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ABSTRACT

Increasing evidence has supported the important role of
mesenchymal stem cells (MSCs) in wound healing, how-
ever, the underlying mechanism remains unclear. Recently,
we have isolated a unique population of MSCs from human
gingiva (GMSCs) with similar stem cell-like properties,
immunosuppressive, and anti-inflammatory functions as
human bone marrow-derived MSCs (BMSCs). We describe
here the interplay between GMSCs and macrophages and
the potential relevance in skin wound healing. When cocul-
tured with GMSCs, macrophages acquired an anti-inflam-
matory M2 phenotype characterized by an increased
expression of mannose receptor (MR; CD206) and secre-
tory cytokines interleukin (IL)-10 and IL-6, a suppressed
production of tumor necrosis factor (TNF)-2, and

decreased ability to induce Th-17 cell expansion. In vivo,
we demonstrated that systemically infused GMSCs could
home to the wound site in a tight spatial interaction with
host macrophages, promoted them toward M2 polarization,
and significantly enhanced wound repair. Mechanistically,
GMSC treatment mitigated local inflammation mediated
by a suppressed infiltration of inflammatory cells and pro-
duction of IL-6 and TNF-a, and an increased expression of
IL-10. The GMSC-induced suppression of TNF-a secretion
by macrophages appears to correlate with impaired activa-
tion of NFxB p50. These findings provide first evidence
that GMSCs are capable to elicit M2 polarization of mac-
rophages, which might contribute to a marked acceleration
of wound healing. STEM CELLS 2070,;28:1856-1868

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Mesenchymal stem cells (MSCs) represent a heterogeneous
population of fibroblast-like stromal cells with self-renewal
and multipotent differentiation capacities [1, 2]. MSCs display
both tropic and trophic properties, with unique capabilities of
homing to injury or inflammatory sites via a myriad of growth
factors and cytokines that may facilitate the repair of dam-
aged tissues [3, 4]. In recent years, one of the breakthroughs
in MSC research is the discovery that MSCs possess immuno-
suppressive and anti-inflammatory functions both in vitro and
in vivo [3, 4]. MSCs exert their profound immunomodulatory
effects by suppressing the proliferation and function of both
innate and adaptive immune cells and by activating regulatory
T-cells (Tregs) through mechanisms involving direct cell-cell

contact and/or various soluble factors [3-6]. These unique
properties render MSCs a potential novel immunotherapeutic
tool for a variety of autoimmune and inflammation-related
diseases [3, 4].

To date, the interactions between MSCs and T lympho-
cytes [7], natural killer cells [7, 8], and dendritic cells [9]
have been extensively studied. However, there remains scanty
evidence of potential interplay between MSCs and macro-
phages, an essential component of the innate immune response
[10-13]. Macrophages have been characterized as: (a) classi-
cally activated or M1 macrophages which are induced in
response to stimulation by Thl cytokines such as interferon
(IFN)-y or lipopolysaccharide (LPS); and (b) alternatively acti-
vated or M2 macrophages, also known as wound healing mac-
rophages, which are induced by Th2 cytokines such as inter-
leukin (IL)-4 or IL-13 [11, 14]. MI1 macrophages,
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characterized by the release of nitric oxide (NO), reactive oxy-
gen species (ROS), and tumor necrosis factor (TNF)-a, are
generally considered as proinflammatory; while M2 macro-
phages, characterized by the production of IL-10, transforming
growth factor (TGF)-f, and arginase-1 (Argl), are considered
as anti-inflammatory [15-19]. Most recently, studies have
shown that MSCs are capable of reprogramming macrophages
into M2 phenotype characterized by the increased phagocytic
ability, upregulated expression of anti-inflammatory cytokine
IL-10, and suppressed expression of proinflammatory cyto-
kines such as IL-12 and TNF-a [20-22]. These findings sug-
gest that macrophages can be skewed to an M2-like phenotype
in the presence of MSCs under various pathological condi-
tions. However, the underlying mechanisms of MSC-guided
transition from conventional M1 to alternative M2 macro-
phages under normal physiological condition, specifically tis-
sue regeneration or wound repair, remain largely unknown.

Cutaneous wound healing represents a highly coordinated
process to achieve tissue homeostasis, which involves com-
plex interactions of different types of resident cells and infil-
trating immune cells as well as their secreted soluble media-
tors [23]. The repair process involves three distinct but
overlapping phases: inflammation, tissue formation, and
remodeling [23]. On tissue insult, the immediate inflammatory
response is characterized by infiltration and activation of leu-
kocytes, whereas a delayed or excessive inflammatory
response may lead to abnormal wound healing in diabetic
patients, scarring, and fibrotic diseases. Aside from leukocytes
that act as the principal cellular component of the early
inflammatory response, macrophages contribute to all stages
of wound repair [23-25]. Particularly, several studies have
shown that M2 macrophages can produce mediators essential
in the resolution of inflammation and tissue modeling, thus,
promoting wound repair [26, 27]. Recent studies have demon-
strated that systemically injected MSCs can home to injury
sites [28-30], differentiate into multiple types of skin cells
[30, 31], and secrete various factors with proliferative, anti-
inflammatory, angiogenic, or chemotactic effects [30, 31],
thus, facilitating survival/proliferation of both resident and
replacing cells, and consequently accelerating wound repair
[31]. Although the role of macrophages [23-25] and MSCs
[24, 28, 29] have been implicated in wound repair, little is
known about their interactions, specifically whether MSCs
can promote the transition of M1 to M2 macrophage in accel-
erating the healing of skin wounds.

