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Mesenchymal Stem Cells Derived from Human Gingiva Are

Capable of Immunomodulatory Functions and Ameliorate

Inflammation-Related Tissue Destruction in Experimental

Colitis1

Qunzhou Zhang,* Shihong Shi,* Yi Liu,* Jettie Uyanne,* Yufang Shi,† Songtao Shi,*

and Anh D. Le2†

Aside from the well-established self-renewal and multipotent differentiation properties, mesenchymal stem cells exhibit both

immunomodulatory and anti-inflammatory roles in several experimental autoimmune and inflammatory diseases. In this study,

we isolated a new population of stem cells from human gingiva, a tissue source easily accessible from the oral cavity, namely,

gingiva-derived mesenchymal stem cells (GMSCs), which exhibited clonogenicity, self-renewal, and multipotent differentiation

capacities. Most importantly, GMSCs were capable of immunomodulatory functions, specifically suppressed peripheral blood

lymphocyte proliferation, induced expression of a wide panel of immunosuppressive factors including IL-10, IDO, inducible NO

synthase (iNOS), and cyclooxygenase 2 (COX-2) in response to the inflammatory cytokine, IFN-�. Cell-based therapy using

systemic infusion of GMSCs in experimental colitis significantly ameliorated both clinical and histopathological severity of

the colonic inflammation, restored the injured gastrointestinal mucosal tissues, reversed diarrhea and weight loss, and

suppressed the overall disease activity in mice. The therapeutic effect of GMSCs was mediated, in part, by the suppression

of inflammatory infiltrates and inflammatory cytokines/mediators and the increased infiltration of regulatory T cells and the

expression of anti-inflammatory cytokine IL-10 at the colonic sites. Taken together, GMSCs can function as an immuno-

modulatory and anti-inflammatory component of the immune system in vivo and is a promising cell source for cell-based

treatment in experimental inflammatory diseases. The Journal of Immunology, 2009, 183: 7787–7798.

M
esenchymal stem cells (MSCs)3 have the capacity to

self-renew and differentiate into different cell lineages,

including mesodermal, endodermal, and ectodermal

cells (1, 2). Originally isolated from bone marrow (3), similar sub-

sets of multipotent MSCs have also been identified in skin (4, 5),

adipose tissue (6), tendon (7), lung, heart, liver (8), placenta (9),

amniotic fluid (10), and umbilical cord blood (11). In addition,

several populations of MSCs have been identified in various dental

tissues (12), including dental pulp stem cells (DPSC) (13, 14),

stem cells of human exfoliated deciduous teeth (15), periodontal

ligament stem cells (PDLSCs) (16), dental follicle precursor cells

(17, 18), and stem cells from apical papilla (19). Aside from the

abilities of self-renewal and multipotent differentiation, MSCs

commonly express specific genes for embryonic stem cells, such as

Octamer-4 (Oct-4) and stage-specific embryonic Ag 4 (SSEA-4)

(20, 21), and share a similar expression profile of cell surface

molecules, such as Stro-1, SH2 (CD105), SH4 (CD73), CD90,

CD146, CD29, but typically lack hematopoietic stem cell mark-

ers, such as CD34 and CD45 (22). At the functional level,

MSCs display chemotactic properties similar to immune cells in

response to tissue insult and inflammation, thus exhibiting tro-

pism for the sites of injury (23–25) via production of anti-

inflammatory cytokines and antiapoptotic molecules. These

unique characteristics of MSCs make them attractive candidates

for the development of novel allogeneic cell-based therapeutic

strategies in harnessing inflammation in the repair or regener-

ation of a variety of damaged tissues (26).

A growing body of evidence has demonstrated that bone marrow-

derived MSCs (BMSCs) are nonimmunogenic and, more importantly,

display profound immunomodulatory and anti-inflammatory capabil-

ities (25, 27, 28). BMSCs exhibit immunomodulatory effects via in-

hibiting the proliferation and function of innate and adaptive immune

cells such as NK, dendritic cells, and T and B lymphocytes, as well as

promoting the expansion of CD4�CD25�FoxP3� regulatory T cells

*Center for Craniofacial Molecular Biology, University of Southern California,
School of Dentistry, Los Angeles, CA 90033; and †Department of Molecular Genet-
ics, Microbiology and Immunology, Robert Wood Johnson Medical School, Univer-
sity of Medicine and Dentistry of New Jersey, Piscataway, NJ 08854

Received for publication July 17, 2009. Accepted for publication October 6, 2009.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported in part by National Institutes of Health Research Grant
R01DE 019932 (to A.D.L., Songtao Shi, and Y.S.), Oral and Maxillofacial Surgery
Foundation Research Support Grant OMSF 002894 (to Q.Z.), the California Institute
for Regenerative Medicine (RN1-00572 for Songtao Shi), and the University of
Southern California institutional fundings, Clinical Translational Science Institute,
and Zumberge (to A.D.L. and Songtao Shi).

