treated
with AEXOs compared with untreated cells in an artificial
wound model (Fig. 5B). Moreover, real-time PCR results
revealed that the expression of extracellular matrix (ECM)
molecules involved in cell migration, such as type III
collagen, fibronectin, and type I collagen, was elevated in
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evaluated by using a proliferation assay kit. Unstimulated PBMCs
were used as control. D The mRNA levels of IL-6, TSG-6, and TGF-
p1 in PBMCs co-cultured with IFNy-and-TNFa-stimulated fibroblasts
were analyzed by real-time PCR. PBMCs co-cultured with unstim-
ulated fibroblasts were used as control. The data are expressed as the
mean + SD of three independent experiments. *Significant differ-
ence from untreated control cells, p < 0.05. ##Significant difference
from untreated control cells, p < 0.01

AEXO-treated fibroblasts compared to that in control cells
(Fig. 5C). Compared to control fibroblasts, we observed
significantly higher concentrations of fibronectin, collagen,
and VEGF proteins in the supernatants of AEXO-treated
fibroblasts (Fig. 5D). Numerous studies have demonstrated
the important roles of miRNAs such as miR-132, miR-21,
and miR-29a in wound healing [24]. Figure 5E shows that
miR-132, miR-21, and miR-29a were expressed in AEXOs,
which indicates that AEXOs enhance wound healing,
confirmed by proliferation and migration of fibroblasts as
well as ECM production.

3.6 AEXOs contained miRNAs involved
in inflammation and wound healing

We used microRNA sequencing to profile miRNAs asso-
ciated with inflammation and wound healing with AMSCs
as control samples and exosomes released by the same
AMSCs as test samples. The fold change was calculated by
dividing the normalized expression profile of the exosome
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Fig. 4 Effects of exosomes derived from AMSCs on proinflamma-
tory-cytokine-treated fibroblasts. A Changes in gene expression of
TNFa, IL-6, and IL-8 were detected by real-time PCR after IFNy-and-
TNFo treatment. Untreated fibroblasts were used as control. B A
multiplex assay was performed to determine the changes in inflam-
mation-related factors at protein levels in conditioned media. The

sample by that of the corresponding AMSC sample.
Interestingly, scatter plots of the global miRNA expression
showed that the AEXO profile was different from that of
the AMSCs (Fig. 6). To reduce the complexity of analysis,
we focused on five well-characterized functional categories
involved in wound healing: anti-inflammatory, pro-angio-
genic, remodeling, proinflammatory, and anti-angiogenic
[25]. As illustrated in Fig. 6, we identified miRNAs asso-
ciated with wound healing. Upregulated miRNAs included
miR-223, miR-203, and miR-146a in the anti-inflammatory
category; miR-126, miR-130a, miR-296, and miR-378 in
the pro-angiogenic category; and miR-29¢c, miR192, miR-
215 in the remodeling category. Downregulated miRNAs
included miR-140 in the proinflammatory category; miR-
92a, miR-17, miR-15b, miR-16, miR-20a, miR-221, miR-
222, and miR-503 in the anti-angiogenic category [25].
Loss and gain of miRNAs in exosomes produced by
AMSCs are listed in Supplementary tables S2 and S3.
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Control

Control IFNy+TNFa  IFNy+TNFa
Exosome

"IFNy+TNFa  IFNy+TNFa
Exosome

conditioned media of unstimulated fibroblasts were used as control.
The data are expressed as the mean £ SD of three independent
experiments. *Significant difference from untreated control cells,
p < 0.05. ##Significant difference from untreated control cells,
p < 0.01

