RESEARCH REPORTS

Biological

X. Xu'?, C. Chen?, K. Akiyama?,
Y. Chai?, A.D. Le*#, Z. Wang',
and S. Shi%*

'Laboratory of Oral Biomedical Science and Translational
Medicine, Tongji University School of Stomatology,
Shanghai 200072, China; Center for Craniofacial Molecular
Biology, Ostrow School of Dentistry, University of Southern
California, 2250 Alcazar Street, CSA 103, Los Angeles, CA
90033, USA; *Department of Oral and Maxillofacial Surgery
and Pharmacology, Penn Dental Medicine and Penn
Medicine Hospital of the University of Pennsylvania,
Philadelphia, PA 19104, USA; and “The Herman Ostrow
School of Dentistry, University of Southern California,
Los Angeles, CA 90089, USA; *corresponding author,
songtaos@usc.edu

J Dent Res 92(9):825-832, 2013

ABSTRACT

Gingivae represent a unique soft tissue that serves as a
biological barrier to cover the oral cavity side of the
maxilla and mandible. Recently, the gingivae were
identified as containing mesenchymal stem cells
(GMSCs). However, it is unknown whether the GMSCs
are derived from cranial neural crest cells (CNCC) or
the mesoderm. In this study, we show that around 90%
of GMSC:s are derived from CNCC and 10% from the
mesoderm. In comparison with mesoderm MSCs
(M-GMSCs), CNCC-derived GMSCs (N-GMSCs)
show an elevated capacity to differentiate into neural
cells and chondrocytes and induce activated T-cell
apoptosis in vitro. When transplanted into mice with
dextran sulfate sodium (DSS)-induced colitis,
N-GMSCs showed superior effects in ameliorating
inflammatory-related disease phenotype in comparison
with the M-GMSC treatment group. Mechanistically,
the increased immunomodulatory effect of N-GMSCs
is associated with up-regulated expression of FAS
ligand (FASL), a transmembrane protein that plays an
important role in MSC-based immunomodulation. In
summary, our study indicates that the gingivae contain
both neural-crest- and mesoderm-derived MSCs with
distinctive stem cell properties.
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Gingivae Contain Neural-
crest- and Mesoderm-derived
Mesenchymal Stem Cells

INTRODUCTION

Mesenchymal stem cells possess multipotent differentiation potential and
the capability of regulating immune response (Aggarwal and Pittenger,
2005; Nauta and Fibbe, 2007; Uccelli et al., 2008), findings which have pro-
vided a foundation for the use of MSCs in tissue regeneration and immune
therapies (Le Blanc et al., 2008; Sun et al., 2009; Akiyama et al., 2012). The
orofacial region contains a variety of distinctive MSC populations, includ-
ing dental pulp stem cells, stem cells from deciduous dental pulp, periodon-
tal ligament stem cells, apical papilla stem cells, and dental follicle stem
cells (Gronthos et al., 2000; Miura et al., 2003; Seo et al., 2004; Morsczeck
et al., 2005; Yamaza et al., 2011). Recently, gingiva/mucosa-derived mes-
enchymal stem cells (GMSCs) were isolated and characterized as having
multi-lineage differentiation capacity and immunomodulatory properties
(Zhang et al., 2009, 2010; Fournier et al., 2010; Marynka-Kalmani et al.,
2010; Mitrano et al., 2010; Su et al., 2011; Tang et al., 2011). The gingivae
represent a unique oral tissue that serves as a biological mucosal barrier
to protect the oral cavity side of the maxilla and mandible. Clinically, it is
extremely easy to collect gingival tissue by biopsy, and, in the laboratory,
it is feasible to isolate GMSCs from gingival tissue based on their highly
proliferative nature.