Most recently, we have isolated a unique population of
MSCs from the easily accessible human gingival tissues, des-
ignated as GMSCs [32]. Similar to human bone marrow-
derived MSCs (BMSC), GMSCs not only possess multipotent
differentiation capabilities but also display potent immunosup-
pressive and anti-inflammatory functions through inhibiting
the proliferation of T lymphocytes and promoting the genera-
tion of Tregs [32]. Herein, we further explore whether
GMSCs possess immunomodulatory effects on the innate
immune cells, specifically macrophages. We show that macro-
phage cocultured with GMSCs acquired the phenotype of M2
macrophages characterized by increased expression of CD206,
a high level of IL-10 and IL-6, and a low level of TNF-u as
compared with control macrophages. Using an excisional
wound model in mice, we demonstrated that systemic injec-
tion of GMSCs attenuated local inflammation, promoted
angiogenesis, and significantly enhanced wound repair. Mech-
anistically, GMSCs were capable of polarizing M2 macro-
phages during wound repair. These findings provide first evi-
dence that GMSCs can promote skin wound repair by
eliciting the polarization of macrophages toward an anti-
inflammatory M2 phenotype.
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MATERIALS AND METHODS

Animals

C57BL/6J mice (male, 8- to 10-week-old) were obtained from
Jackson Laboratories (Bar Harbor, ME, http://www.jax.org)
and group-housed at the Animal Facility of University of
Southern California (USC). All animal care and experiments
were performed under the institutional protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at
USC.

Cytokines and Reagents

Recombinant human IL-4, CCL-2 (macrophage chemotactic
protein-1 [MCP-1]), IL-6, and macrophage-colony stimulating
factor (M-CSF) were purchased from PeproTech (Rocky Hill,
NJ, http://www.peprotech.com). LPS from Escherichia coli
055:B5, phorbol 12-myristate 13-acetate (PMA), and Brefel-
din A were obtained from Sigma-Aldrich (St. Louis, MO,
http://www.sigmaaldrich.com). Antibodies include anti-CD14
allophycocyanin, anti-CD11a  fluorescein isothiocyanate
(FITC), anti-CD90 peridinin chlorophyll protein (PerCp)-
Cy5.5, anti-IL-6-phycoerythrin (PE), anti-IL-10-PE, anti-
TNFo-PE, and anti-IL-17-FITC (eBiosciences, San Diego,
CA, http://www.ebioscience.com), anti-CD206 (BD Bioscien-
ces, San Jose, CA, http://www.bdbiosciences.com), anti-
CDI14-PE, anti-CD4-(PerCp)-Cy5.5, anti-CD86-PE, anti-
CD209 (DC-SIGN)-PE (BioLegend, San Diego, CA, http://
www.biolegend.com).

Cell Culture

The isolation and culture of human bone marrow and gingival
tissue-derived MSCs, human peripheral blood-derived CD14"
monocytes, human acute monocytic leukemia cell line THP-1
[33], and human foreskin fibroblasts (Hs68) were described in
details in Supporting Information. Both THP-1 and Hs68 cell
lines were from ATCC (Manassas, VA, http://www.atcc.org).
The gingival tissues were obtained as remnants of discarded
tissues following routine dental procedures at USC School of
Dentistry and the Outpatient Dental Clinic at Los Angeles
County (LAC)-USC Medical Center under the approved Insti-
tutional Review Board (IRB) protocol at USC.

Coculture of Macrophage with GMSCs

For coculture studies, 2 X 10° GMSCs were seeded with
human peripheral blood monocyte (PBMC)-derived macro-
phages on day 7 and cultured for another 3 days. For trans-
well coculture, 0.4-um-pore size Corning transwell inserts
(VWR, West Chester, PA, https://www.vwrsp.com) were
placed into the 6-well plate with macrophages initially seeded
at the bottom well, while 2 x 10° GMSCs were seeded onto
the inserts and continued to culture for another 3 days [20].

Flow Cytometry

Cells were processed for standard flow cytometric analysis of
cell surface markers and analyzed using a FACS Calibur (BD
Biosciences). To detect intracellular cytokine, macrophages
were stimulated with 1 ug/ml LPS either for 24 hours (IL-
10), or 5 hours (IL-6), or 1 pg/ml ionomycin with 50 nM
PMA for 5 hours (TNF-u), in the presence of 10 ug/ml Bre-
feldin A (Sigma) to block the secretion of cytokines [20]. Af-
ter stained for CD206, cells were processed with BD Cytofix/
Cytoper Fixation/Permeabilization kit (BD Biosciences), fol-
lowed by incubation with specific antibodies for different
cytokines, and analyzed by flow cytometry.
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Phagocytic Assay

To determine the phagocytic activity of macrophages cocul-
tured with GMSCs in transwells, FITC-coupled Zymosan par-
ticles (Sigma; 25 pg/ml) were added into the cultures and
incubated at 37°C or 4°C for 1 hour. After washing, cells
were fixed with 1% paraformaldehyde and the uptake of
FITC-coupled zymosan particles was determined by flow
cytometry.

Cytokine Antibody Array

Cytokine expression profiles in the supernatants of GMSCs,
macrophage, and their cocultures were detected using RayBio
Human Cytokine Antibody Array three (RayBiotech, Inc.,
Norcross, GA, http://www.raybiotech.com) and semiquantified
following the manufacturer’s instructions. The medium alone
was used as background control and arbitrarily set as 1.0.

Skin Wound Healing Model and GMSC Treatment

Mice were randomly divided into control and GMSC-treated
groups, and the excisional full-thickness skin wound splinting
model was generated as described previously [29, 31] and
detailed in Supporting Information.

Myeloperoxidase Activity Assay

The infiltration of neutrophils in skin wound was assessed by
measuring myeloperoxidase (MPO) activity as described pre-
viously [34, 35] and detailed in Supporting Information.

Histological and Immunohistochemical Studies

Standard H&E staining and dual-color immunofluorescence
studies using specific primary antibodies for mice F4/80 and
resistin-like molecule (RELM)-« were performed as previ-
ously described [32]. Isotype-matched control antibodies
(eBiosciences) were used as negative controls. For semiquan-
tification, positive signals in at least five random high-power
fields were visualized, counted, and expressed as percentage
of total DAPI-positive cells (mean = SD).