4 Discussion

The original concept of stem-cell therapy was based on the
hypothesis that stem cells would home and migrate to
injured sites and then differentiate to replace damaged
cells. However, numerous studies have shown that thera-
peutic effects of MSCs are mediated by paracrine signaling
and anti-inflammatory, anti-fibrotic, and pro-angiogenic
activities instead of direct cell replacement or differentia-
tion [26-28]. Recent studies of exosomes have helped us
gain a better understanding of the underlying mechanism of
the paracrine effects of MSCs [29]. Although a number of
experiments have shown positive effects of AMSCs in
various wound healing models, the effects of exosomes
from AMSCs on wound healing have not been studied to
the same extent [30]. Furthermore, little is known about the
contents (proteins, lipids, and nucleic acids) of the exo-
somes that mediate wound healing. Hence, this study
aimed to shed light on the beneficial effects and molecular
mechanisms of exosomes from AMSCs in wound healing
and provide directions for future stem-cell-based research.
To this end, we successfully isolated exosomes from
AMSCs and verified exosomal markers, demonstrated the
internalization of fluorescently labeled AEXOs by PBMCs
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Fig. 5 Exosomes derived from AMSCs promoted proliferation and
migration of fibroblasts. A Proliferation rates of fibroblasts treated
with exosomes were analyzed by using a proliferation assay Kkit.
B Migration of fibroblasts treated with exosomes was evaluated by an
in vitro scratch wound healing assay. A representative of three
independent experiments is shown (x100 magnification, scale
bar = 200 pm). Fibroblast migration was quantified. C Real-time
PCR analysis of the relative mRNA levels of type III collagen,
fibronectin, and type I collagen genes was performed in fibroblasts

and fibroblasts, and confirmed the biological effects of
AEXOs on the target cells by AEXOs; our results were
consistent with previous findings [31, 32].

Wound healing is a sophisticated process that is asso-
ciated with three phases: inflammation, proliferation, and
remodeling [33]. Inflammation plays an important role in
the pathogenesis of wounds. Furthermore, multiple cellular
events involving platelets, neutrophils, macrophages, and
fibroblasts contribute to wound repair [34]. In particular,
macrophages resolve inflammation and support cell pro-
liferation and tissue restoration in wounds. Dynamic
changes occur in response to environmental influence in
the PBMC population. As wounds heal, the macrophage
population transforms from the proinflammatory Ml
macrophage phenotype to the anti-inflammatory M2 mac-
rophage phenotype [35]. We have previously shown that
AMSCs induce the M2 macrophage phenotype via exo-
somes [21]. Fibroblasts are the major cell type involved in

Exosome

Control  Exosome

after treatment with exosomes and compared to the respective mRNA
levels in untreated cells. D Fibronectin, collagen, and VEGF
concentrations were measured in conditioned media by multiplex
assay. E The expression of miR-132, miR-21, and miR-29a was
analyzed in exosomes produced by AMSCs by real-time PCR. The
data are expressed as the mean &+ SD of three independent experi-
ments. *Significant difference from untreated control cells, p < 0.05.
##Significant difference from untreated control cells, p < 0.01

wound healing [36]. Hence, we constructed a cell-based
model of inflammation by treating fibroblasts with proin-
flammatory cytokines, IFNy and TNFo, to explore the role
of AEXOs in inflammation. Interestingly, we found that
AEXOs increased the induction of the M2 macrophage
phenotype in PBMCs, indicating the active role of AEXOs
in M2 macrophage polarization. Accumulating evidence
has shown that the miRNA-mediated pathway plays an
important role in macrophage polarization [23]. Herein, we
confirmed that AEXOs contained the important miRNAs
(miR-34a-5p, miR-124-3p, miR-146a-5p) related to the M2
phenotype. The proinflammatory factors, CCL2 and IL-6,
are known to induce M2 macrophage polarization [37]. In
our experiments, we found that the expression of Arg/ and
CD206, both M2 macrophage markers, increased after co-
culturing PBMCs with IFNy-and-TNFa-treated fibroblasts,
despite the absence of AEXO treatment. We assumed that
CCL2 and IL-6 released by the fibroblasts treated with
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Fig. 6 Differential expression
of miRNAs. The distribution of A
differentially expressed
miRNAs in exosomes released
by AMSCs compared with
control AMSCs. A Scatter plots
of miRNA expression in
AEXOs versus AMSCs.

B Hierarchical clustering
analysis of miRNA expression
related to wound regeneration in
AEXOs and AMSCs. C Gene
ontology analysis of top 10
upregulated miRNAs AEXOs
versus AMSCs
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IFNy and TNFa may have stimulated M2 polarization in
PBMC:s. Thus, besides AEXOs, CCL2 and IL-6 also played
a role in inducing M2 type macrophage polarization.