From a developmental point of view, craniofacial mesenchyme is derived
from the neural crest and the mesoderm (Driskell et al., 2011). Cranial neural
crest cells (CNCCs) migrate ventrolaterally as they populate the first bran-
chial arches from the 4-somite stage, giving rise to mesenchymal structures,
such as neural tissues, cartilage, bone, and teeth, in the craniofacial region
(Chai et al., 2000; Chai and Maxson, 2006). Meanwhile, the mesoderm is also
involved in orofacial development. A previous study showed that the pro-
genitor cells from the oral mucosa lamina propria may be derived from neural
crest cells (Davies et al., 2010); however, the composition of the GMSC
population is still largely unknown. Since post-migratory CNCCs give rise to
most cranial mesenchymal structures, here we used Wnt1-Cre;R26R mice to
show that most GMSCs are derived from CNCC, along with a small quantity
derived from the mesoderm.
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MATERIALS & METHODS
Animals

Female C57BL/6] mice and B6.Cg-G#(ROSA)26Sor"o(CAG-ZCreenHzey
J (ZsGreen) mice were purchased from the Jackson Lab (Bar
Harbor, ME, USA). The Wntl-Cre transgenic line and the R26R
conditional reporter (LacZ) mice were gifts from Dr. Yang
Chai’s laboratory at the University of Southern California.
Mating Wntl-Cre” with R26R™" mice generated Wntl-
Cre;R26R mice (double transgenic). Mating Wntl-Cre™ with
ZsGreen™" mice generated Wntl-Cre;ZsGreen mice (double
transgenic). The mice were used at the age of 8 wks for experi-
ments, under institutionally approved protocols for the use of
animals in research (University of Southern California #10941
and 11141).

Antibodies and Reagents

All antibodies and reagents used in this study are described in
the Appendix.

Cell Cultures

GMSCs from Wntl-Cre;R26R mice and Wntl-Cre; ZsGreen
mice were cultured as described in the Appendix.

Colony-forming Units-Fibroblastic (CFU-F) Assay
CFU-F assay was performed as described in the Appendix.

Detection of B-galactosidase (lacZ) Activities
by X-gal Staining

Detailed methods for X-gal staining are described in the
Appendix.

Proliferation Assay

Proliferation rates of GMSCs were assessed by the use of a
bromodeoxyuridine (BrdU) staining kit (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s protocols.

Population Doublings (PD)
The detailed method for PD is described in the Appendix.

Cell Sorting

GMSCs from Wntl-Cre;ZsGreen mice at passage 2 (P2) were
trypsinized and washed in PBS supplemented with 2% heat-
inhibited FBS. Cells were then transferred to a 5-mL polysty-
rene tube (Falcon, Franklin Lakes, NJ, USA) and applied
through FACSAria II (BD Biosciences, San Jose, CA, USA). All
FITC-positive cells were collected as N-GMSCs, while the
FITC-negative cells were collected as M-GMSCs.

Flow Cytometric Analysis
Detailed methods are described in the Appendix.
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Real-time PCR

Real-time PCR was performed as described in the Appendix.

Immunofluorescence and Immunohistochemistry
Staining

Immunofluorescence and immunohistochemistry staining were
performed as described in the Appendix.

Multi-lineage Differentiation Assay

For in vitro differentiation assay, P2 GMSCs were cultured
under osteogenic, adipogenic, chondrogenic, and neurogenic
conditions, as described in the Appendix.

Western Blot Analysis

Western blot was performed as described in the Appendix.

FASL Knockdown

To knock down FASL expression, we seeded 2 x 10° GMSCs in
a 12-well culture plate. Fas/ siRNA (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was used according to the manufactur-
er’s protocols.

Co-culture of GMSCs with Activated Splenocytes

Co-culture of GMSCs with activated splenocytes was per-
formed as described in the Appendix.

Dextran Sulfate Sodium (DSS)-induced Mouse Colitis
and Treatment with GMSCs

Acute colitis was induced in C57BL/6J mice. The detailed
methods are described in the Appendix. For GMSC treatment,
2 x 10° of P2 GMSCs were infused intravenously into mice with
colitis (n =5 each group) at 3 days post-DSS induction. All mice
were euthanized at day 10 and analyzed as previously described
(Alex et al., 2009). The results are representative of 3 indepen-
dent experiments.