Western Blot Analysis

Cell lysates or mice skin homogenates (50-100 pug of total
protein) were separated on polyacrylamide-SDS gel and elec-
troblotted onto nitrocellulose membrane (BioRad, Hercules,
CA, http://www.bio-rad.com). After blocking with TBS/5%
nonfat dry milk, the membrane was incubated with antibodies
against mice arginase-1 (Santa Cruz Biotech, Inc., Santa
Cruz, CA. http://www.scbt.com), RELM-o (PeproTech) or
human nuclear factor kappa B (NFxB) p50 (BioLegend) or
p65 (Millipore, Billerica, MA, http://www.millipore.com) fol-
lowed by incubation with a horseradish peroxidase-conjugated
secondary antibody, and the signals were visualized by
enhanced chemiluminescence detection (PIERCE, Rockford,
IL, http://www.piercenet.com). The blots were also reprobed
with a specific antibody against f-actin (Sigma).

Enzyme-Linked Immunosorbent Assay

The concentration of IL-6, IL-10, and TNF-« in skin wound
lysates of mice, and human IL-6, IL-10, and TNF-« levels in
the supernatants of cultured cells were detected using
enzyme-linked  immunosorbent assay  (ELISA)  Kkits
(eBioscience).

Statistical Analysis

All data are expressed as mean = SEM from at least three in-
dependent experiments. Differences between experimental and
control groups were analyzed by two-tailed unpaired Stu-

GMSCs Induce Polarization of M2 Macrophages

dent’s t-test using SPSS. p-values less than 0.05 were consid-
ered statistically significant.

RESuULTS

GMSCs Converted Macrophages
into M2 Phenotype

We have recently shown that GMSCs display similar immu-
nomodulatory capacities to human BMSCs (hBMSCs) via
interacting with T cells [32]. Herein, we further explore the
potential interplay between GMSCs and macrophages, specifi-
cally, whether GMSCs can induce an anti-inflammatory M2
phenotype [15-19]. To this end, human PBMC-derived mac-
rophages were cocultured with GMSCs at equal cell densities
for 72 hours under direct cell-cell contact, and the expression
of MR (CD206), one of the well-accepted markers for M2
macrophage [11, 20, 36], was determined by flow cytometry.
Our results showed that coculture with GMSCs under direct
cell-cell contact led to a significant increase in the expression
of CD206 among CD14" macrophages gated from the cocul-
ture (Fig. 1A) as compared with macrophage cultured alone
(43.6% = 6.68% vs. 9.33% * 3.48%; p < .01; Fig. 1B, 1C).
To determine whether upregulation of CD206 induced by
GMSCs is dependent on direct cell-cell contact and/or soluble
factors, macrophages and GMSCs were cocultured in the
transwell system. Similarly, coculture with GMSCs in trans-
wells increased the CD206" macrophage population to the
same extent as under condition of direct cell-cell contact
(42.27% = 7.84% vs. 43.6% * 6.68%; p > .05; Fig. 1B,
1C), suggesting that soluble factors contributed an essential
role in macrophage plasticity. To confirm that M2 macro-
phage population is specifically induced by soluble factors
secreted by MSCs, we cultured macrophages with human
BMSCs under the transwell condition. Similar with aforemen-
tioned findings, we observed a reproducible induction of
CD206" macrophage population in coculture with BMSCs
(42.27% =~ 7.84%), whereas no obvious changes were
detected in cultures with normal skin fibroblasts or with mac-
rophages alone (9.96% * 1.5% vs. 9.33% = 3.48%; p > .05;
Supporting Information Fig. 1B, 1C). Meanwhile, we
observed about a fourfold increase in the phagocytic activity
in macrophages cocultured with GMSCs in the transwell as
compared with macrophages cultured alone (p < .01; Fig. 1D,
1E). The nonspecific adhesion of zymosan particles to macro-
phages after incubation at 4°C was low to undetectable, sug-
gesting that the increased zymosan uptake in macrophages
cocultured with GMSCs was specifically caused by phagocy-
tosis. These results confirmed that soluble factors released by
cocultured MSCs contribute to the polarization of macro-
phages to the M2 phenotype.

GMSCs Induced an Anti-Inflammatory Immune
Profile in Macrophages in Coculture

Next, we determined the cytokine expression profile by macro-
phages cocultured with GMSCs. Flow cytometric analysis
showed that, in comparison with macrophages cultured alone,
coculture with GMSCs significantly increased the percentage of
macrophages expressing IL-10 (Fig. 2A) and IL-6 (Fig. 2B),
while decreased TNF-o-positive macrophages (Fig. 2C) follow-
ing stimulation using different protocols as previously described
[20]. The differential cytokine profile of secretory IL-10, IL-6,
and TNF-o in the supernatants of macrophages, GMSCs, and
their cocultures was further confirmed by ELISA, respectively.
Minimal release of cytokines was observed in macrophages or
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Figure 1. GMSCs promote the polarization of M2 macrophages. Monocytes isolated from PBMCs using human monocyte isolation kit were

seeded in 6-well plates (2 x 10° per well) and cultured in macrophage growth medium for 7 days, followed by coculture with the same number
of GMSCs for 3 days. Cocultured cells were collected and immunostained with PerCp/Cy5.5-CD90, PE-CD14, and FITC-CD206 and analyzed
by flow cytometry. (A): Strategy of gating CD14-positive cells from the coculture with GMSCs (CD90-PerCp/Cy5.5). (B, C): Comparison of
CD206 expression on macrophages cultured alone (Control) and cocultured in direct contact with GMSCs or in a transwell system (GMSCs/TW).
(D): After coculture with GMSCs in the transwell for 72 hours, macrophages were incubated with 25 ug/ml FITC-Zymosan for 1 hour at 4°C
(nonspecific binding) and 37°C, respectively, and analyzed by flow cytometry. Macrophages cultured alone were used as controls. (E): The aver-
age MFI of phagocytosed particles is shown for three different cultures. The results represent three independent experiments (mean = SEM).
*##p < .01. Abbreviations: FITC, fluorescein isothiocyanate; FSC, forward-scattered light; GMSC, mesenchymal stem cells from human gingival;

MFI, mean fluorescence intensity; ns, no significance; PE, phycoerythrin; SSC, side-scattered light; TW, transwell.