M2 macrophages have dual effects in creating an
immunosuppressive and anti-inflammatory microenviron-
ment [38]. Hence, we examined the immunosuppressive
effects of AEXOs by using PBMCs stimulated by PHA and
observed that AEXOs reduced the proliferation of PBMCs.
Exosomes harbor cytokines and growth factors, which
contribute to immunoregulation [39]. In our study, we
found that AEXOs downregulated [L-6 expression and
upregulated expression of 7SG-6 and transforming growth
factor beta 1 (TGF-f1) in the inflammatory environment.
These findings are consistent with previous reports that
AEXOs can promote M2 macrophage polarization and
exert immunomodulatory effects [21]. Indeed, we found
that the expression of inflammatory molecules such as
TNFa, IL-6, and IL-8 at both mRNA and protein levels
was reduced in AEXO-treated fibroblasts. Domenis et al.
suggested that the ability of AEXOs to modulate immune
cells is activated by signals derived from a proinflamma-
tory microenvironment [40]. In agreement with these pre-
vious  findings, educated AEXOs primed with
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proinflammatory ~ molecules may  have  exerted
immunomodulatory effects in our study [29]. Taken toge-
ther, these results suggest that AEXOs suppress an
inflammatory environment.

Besides suppression of inflammation, optimization of
fibroblasts can accelerate wound closure by generating
beneficial ECM proteins. Our results suggest that AEXOs
had an enhancing effect on the proliferation and migration
of fibroblasts by stimulating ECM protein synthesis.
Analysis using the multiplex assay further confirmed sig-
nificantly higher ECM protein levels than those of the
control group, implying that AEXOs promoted ECM pro-
tein synthesis for wound healing. Previous studies have
proposed that miRNAs, including miR-132, miR-21, and
miR-29a, are key components that play critical roles in
wound healing [41]. We detected the expression of miR-
132, miR-21, and miR-29a in AEXOs, which indicates that
miR-132, miR-21, and miR-29a inside the AEXOs may be
vital mediators of wound repair.

Recent studies have demonstrated that small RNAs
within exosomes play a crucial role in enhancing the
curative effects of exosomes [42]. To elucidate the
molecular mechanisms underlying wound healing, we
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analyzed miRNAs associated with inflammation and
wound repair using a comprehensive microarray approach.
miR-223 involved in suppressing inflammation induces M2
polarization in macrophages by targeting various factors
such as Mef2c [23]. miR-203 also potentiates the differ-
entiation of monocytes to M2 macrophages by targeting
TNF-o and IL-24 [43]. miR-146a modulates macrophage
polarization by suppressing the Notchl pathway [44]. Our
results showed that miRNAs regulating the M2 phenotype
(miR-223, miR-203, miR-146a) may participate in anti-
inflammatory effects. Of note, it has been proposed that
miR-29¢, miR-192, and miR-215 promote remodeling
through the activation of SMADs, B-catenin, E-cadherin,
and SIP1 [45-47]. In line with our results, it has been
hypothesized that the expression of miRNAs associated
with wound healing regardless of the most significant and
highest expression in AMSCs-derived exosomes, could
reduce inflammation and enhance wound healing. The
therapeutic effects on injury are likely to result from
multiple factors such as miRNA, proteins, mRNA, lipids,
and various molecules. In the present study, our primary
focus was on identifying candidate miRNAs that are
involved in inflammation and tissue regeneration. By
comparing our results with previous data, we determined
that the majority of identified miRNAs were known exo-
somal miRNAs. These results indicate the reliability of our
analysis. There are some limitations of our data. Validation
of the RNA sequencing data and evaluation of the up- or
downstream effects of miRNA expression related to wound
repair need to be further explored.

Taken together, our data suggest that AEXOs may exert
equivalent or more potent effects on wound healing. In this
study, we compared and analyzed AMSCs and AEXOs
derived from the same donor at the miRNA level. We have
shown that AEXOs could be used as therapeutic agents
instead of AMSCs as the combination of miR-34a-5p, miR-
124-3p, miR-146a-5p, miR-132, miR-21, and miR-29a,
which are highly expressed in AEXOs, reduces inflam-
mation and enhance wound healing. Of note, besides these
miRNAs, other molecules carried by exosomes and cross-
talk with cellular pathways, could also play a role in wound
repair. In conclusion, our results suggest that AEXOs
containing miRNAs that suppress inflammation and
enhance remodeling may be used as a next-generation,
stem-cell-based, cell-free strategy for wound healing.
Further investigation with chronic wound and in vivo
wound models and the effects of AEXOs on wound
angiogenesis will be undertaken in our laboratory.
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