Statistics

SPSS 13.0 was used to perform statistical analysis. Significance
was assessed by independent two-tailed Student’s ¢ test or
analysis of variance (ANOVA). p values less than .05 were con-
sidered as significant.

RESULTS
Characterization of N-GMSCs and M-GMSCs

X-gal staining showed that the gingival mesenchyme of WntI-Cre,
R26R (LacZ) mice contained CNCC-derived -galactosidase-
positive cells and mesoderm-derived -galactosidase-negative,
but Nuclear Fast Red—positive, cells (Fig. 1A). When EdU was
injected (i.p.) into WntI-Cre; Zsgreen mice for 7 days and traced
for 2 wks, the majority of EdU" cells co-localized with the
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Figure 1. Characterization of N-GMSCs and M-GMSCs. (A) X-gal staining showed that gingivae contained neural-crestcell-derived blue cells
(orange arrows) and mesoderm-derived red cells (black arrows; T, Tooth; B, Bone; E, Epithelial; scale bar = 100 pm). (B) Injection (i.p.) of EAU
(500 pg in 200 pl) into 4-week-old Wnt1-Cre;Zsgreen mice. Maxillary samples were harvested on Day 1 and Day 15 postEdU injection. The
majority of the EdU* cells (red) co-localized with the Zsgreen* neural-crest-derived cells (green). Some EdU* cells failed to co-localize with neural
crest cells (white triangle). (White dotted line = epithelial basement line; scale bar = 100 um.) (C) Single-colony assay showed neural crest origin
N-GMSCs (blue, yellow arrows) and M-GMSCs (red, orange arrows) (n = 5). (D) N-GMSCs (FITC-positive) and M-GMSCs (FITC-negative) were
isolated from Whnt1-Cre;Zsgreen mice by flow cytometry. (E) Proliferation rate of cultured GMSCs was assessed by BrdU incorporation assay for
24 hrs. The number of BrdU-positive cells was indicated as a percentage of the total number of counted GMSCs and averaged from 5 replicated
cultures (n = 5). (F) Continued culture assay showed that M-GMSCs had more elevated population doublings than N-GMSCs (n = 3). (G) Flow
cytometric analysis showed that both N-GMSCs and M-GMSCs were positive for the surface molecules CD 44, CD90, CD 105, CD73, and Sca-
1, while they failed to express CD34, CD45, CD117, and CD11b. Error bars represent mean + SD; ***p < .001.

Zsgreen' neural-crest-derived cells. Some EdU" cells failed to Flow cytometric analysis confirmed that both N-GMSCs and

co-localize with neural crest cells (white triangle) (Fig. 1B). M-GMSCs were positive for the mesenchymal stem cell surface
When MSCs were isolated from the gingiva and cultured at a markers CD44, CD90, CD105, CD73, and Sca-1, but were
low density, most adherent single-colony clusters were found negative for the hematological markers CD117, CD45, and

to be [-galactosidase-positive N-GMSCs, with fewer CD34 and the macrophage marker CD11b (Fig. 1G).
B-galactosidase-negative M-GMSCs clusters (Fig. 1C). Next,

we used Wntl-Cre; Zsgreen mice, in which CNCC-derived cells I [ineage Differentiation of N-GMSCs and M-GMSCs
continuously express ZsGreen protein and are FITC-positive