GMSCs alone in the absence of stimuli (Fig. 2D, 2F). Addition
of stimulating agents triggered a burst of IL-10 and TNF-a
secretion by macrophages, but had minimal effect on GMSCs
cultured alone (Fig. 2D, 2F). The increased secretion of IL-10
triggered by LPS was significantly augmented in the coculture
of GMSCs and macrophages (Fig. 2D); on the contrary, in the
same coculture, PMA-triggered release of TNF-o was dramati-
cally abolished (Fig. 2F). In addition, LPS also induced a
marked increase in the production of IL-6 in the coculture of
GMSCs and macrophages as compared with macrophages and
GMSCs alone (Fig. 2E).

Most recently, it has been shown that the presence of
macrophage colony-stimulating factor (M-CSF) in a coculture
system of peripheral blood monocytes and T lymphocytes
could stimulate Th-17 cell expansion, possibly via M-CSF-
induced macrophages [37]. Using this coculture system, we
observed that GMSCs were capable of suppressing Th-17
cells expansion mediated by M-CSF-induced macrophages
(Fig. 2G). Taken together, these results suggest that GMSCs
are capable of switching macrophages from classical activa-
tion or proinflammatory M1 phenotype to an anti-inflamma-
tory profile of M2 macrophages.

www.StemCells.com

GMSCs Converted Inflammatory Human THP-1
Monocytes to M2 Macrophages

THP-1, an established human monocyte leukemic cell line,
has been widely used as a cellular model to dissect the molec-
ular mechanisms underlying monocyte-macrophage or dendri-
tic cell differentiation [33]. Previous studies have shown that
during PMA-induced THP-1 differentiation, IL-4 or IL-13,
two well-known inducers for polarization of M2 macrophages
[11, 14], could enhance the expression of CD86 and dendritic
cell-specific intercellular adhesion molecule (ICAM)-3-grab-
bing nonintegrin (DC-SIGN, CD209), a marker for both
immature dendritic cells and M2 macrophages [33]. To fur-
ther explore the role of GMSC in the modulation of mono-
cyte/macrophage differentiation, we cocultured differentiating
THP-1 cells with GMSCs in transwells. In agreement with a
previous study [33], we showed that addition of IL-4 sup-
pressed CD14 and significantly increased CD86 and DC-
SIGN expression (Fig. 3A-3D). Interestingly, coculture with
GMSCs not only led to increased expression of CD86 and
DC-SIGN but also markedly promoted CD14 expression dur-
ing PMA-induced THP-1 differentiation (Fig. 3A-3D). In
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Figure 2. Cytokine expression profiles in human macrophages cocultured with GMSCs. (A-C): After coculture with GMSCs in the transwell
for 72 hours, macrophages were stained with FITC-CD206, followed by intracellular cytokine staining with PE-conjugated antibodies human IL-
10 (A), IL-6 (B), and TNFo (C) and subjected to flow cytometry analysis, wherein cells stained with FITC- and PE-conjugated isotype control
antibodies and macrophages cultured alone were used as controls. The graphs showed the average values from three independent experiments
(mean = SEM). (D-F): The secretion of IL-10 (D), IL-6 (E), and TNF« (F) in the supernatants of cocultured macrophages/GMSCs (2 X 105)
was determined using enzyme-linked immunosorbent assay as compared with GMSCs and macrophages cultured alone. (G): Peripheral blood
monocytes (PBMCs) (2 x 10%) were cultured alone or cocultured with the same number of GMSCs in the presence of macrophage-colony stimu-
lating factor (M-CSF; 30 ng/ml) for 72 hours. Then PBMCs were collected and immunostained with isotype-matched IgGs or CD4-PerCP/Cy5.5
and IL-17-FITC and analyzed by flow cytometry. PBMCs cultured alone in the absence of M-CSF were used as controls. The results represent
three independent experiments (mean * SEM). *, p < .05; **, p < .01. Abbreviations: FITC, fluorescein isothiocyanate; GMSC, mesenchymal
stem cells from human gingival; IL, interleukin; PE, phycoerythrin; TNF, tumor necrosis factor.

addition, our results indicated that LPS-stimulated increase in
the secretion of TNF-« was almost abolished in THP-1 cells
when cocultured with GMSC in both direct cell-cell contact
and the transwell systems (Fig. 3E). GMSCs cultured alone
neither express constitutive nor inducible TNF-o expression in
response to LPS stimulation (data not shown). On the con-
trary, stimulation of coculture of THP-1 cells and GMSCs
with LPS led to a concentration-dependent increase in secre-
tory IL-10, whereas only a slight increase was observed in
THP-1 or GMSCs cultured alone (Fig. 3F). At the mechanis-
tic level, LPS stimulation failed to upregulate NFxB p50 in
THP-1 cells cocultured with GMSCs as compared with THP-
1 cells alone (Fig. 3G). The impaired LPS-induced activation
of NFkB p50 appears to correlate with the suppression of

proinflammatory cytokine TNF-o released by THP-1 cells in
the presence of GMSCs. All together, these results suggest
that GMSCs were capable to reprogram differentiation of
monocytes/macrophages under different conditions to acquire
phenotypes characteristic of M2 macrophages.