under flow cytometric analysis, to separate N-GMSCs and Under osteogenic culture conditions, N-GMSCs and M-GMSCs
M-GMSCs accurately. We found that around 90% of single- showed the same capability to form mineralized nodules
colony-derived GMSCs were N-GMSCs, while 10% were (Appendix Fig. 1A), as assessed by Alizarin Red staining, and
M-GMSCs (Fig. 1D). We demonstrated that M-GMSCs showed expressed the osteogenic markers alkaline phosphatase (ALP),
an elevated cell proliferation rate and population doubling, as osteocalcin (OCN), and runt-related transcription factor 2
determined by BrdU incorporation and continued culture assays, (RUNX?2), as determined by Western blot analysis (Figs. 2A,
respectively, when compared with N-GMSCs (Figs. 1E, 1F). 2B). Also, N-GMSCs and M-GMSCs had the same adipogenic
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Figure 2. Multilineage differentiation of N-GMSCs and M-GMSCs. (A) Semi-quantitative analysis of the percentage of alizarin-red-stained
mineralized area vs. total area after cultured in osteoinductive conditions for 4 wks indicated that there was no significant difference between
N-GMSCs and M-GMSCs in the formation of mineralized nodules. (B) Western blot analysis confirmed that N-GMSCs and M-GMSCs expressed
the same levels of the osteogenic genes ALP, RUNX2, and OCN. (C) No significant difference was seen between N-GMSCs and M-GMSCs in the
formation of Qil red O-positive adipocytes after culture in adipo-inductive conditions for 2 wks. (D) Western blot analysis confirmed that N-GMSCs
and M-GMSCs expressed similar levels of the adipogenic markers PPARy-2 and LPL. (E) Cell pellets derived from in vitro chondrogenic culture were
sectioned and stained with safranin-O or toluidine blue. N-GMSCs showed more safranin-O- and toluidine-blue-positive areas than in the M-GMSC
group. (F) Immunofluorescence staining showed that N-GMSCs expressed a high level of SOX-9-positive cells when compared with M-GMSCs.
Immunohistochemistry staining also showed stronger COLLAGEN Il expression in the N-GMSC group. (G) Real-time PCR identified that N-GMSCs
expressed higher sox9 and collagen Il on the gene level when compared with M\GMSCs. (H) After N-GMSC culture in the neural differentiation
media for 21 days, immunocytostaining showed a significantly elevated expression of neurofilament M (NF-09), B-TUBULIN Ill, and NESTIN when
compared with M-GMSCs (n = 5). (I) Western blot analysis confirmed that N-GMSCs expressed higher levels of neurogenesis protein NF-09,
B-TUBULIN 1lI, and NESTIN compared with M\GMSCs. **p < .01, ***p < .001; Error bars: mean = SD. Scale bar = 100 um.

differentiation potential, as assessed by Oil red O-positive stain- Since the N-GMSCs were derived from CNCCs, we exam-
ing (Appendix Fig. 1B) to show the number of adipocytes, and ined the neural differentiation potential of N-GMSCs and dis-
by Western blot to show the expression of the adipocyte-specific covered that N-GMSCs showed significantly elevated expression
transcripts peroxisome proliferator-activated receptor y (PPARY) of neural markers, including neurofilament M (NF-09),
and lipoprotein lipase (LPL) (Figs. 2C, 2D). To assess chondro- B-TUBULIN III, and NESTIN, when cultured under neural
genic capacity, we cultured N-GSMCs and M-GMSCs in chon- induction conditions for 3 wks, in comparison with M-GSMCs
drogenic induction media for 4 wks. Safranin-O and toluidine (Fig. 2H). Western blot analysis confirmed that N-GMSCs
blue staining showed that N-GMSCs generated more cartilage expressed higher levels of neurofilament M (NF-09),
matrix than M-GSMCs (Fig. 2E). Additionally, immunofluores- B-TUBULIN III, and NESTIN when compared with M-GMSCs
cence and immunohistochemistry staining showed that (Fig. 2I).