Cytokines Involved in GMSC-Mediated
Polarization of M2 Macrophages

As described earlier, secretory factors may play an essential
role in GMSC-induced polarization of M2 macrophages. We
next screened for candidate soluble factors involved in
GMSC-mediated M2 macrophage polarization using cytokine
array analysis (Fig. 4A). Our results showed that PBMC-
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Figure 3. GMSCs regulate the immunophenotype and function of human monocyte leukemic cells (THP-1) during differentiation. (A-D): THP-
1 cells (2 x 10°) were differentiated on stimulation with PMA (10 ng/ml) in the absence or presence of IL-4 (100 ng/ml) or coculture with
GMSCs in the transwell for 96 hours. Cells were stained with isotype-matched control IgGs (A), FITC-CDI11a, and PE-conjugated CD14 (B),
CD86 (C), or DC-SIGN (D) antibodies (A) and then analyzed by flow cytometry. THP-1 cells without any treatment were used as controls. (E—-
F): After coculture with GMSCs for 72 hours, THP-1 cells were stimulated with 0.1 and 1 pug/ml LPS for 4 hours (TNF-a) or 24 hours (IL-10),
and the secretion of TNF-« (E) and IL-10 (F) in the supernatants was determined by enzyme-linked immunosorbent assay. (G): After coculture
with GMSCs for 72 hours, THP-1 cells were stimulated with 0.1 and 1 pug/ml LPS for 1 hour, and the expression of NFxkB p50 and p65 were
determined by western blot, where the graphs represent the relative densities to the band of f-actin as the internal control. The results were repre-
sentative of four independent experiments (mean = SEM). *, p < .05; **, p < .01. Abbreviations: FITC, fluorescein isothiocyanate; GMSC, mes-
enchymal stem cells from human gingival; IL, interleukin; LPS, lipopolysaccharide; NFxB, nuclear factor kappa B; PE, phycoerythrin; PMA,
phorbol 12-myristate 13-acetate; THP-1, human acute monocytic leukemia cell line; TNF, tumor necrosis factor.

derived macrophages constitutively expressed high levels of
IL-8 (26-fold), chemokine (C-C motif) ligand 2 (CCL-2)
(MCP-1, 57-fold), and IL-10 (14-fold) and moderate levels of
epidermal growth factor (4.8-fold), chemokine growth-related
oncogene (GRO-u, 3.6-fold), and angiogenin (2.5-fold). Com-
pared with macrophages, GMSCs also constitutively
expressed similarly high levels of IL-8 (26-fold), MCP-1 (49-
fold), and IL-10 (12-fold), but a much higher level of GRO-«
(22-fold vs. 3.6-fold). Uniquely, MSCs constitutively
expressed a relatively high level of IL-6 (107-fold) and GRO-
o (24-fold) and a moderate level of IL-7 (7-fold), granulocyte
macrophage colony-stimulating factor (GM-CSF) (3.6-fold),
and ENA-78 (3-fold). However, when compared with GMSC
cultured alone, a dramatic increase in the secretion of epithe-
lial neutrophil-activating peptide 78 (ENA-78) (26-fold vs. 3-
fold), GM-CSF (9.5-fold vs. 3.6-fold), IL-6 (340-fold vs. 107-
fold), GRO-u (53-fold vs. 24-fold), MCP-1 (84-fold vs. 49-
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fold), MCP-2 (17-fold vs. 1.8-fold), and MCP-3 (14-fold vs.
1.8-fold) and a moderate increase in IL-10 (16-fold vs.12-
fold) were observed in the supernatants obtained from the
cocultured macrophages and GMSCs, whereas no additive
increase in IL-8 and GRO-a was noticed (Fig. 4B).

Based on previous findings that GMSCs constitutively
expressed COX-2 [32] and that abundant levels of IL-6, CCL-
2, IL-10, GM-CSF were detected in the supernatants of cocul-
tured macrophages and GMSCs (Fig. 4), we explore whether
these secretory factors contribute to the polarization of macro-
phages toward an M2 phenotype. To this end, PBMC-derived
macrophages were cocultured with GMSCs in transwells in
the presence or absence COX-2 inhibitor or various specific
neutralizing antibodies for I1L-6, CCL-2, IL-10, and GM-CSF
for 72 hours, and the percentage of M2 macrophages charac-
terized as CD147/CD206" double-positive cells was deter-
mined by flow cytometry. We showed that addition of
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Figure 4. Cytokine expression profile determined by antibody array. The cytokine expression profile in the conditioned media collected from
macrophage, GMSC, and their coculture were detected using the RayBio Human Cytokine Antibody Array 3 (RayBiotech, Inc., Norcross, GA),
which allows the detection of 42 cytokines, chemokines, and growth factors in one experiment. The fresh medium without cell culture was used
as a background control. (A): The representative image of cytokine antibody array. (B): The graphs show the relative intensity of spots of indi-
vidual protein, whereby the intensity of the medium control was arbitrarily set as 1.0. The results were representative of three independent arrays.
* p < .05, #*, p < .01; ¥¥* p < .0001. Abbreviations: EGF, epithelial growth factor; ENA, epithelial neutrophil-activating peptide; GMSC,
mesenchymal stem cells from human gingival; GRO, growth-related oncogene; IL, interleukin; MCP-1, macrophage chemotactic protein-1.

neutralizing antibodies specific for IL-6 and GM-CSF signifi-
cantly decreased the percentage of M2 macrophages (p < .05)
as compared with the coculture control treated with nonspe-
cific antibodies (Fig. 5A, 5B). A synergistic inhibitory effect
on M2 macrophage generation was observed when both IL-6
and GM-CSF were neutralized (p < .01; Fig. 5A, 5B). Inhibi-
tion of COX-2 activity led to a moderate decrease of M2
macrophages, whereas neutralizing IL-10 and CCL-2 showed
no obvious effects (Fig. SC, 5D). These results suggest that
both IL-6 and GM-CSF synergistically contribute to the
induction of M2 macrophages mediated by coculture with
GMSCs.

GMSCs-Based Therapy Enhanced Skin Wound
Healing in Mice

Given the essential roles of both MSCs [24, 30, 31] and M2
macrophages [10, 12, 27, 38] in wound healing, we explore

the in vivo relevance of GMSC-induced M2 switch in wound
repair using an excisional skin healing model in mice. First,
we investigated whether GMSCs were capable of enhancing
cutaneous excisional wound repair. To this end, GMSCs (2 x
10° per mice) were systemically injected into mice 1 day post
full-thickness skin excision and wound closure was carefully
measured daily (n = 4). Our results showed that mice receiv-
ing systemic infusion of GMSCs displayed accelerated skin
wound closure compared with the control mice without treat-
ment, wherein the enhancement in wound closure appeared as
early as day 3, and the wound became completely closed on
day 10 (p < .01; Fig. 6A, 6B).

Histological analysis of wounds on day 3, 5, and 7
showed a more organized granulation tissue proper at the
excisional wound site in GMSC-treated mice as compared
with the untreated group (Supporting Information Fig. 2A).
Masson trichrome staining of GMSC-treated skin wounds on
day 7 showed thick and densely packed collagen fibers,
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Figure 5. Blocking IL-6 and GM-CSF synergistically inhibit GMSC-mediated induction of M2 macrophages. Macrophages were cocultured
with GMSCs in transwells for 72 hours in the presence or absence of COX-2 inhibitor NS398 (10 uM) or specific neutralizing antibodies for
IL-6, GM-CSF, CCL-2/MCP-1, or IL-10 (10 ug/ml). An isotype-matched rat IgG was used as negative controls. (A, C): Cells were immuno-
stained with PE-CD14 and FITC-CD206 antibodies and subjected to flow cytometry analysis. (B, D): The graphs show the average values
from three independent experiments (mean *= SEM). * p < .05; ** p < .0l. Abbreviations: FITC, fluorescein isothiocyanate; GM-CSFADb,
granulocyte macrophage-colony stimulating factor neutralizing antibody; GMSC, mesenchymal stem cells from human gingival; IL, interleukin;
MCP, macrophage chemotactic protein-1; ns, no significance; PE, phycoerythrin.

whereas thin and loosely packed basket-weaved collagen bun-
dles were more apparent in untreated skin wounds (Support-
ing Information Fig. 2B). In addition, abundant presence of
microvascular structures and CD31-positive endothelial cells
were observed in GMSC-treated wounds as compared with
controls (Supporting Information Fig. 2C). Interestingly, the
CD31" endothelial cells were localized in close spatial rela-
tionship to GMSCs prelabeled with CM-Dil dye (Supporting
Information Fig. 3). Overall, we observed rapid re-epitheliali-
zation in GMSC-treated wounds (complete epithelialization in
all six of eight wounds examined; n = 4) compared with
untreated wounds (complete epithelialization in two of eight
wounds examined; n = 4) on day 10 (Fig. 6C). These results
suggest that enhancement of wound healing by systemic infu-
sion of GMSCs involves enhanced re-epithelialization, colla-
gen deposition and angiogenesis. In agreement with previous
studies [28, 29], we also observed no apparent benefit in
wound healing when treated with normal skin fibroblasts
(data not shown).

Interplay Between GMSCs and Macrophages
Regulated the Local Inflammatory Response
During Skin Wound Healing

We next investigated the in vivo effects of GMSCs on
inflammatory cell response and production of local inflamma-
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tory cytokines in skin wounds. Analysis of skin wounds on
day 3, 5, and 7 following GMSC injection indicated that infil-
tration of inflammatory cells was significantly decreased in
GMSC-treated wounds as compared with controls (Fig. 6C).
GMSC treatment decreased neutrophil infiltration as repre-
sented by a time-dependent decrease in MPO activity in
wounded skin at several time points postwounding (Fig.
6Da). In addition, ELISA analysis showed that GMSC treat-
ment significantly decreased the local levels of both proin-
flammatory cytokines, TNF-a and IL-6, and increased the
anti-inflammatory cytokine IL-10 (Fig. 6Db-6Dd). These
findings suggest that GMSC treatment promotes skin wound
healing, at least in part, by suppressing inflammatory cell
infiltration and proinflammatory cytokine secretion as well as
by increasing the production of IL-10 at the local wound
sites.

To explore the interactions of homed GMSCs and host
macrophages at the wounds, GMSCs prelabeled with CM-Dil
were systemically injected into mice. As shown in Figure 7A,
the number of GMSCs homing to injured sites significantly
increased as compared with that in normal skin, and the
homed GMSCs were in close proximity with F4/80-positive
macrophages (Fig. 7B). Then, we further investigated the in
vivo effects of GMSCs on the phenotype of macrophages in
skin wounds. Dual-color immunofluorescence studies were
performed using specific antibodies for F4/80 and RELM-c,
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Figure 6. Systemic administration of GMSCs accelerates wound closure and suppress local inflammatory responses in C57BL/6 mice. One
day after excisional skin wound, GMSCs (2 x 10° per mice) were systemically infused by tail vein (i.v.) into mice and wound closure was
daily observed. (A): Representative photographs of wounds at different time postwounding with or without GMSC treatment. (B): Measure-
ment of wound closure at different time points (n = 4). The percentage of wound closure was calculated as: (area of original wound — area
of measured wound)/area of original wound x 100. (C): Representative H&E-stained paraffin-embedded sections of full-thickness incisional
skin wounds from mice with or without receiving systemic administration of GMSCs (n = 4). Mice were sacrificed at different days post-
wounding. Scale bar = 100 um. (D): At different time points after wounding, skin samples were collected and tissue lysates were prepared
for further analysis: (A): MPO activity assay. (B-D): Enzyme-linked immunosorbent assay on inflammatory cytokines, including TNF-o (B),
IL-6 (C) and anti-inflammatory cytokine IL-10 (D). The results were representative of three independent experiments (mean = SEM). *, p <
.05; **, p < .01. Abbreviations: GMSC, mesenchymal stem cells from human gingival; IL, interleukin; MPO, myeloperoxidase; TNF, tumor
necrosis factor.