N-GMSCs express a high level of the chondrogenic marker
SOX9 and Collagen II compared with M-GMSCs (Fig. 2F).
Real-time PCR identified that N-GMSCs expressed higher sox9
and collagen II on the transcriptional level when compared with Since GMSCs possess an immunomodulatory property (Zhang
M-GMSCs (Fig. 2G). et al., 2009), here we compared immunotherapeutic effects

Immunomodulatory Property of GMSCs
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Figure 3. N-GMSCs can ameliorate disease phenotype in dextran sulfate sodium (DSS)-induced experimental colitis. (A) Schema showing GMSC
infusion in mice with DSS-induced experimental colitis. (B) Mice with colitis (colitis, n = 5) showed significantly reduced body weight from days 5
to 10 after DSS induction. N-GMSC (n = 5), M\GMSC (n = 5), and total GMSC (-GMSC, n = 5) transplantation reduced body weight loss
compared with that of the colitis group (n = 5) at 10 days post-DSS induction. However, the N-GMSC and TGMSC groups showed more significant
reduction of body weight loss than did the M-GMSC group (*p < .05 vs. C57BL/éJ; ***p < .001 vs. C57BL/6J; #¥p < .001 vs. M-GMSCs). (C)
Disease activity index (DAI) was significantly increased in mice with colitis compared with the C57BL/6) control mice (n = 5) from days 5 to 10
post-DSS induction. Although all GMSC infusion groups showed significantly reduced DAI scores, the N-GMSC and TGMSC groups demonstrated
superior reduction when compared with the M-GMSC group. (D) Hematoxylin and eosin (H&E) staining showed the infiltration of inflammatory
cells (blue arrows) in the colon, with destruction of the epithelial layer (yellow triangles) in mice with colitis. N-GMSC transplantation exerted more
significant restoration of disease phenotype in the colon and reduction of histological activity index (E) compared with those in the M-GMSC group.
(F) The Th17 cell level was significantly elevated in mice with colitis compared with C57BL/6) control mice at 10 days post-DSS induction.
Compared with the M\GMSC group, N-GMSC infusion showed a significant effect in reducing the levels of Th17 cells in mice with colitis at 10
days post-DSS induction. (G) Treg level was significantly reduced in mice with colitis compared with C57BL/6) control mice at 10 days post-DSS
induction. N-GMSC infusion exhibited stronger capacity to up-regulate the Treg levels in mice with colitis compared with the M-GMSC group. (H)
By flow cytometric analysis, N-GMSC (n = 3) infusion showed marked elevation in the number of apoptotic CD3* T-cells compared with those in
the M-GMSC group at 6 hrs post-infusion in mice with colitis. Scale bar = 200 um; *p < .05; **p < .01; ***p < .001. Error bars: mean + SD.

between N-GMSCs and M-GSMCs in mice with dextran sulfate colitis, N-GMSCs showed more significant restoration of
sodium (DSS)-induced experimental colitis (Alex et al., 2009). reduced body weight compared with M-GMSCs (Fig. 3B). The
N-GMSCs or M-GMSCs (2 x 10°) sorted by flow cytometry disease activity index (DAI), including body weight loss, diar-
were systemically transplanted into mice with experimental rhea, and bleeding, was significantly elevated in the mice with
colitis at day 3 after 3% DSS treatment (Fig. 3A). The body colitis compared with the control group. After N-GMSC and
weight of mice with colitis was significantly reduced when com- M-GMSC infusion, the DAI score was decreased. However,
pared with that of the control C57BL/6J mice (Fig. 3B). N-GMSC infusion induced a more significant reduction in the
Although infusion of both N-GMSC and M-GMSC could par- DAI score than in that of the M-GMSC group from 5-10 days
tially restore reduced body weight in mice with DDS-induced post-GMSC infusion (Fig. 3C). Colon tissues from each group
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Figure 4. N-GMSCs require FASL to maintain elevated immunomodulatory function. (A) Western blot analysis showed that N-GMSCs expressed
elevated levels of FASL compared with M-GMSCs. (B, C) When co-cultured with T-cells, N-GMSCs showed an elevated capacity to inhibit Tcell
viability when compared with M-GMSCs. Apoptosis assay confirmed that N-GMSCs more effectively induced 7AAD/Annexin-positive apoptotic
Tcells when compared with the M-GMSC group. (D) Western blot analysis showed efficacy of knockdown of fasl expression by siRNA in
N-GMSCs. (E, F) When co-cultured with T<ells, apoptosis assay confirmed that FASL knockdown N-GMSCs resulted in a reduced capacity to
induce 7AAD/Annexin-positive apoptotic T-cells when compared with the control siRNA group. **p < .01; ***p < .001; n = 3. Error bars: mean

+ SD.

were analyzed by histological section. Absence of an epithelial
layer and infiltration of inflammatory cells were observed in the
mice with colitis, but infusion of either N-GMSC or M-GMSC
restored impaired histological structures (Fig. 3D, Appendix
Fig. 3). Compared with the M-GMSC group, however, the
N-GMSC group had superior histological recovery of the epi-
thelial structure (yellow triangle) and elimination of inflamma-
tory cells (blue arrow) in the mice with colitis, as assessed by the
histological activity index (Fig. 3E), which included ameliorat-
ing colonic transmural inflammation, reducing wall thickness,
suppressing epithelial ulceration, and restoring normal intestinal
architecture. Reduced Tregs and elevated Thl7 cells were
observed in the mice with colitis at day 10 post-DSS induction
(Figs. 3F, 3G). Both N-GMSC and M-GMSC transplantation
up-regulated Treg levels, but down-regulated the levels of Th17
cells. However, the N-GMSC group showed more significant
up-regulation of Tregs and down-regulation of Th17 cells when
compared with the M-GMSC group (Figs. 3F, 3G). A previous
study indicated that mesenchymal stem-cell-induced T-cell

apoptosis could trigger macrophages to produce high levels of
TGFp, which, in turn, led to the up-regulation of CD4*CD25"
Foxp3* Tregs to result in immune tolerance (Akiyama et al.,
2012). Here we revealed that N-GMSC transplantation induced
more marked T-cell apoptosis than that achieved by the
M-GMSC group (Fig. 3H).

N-GMSC-mediated Inmunomodulation is Associated
with Elevated Expression of Fas Ligand (FASL)

Since FASL plays an important role in mesenchymal stem-cell-
induced immune tolerance (Yamaza ef al., 2010; Akiyama et al.,
2012), we hypothesized that FASL might contribute to the
enhanced immunoregulatory function of N-GMSCs. To test this
hypothesis, we demonstrated that N-GMSCs expressed an ele-
vated level of FASL compared with M-GMSCs (Fig. 4A). To
confirm that FASL expression was correlated with elevated
immunomodulatory capacity in N-GMSCs, we first showed
that N-GMSCs had significantly elevated capacity to induce
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activated T-cell apoptosis in an in vitro co-culture system when
compared with M-GMSCs (Figs. 4B, 4C). Then we used the
siRNA approach to knock down FASL expression in N-GMSCs
(Fig. 4D) and found that the capacity to induce activated T-cell
apoptosis by fasL siRNA-treated N-GMSCs was significantly
reduced (Figs. 4E, 4F). With systemic infusion of GFP* GMSCs,
GFP" cells reached the peak in peripheral blood at 1.5 hrs post-
infusion, and became undetectable at 24 hrs (Appendix Fig.
2A), while GFP" apoptotic cells reached the peak at 6 hrs post-
infusion and became undetectable at 24 hrs post-infusion in
peripheral blood (Appendix Fig. 2B). Immunostaining showed
that only a few GFP" cells were detected in the lung, but not in the
liver, spleen, kidney, and colon, at 24 hrs post-infusion, as
assessed in multiple tissue sections (Appendix Fig. 2C). Analysis
of these data suggests that homing of infused GMSCs may not
play a major role in GMSC-mediated therapy in mice with colitis.