also known as Fizzl (found in inflammatory zone 1), a well-
known marker for M2 macrophages [11, 38]. As shown,
GMSC treatment led to a time-dependent increase in the num-
ber of F4/80 and RELM-o-positive macrophages (Fig. 7C,
7D; Supporting Information Fig. 4). The increased expression
of RELM-« in skin wounds on day 7 after GMSC treatment
was further confirmed by western blot (Fig. 7E). Meanwhile,
we also detected the expression of arginase-1 in skin wounds,
another well-known marker for M2 macrophage [11, 39]. We
observed a similar increase in the expression of arginase-1

protein in skin wounds on day 7 after GMSC injection as
compared with controls (Fig. 7E). Furthermore, a time-de-
pendent increase in arginase-1 protein expression was also
demonstrated in skin wounds after GMSC treatment on differ-
ent days postwounding (Fig. 7F). These compelling findings
suggest that GMSCs were capable to promote alternative acti-
vation of host macrophages infiltrated at the wounded skin
sites, potentially contributing to the regulation of the inflam-
matory response and enhancing the healing of excisional skin
in mice.
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Figure 7. Interactions of homed GMSCs with macrophages during wound healing. (A): GMSCs prelabeled with CM-Dil were systemically
infused by tail vein (i.v.) into mice one day after skin wounding. Seven days after cell injection, skin tissues were frozen sectioned and observed
under a fluorescence microscope, whereby normal skin on the other side of the same mice were used as controls. (B): Frozen sections of wounded
skins from mice after injection with CM-Dil pre-labeled GMSCs were immunostained with fluorescein isothiocyanate-conjugated antibody for
mice CD11b. Scale bar = 50 um. The results were representative of at least three independent experiments. (C): Frozen sections of full-thickness
incisional skin wounds from mice after treatment with GMSCs for different days were dual-color immunostained with specific antibodies for F4/80
(Green) and RELM-o (Red). Scale bar = 50 pum. (D): Quantification of M2 macrophages positive for RELM-a. (E): Western blot analysis of argi-
nase-1 (Arg-1) and RELM-a expression in skin wounds 7 days post GMSC treatment. (F): Time-dependent increases in Arg-1 and RELM-a
expression induced by GMSC treatment. The results are representative of three independent experiments. *, p < .05; **, p < .01; *** p < .001.
Abbreviations: DAPI, 4, 6-diamidino-2-phenylindole; GMSC, mesenchymal stem cells from human gingival; RELM, resistin-like molecule.

by Thl cytokines such as IFN-y or Toll-like receptor agonists
like LPS and play important roles in inflammation and patho-
gen clearance via secreting proinflammatory mediators,

DiscussioNn

Macrophages, one of the major types of innate immune cells,
can produce a plethora of mediators that play various func-
tions in inflammation, immunity, and wound healing [11, 14].
On recruitment to the injury sites, macrophages encounter
various signals that drive their differentiation toward distinct
phenotypes [11, 14]. M1 macrophages are generally induced
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including nitric oxide (NO), TNF-o, and IL-12 [11, 14]. On
the contrary, M2 macrophages can be induced in response to
diverse noninflammatory cues, including Th2-related cyto-
kines such as IL-4 and IL-13, IL-10, TGF-f1, glucocorticoids,
and apoptotic cells [11, 14]. M2 macrophages are character-
ized by secretion of high levels of anti-inflammatory
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cytokines, IL-10 and TGF-f1, as well as by the expression of
specific markers such as MR (CD206), chitinase-like secretory
lectins (Ym1), and Fizz1 (found in inflammatory zone 1, also
known as RELM-a) [11, 14]. Accumulating evidence has
shown that M2 macrophages are not only implicated in Th2-
driven pathologies such as helminth infection and asthma [19]
but also can coordinate adaptive immune responses by inter-
acting with Tregs [36, 40], ameliorate the outcome of several
inflammatory diseases by counteracting Thl-initiated inflam-
matory responses [17-19, 41], and contribute to tissue homeo-
stasis by promoting inflammatory resolution [13].

In addition to IL-4 and IL-13, several other soluble factors,
including IL-10 [39], GM-CSF [42-44], prostaglandin E
(PGE,) [15, 21], CCL-2 (MCP-1), and IL-6 [45], are also ca-
pable to induce polarization of M2 macrophages under differ-
ent experimental settings. For instance, CCL-2 and IL-6 can
promote survival of human CD11b™ peripheral blood mononu-
clear cells and induce M2 macrophage polarization [45]. GM-
CSF can skew mice macrophage progenitors toward an M2
phenotype, especially in the absence of SHIP [44]. Recent
studies have shown that PGE, constitutively produced by
MSCs might be responsible for MSC-induced M2 phenotype
of macrophages [15, 21]. In this study, we observed a rela-
tively abundant level of IL-6, CCL-2, IL-10, and GM-CSF in
cocultured human macrophages and GMSCs (Fig. 4), wherein
GMSCs promoted the switch of macrophages to an M2-like
profile in a soluble factor-dependent manner (Fig. 1B, 1C).
However, only specific blocking of IL-6 and GM-CSF inhib-
ited the induction of M2-like macrophages (Fig. SA, 5B), sug-
gesting that both IL-6 and GM-CSF could contribute to
GMSC-induced polarization of M2 macrophages.