DISCUSSION

The vertebrate neural crest cell (NCC) is a multipotent cell
population derived from the lateral ridges of the neural plate and
gives rise to multiple types of derivatives (Bronner-Fraser and
Fraser, 1988). Some post-migratory NCCs also possess the
capacity for self-renewal and multipotent differentiation (Lo and
Anderson, 1995; Chung et al., 2009). In this study, we first
demonstrated that both NCC-derived stem cells and non-NCC-
derived mesoderm stem cells reside in gingival mesenchyme. A
previous study showed that X-gal-positive cells were found in
the gingival area of Mespl-Cre;R26R mice, suggesting that
mesoderm-derived cells may contribute to gingivae formation
(Rothova et al., 2011).

Although N-GMSCs and M-GMSCs showed some identical
stem cell properties, such as expression of mesenchymal stem cell
surface markers and multipotent differentiation, they also exhibited
distinctive characteristics. N-GMSCs have a significantly increased
capacity to differentiate into neural cells when cultured under neu-
ral differentiation conditions, suggesting their potential for use in
neural tissue regeneration. Also, N-GMSCs have a greater potential
to differentiate into chondrocytes when compared with M-GMSCs.
Although the detailed mechanism of N-GMSC-associated chondro-
genic differentiation is unknown, the use of N-GMSC:s for cartilage
repair might be an optimal approach, especially for temporoman-
dibular joint cartilage, which was originally developed from neural
crest cells (Chai et al., 2000).

T-cells were divided into Thl, Th2, or Th17 cells, depending
on the cytokines they produce. Th17 cells produce IL-17,
IL-17F, and IL-22, and thereby are capable of clearing patho-
gens during host defense reactions and inducing tissue inflam-
mation in autoimmune disease. The participation of TGF-beta in
the differentiation of Th17 cells places the Th17 lineage in a
close relationship to CD4'CD25"Foxp3” regulatory T-cells
(Tregs), since TGF-beta also induces differentiation of naive
T-cells into Foxp3™ Tregs in the peripheral immune compart-
ment. Exaggerated Th17 responses have also been observed in
animal models of colitis (Ostanin et al., 2009). The development
of colitis has been associated with an imbalance between pro-
inflammatory effector Th17 cells and anti-inflammatory Treg
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subsets in inflamed mucosa. In this study, N-GMSCs showed an
elevated capacity to ameliorate disease phenotype in mice with
DSS-induced colitis by the highly expressed FASL, which
induced activated T-cell apoptosis and eventually results in
immune tolerance. The FASL/FAS pathway is an important cell
death pathway in many cell types (O’Reilly et al., 2009). Our
previous study indicated that mesenchymal stem-cell-induced
immune tolerance was associated with FASL-triggered T-cell
apoptosis via the FAS pathway, and that macrophages subse-
quently took apoptotic T-cells to release a high level of TGFj-
regulated Tregs (Akiyama et al., 2012). Here, we revealed that
N-GMSCs possess superior immunoregulatory function by
expression of a high level of FASL. Conversely, knockdown of
FASL in N-GMSCs showed a significant reduction in their
immunoregulatory capacity.

The craniofacial facial region undergoes a unique develop-
mental process compared with other parts of the body. Interplay
between and among cells from different tissue layers may con-
tribute to tissue development and formation. A previous study
showed a dual origin for epithelium of the middle ear (Thompson
et al.,2013). Here we identify the difference between N-GMSCs
and M-GMSCs in gingiva, suggesting that further investigations
are required to understand the interaction between them in terms
of their functional roles in gingival immune defense and wound
healing.

In summary, this study showed, for the first time, that
GMSCs contain neural-crest-derived N-GMSCs and mesoderm-
derived M-GMSCs. In comparison with M-GMSCs, N-GMSCs
show an increased capacity to differentiate to neural cells and
chondrocytes, as well as to modulate immune cells.
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