Cutaneous wound healing is a complex process of well-
defined overlapping events [23], wherein macrophages play
an essential role in the removal of infiltrated leukocytes and
cellular debris at the wound sites [13, 25, 46]. The depletion
or selective ablation of macrophages could be detrimental to
wound healing because of the failure of clearance of dead and
damaged cells [25, 46]. It is recognized that both M1 and M2
macrophages play a pivotal role in different stages of physio-
logical wound repair [12, 13, 47]. M1 macrophages are abun-
dant during the initial inflammatory response and produce a
high amount of proinflammatory cytokines and ROS, whereas
M2 macrophages are predominated in the resolution phase
and secrete mainly anti-inflammatory cytokines and exert a
higher phagocytic activity. In a recent study, looking at the
gene expression profile at the early stage of wound repair
whereas the inflammatory response is relatively dominant, a
mixture of M1 activation gene transcripts such as IL-6 and
Toll-like receptors and M2 activation gene transcripts such as
IL-13, and arginase were detected at the wound sites. On the
contrary, as wound repair proceeds without infection, and tis-
sue remodeling gradually takes place, the profile of macro-
phage-related transcripts was predominantly M2 activation
genes such as TGF-f1 and IL-1 receptor agonist [47].
Recently, a population of resolution-phase macrophages was
described during the resolving phase of acute peritonitis,
which possessed a unique hybrid phenotype of both M2 and
M1 as they not only express CD206 and synthesize IL-10 and
arginase 1 but also express other markers typical of M1 (i.e.,
inducible nitric oxide synthase (iNOS)) [13]. Similarly, a
recent study has shown that wound macrophages on day 1
express more TNF-o and IL-6, but less TGF-fi1 than those on
day 7, supporting the notion that wound macrophages exhibit
a complex phenotype, which not only require IL-4 or IL-13
but also include traits associated with both M1 and M2 acti-
vation and phenotypic changes as the wound matures [27].
Routley et al. have reported that estrogen or progesterone can
contribute toward M2 activation of macrophages to drive

GMSCs Induce Polarization of M2 Macrophages

wound repair, angiogenesis, and remodeling [38]. Consis-
tently, our current study also showed a dynamic increase in
the number of M2 macrophages and the level of anti-inflam-
matory cytokine IL-10 and a decrease in the expression of
M1-cytokines (TNF-o¢ and IL-6) during the wound healing
process. All together, these findings support the notion that
both the presence and the activation/phenotype of macro-
phages within the wound are fundamental elements in guiding
normal wound repair [38] and manipulating the differentiation
of plastic macrophages toward an M2 macrophage phenotype
would provide novel strategies to promote normal wound
healing or aid in the resolution of impaired wound healing.

Recent studies have implicated the application of MSCs
from bone marrow [24, 28-31] and adipose tissues [48] in
skin wound healing. The enhancement of wound repair by
MSCs may be attributed to their unique properties of multipo-
tent differentiation and homing to injury sites [29-31], and
their abilities to secrete various soluble factors with trophic,
proangiogenic, and anti-inflammatory functions [24, 28, 31].
A recent study has shown that treatment with BMSC enhan-
ces wound healing possibly by increasing the recruitment of
macrophages to the wound sites [28]. However, the interac-
tion between MSCs and macrophages and specifically whether
MSCs have any effects on the phenotype or activation of
macrophages during wound healing remains unknown. Most
recently, several studies have implicated the effects of MSC
on regulating the phenotype of macrophages in different set-
tings. In an in vitro study, human macrophages after cocul-
tured with human BMSCs acquired an M2-like phenotype
characterized by a high expression of IL-10 and IL-6, but a
low expression of IL-12 and TNF-« as compared with control
macrophages [20]. In a mouse model of global ischemia, the
beneficial neuroprotective effects of hBMSCs were largely
explained by their modulation of inflammatory and immune
responses, apparently by alternative activation of microglia
and/or macrophages in the central nervous system [22]. Mean-
while, it has been shown that macrophages from septic lungs
secreted more IL-10 when prepared from mice treated with
BMSCs versus untreated mice, suggesting that BMSCs (acti-
vated by LPS or TNF-a) reprogrammed macrophages by
releasing prostaglandin E2 [15]. In addition, both in vitro and
in vivo studies have shown that mouse BMSCs are capable to
convert activated peritoneal macrophages into a regulatory-
like profile similar to M2 macrophage, characterized by a low
ability to produce inflammatory cytokines and a high ability
to produce IL-10 and phagocyte apoptotic cells [21].

In the present study, we have demonstrated, for the first
time to our knowledge, that human-derived GMSCs [32] can
switch the differentiation and activation of in vitro-cultured
human macrophages into an M2-like phenotype characterized
by an increased expression of MR/CD206 and phagocytic ac-
tivity, a high ability to express IL-10 and IL-6, and a low
ability to express TNF-o, a phenotype similar to that of
human macrophages after cocultured with hBMSCs [20].
More importantly, using an established mouse model of skin
wound healing, we showed that systemic administration of
GMSCs attenuated local inflammatory responses, increased
angiogenesis and extracellular matrix (ECM) deposition, and
consequently enhanced skin wound healing. The GMSC-medi-
ated rapid cutaneous wound repair is associated with a
dynamic increase in the number of M2 macrophages charac-
terized by an increased expression of arginase-1 and RELM-
o. These findings suggest that GMSCs are effective in enhanc-
ing skin wound repair possibly through switching the activa-
tion of host macrophages to an anti-inflammatory M2
phenotype.

Stem CruLS

220z aunr 9| uo Jesn Aleiqr elueajksuuad Jo Ausianiun Aq 8988019/9581/01/82/2101He/s|owis/wod dno-olwspese//:sdny woJj papeojumoq



Zhang, Su, Shi et al.

1867

CONCLUSION

ACKNOWLEDGMENTS

In conclusion, we have demonstrated that GMSCs can repro-
gram macrophages toward an anti-inflammatory M2 pheno-
type, which may contribute to the rapid re-epithelialization,
improved angiogenesis and tissue remodeling of skin wound
healing. These findings further support the notion that
GMSCs, a unique population of MSCs with functional simi-
larities to BMSCs, and specifically, their ease of isolation, ac-
cessible tissue source, and rapid ex vivo expansion, are a
promising cell source for stem cell-based therapies of inflam-
matory diseases and skin wound.
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