2 Address correspondence and reprint requests to Dr. Anh D. Le, Division of Surgical,
Therapeutic and Bioengineering Sciences, Center for Craniofacial Molecular Biology,
University of Southern California School of Dentistry, Health Sciences Campus, 2250
Alcazar Street, CSA107, Los Angeles, CA 90033. E-mail address: anhle@usc.edu

3 Abbreviations used in this paper: MSC, mesenchymal stem cell; GMSC, gingiva-
derived mesenchymal stem cell; BMSC, bone marrow-derived mesenchymal stem
cell; Oct-4, octamer-4; SSEA-4, stage-specific embryonic Ag 4; hTERT, human re-
verse telomerase transcriptase; DAPI, 4�,6-diamidino-2-phenylindole; LPL, lipopro-
tein lipase; PPAR�2, peroxisome proliferator-activated receptor �-2; 1-MT, 1-meth-
yl-L-tryptophan; iNOS, inducible NO synthase; L-NAME, N-nitro-L-arginine methyl
ester; COX-2, cyclooxygenase 2; DSS, dextran sulfate sodium; IBD, inflammatory
bowel disease; MPO, myeloperoxidase; DPSC, dental pulp stem cell; PDLSC, peri-
odontal ligament stem cell; HGF, hepatocyte growth factor; CFU-F, CFU fibroblast;
HA/TCP, hydroxypatite/tricalcium phosphate; GFAP, glial fibrillary acidic protein;
Treg, regulatory T cell; hASC, human adipose-derived stem cell.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

The Journal of Immunology

www.jimmunol.org/cgi/doi/10.4049/jimmunol.0902318

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


(Tregs) via direct cell-cell contact or/and soluble factors (25, 27–29).

To date, several soluble factors either produced constitutively by

MSCs or as a result of cross-talk with target immune cells have been

attributed to the immunomodulatory properties of MSCs, including

TGF-�1, hepatocyte growth factor (HGF), IL-10, PG2, NO, and IDO

(29–34). Interestingly, TNF-� and IFN-�, two important proinflam-

matory cytokines secreted by activated T cells, have been demon-

strated to stimulate PGE2, TGF-�1, HGF, NO, and IDO expression

by MSCs (29–34). These findings suggest that TNF-� and IFN-�

serve as critical feedback signal molecules in the cross-talk between

immune cells and MSCs with a potential role in MSC-mediated im-

munosuppressive activities. Furthermore, the immunomodulatory and

anti-inflammatory effects of MSCs have been demonstrated in the

treatment of several animal disease models, including graft-versus-

host disease (35, 36), diabetes (37), rheumatoid arthritis (38), auto-

immune encephalomyelitis (39, 40), systemic lupus erythematosus

(41), periodontitis (42), inflammatory bowel disease (IBD) (43), and

sepsis (44). These studies have provided convincing evidence that

BMSC-based therapy may offer potential anti-inflammatory and im-

munomodulating effects in the treatment of a variety of inflammatory

and autoimmune diseases (45).

Until now, despite the discovery of several MSCs from a variety

of tissue sources, most cell-based therapies were conducted using

the well-characterized MSCs derived from bone marrow (35–41)

and, recently, adipose tissue (43, 46). In this study, we explore

whether a new population of MSCs derived from human gingiva

(GMSCs), a tissue that is not only easily accessible from the oral

cavity but can often be obtained as a discarded biological sample,

possesses both stem cell-like and immunomodulatory properties.

Gingiva is a unique oral tissue attached to the alveolar bone of

tooth sockets, recognized as a biological mucosal barrier and a

distinct component of the oral mucosal immunity. Wound healing

within the gingiva and oral mucosa is characterized by markedly

reduced inflammation, rapid re-epithelialization, and fetal-like

scarless healing, contrary to the common scar formation present in

skin (47, 48). Such differences in wound healing between gingival/

oral mucosa and skin may be attributed to the unique tolerogenic

properties of the oral mucosal/gingival immune network (49). Sev-

eral studies have isolated and characterized progenitor cells in the

dermis of skin (4, 5) and within the epithelium of oral mucosa (50),

but to date there is a lack of evidence whether a population of

progenitor or stem cells exists in the spinous layer of human gin-

giva. In the present study, we reported an abundant source of mes-

enchymal stem cells, GMSCs, with unique immunomodulatory

functions, in addition to the well-documented self-renewal and

multipotent differentiation properties. GMSCs are capable of elic-

iting a potent inhibitory effect on T cell proliferation in response to

mitogen stimulation. Mechanistically, GMSCs exert their anti-

inflammatory effect, partly via IFN-�-induced stimulation of IDO

expression. We will test the in vivo GMSC-based therapy using an

established murine model of inflammatory disease, specifically

human IBD.

Ulcerative colitis and Crohn’s disease are two major forms of

chronic IBD characterized by dysfunction of the innate and adap-

tive immunity, resulting in colonic mucosal injuries to the distal

small intestine (51, 52). Several well-established murine models of

human IBD (53) have provided useful tools for preclinical studies

of therapeutic strategies, particularly stem cell-based therapies (43,

46, 54). In our study, GMSC infusion attenuated dextran sulfate

sodium (DSS)-induced colitis, restored normal digestive function,

and stabilized body weight in mice. These findings provide first

evidence to support GMSCs as a promising and easily accessible

cell source for cell-based therapy in experimental inflammatory

diseases.

Materials and Methods
Mice

C57BL/6J mice (male, 8–10 wk old; The Jackson Laboratory) and beige
nude/nude Xid (III) (female, 8–10 wk old; Harlan) were group housed at
the Animal Facility of the University of Southern California (USC, Los
Angeles, CA) under temperature (72 � 3°F) and air (50 � 20% relative
humidity)- controlled condition and allowed unrestricted access to standard
diet and tap water. Mice were allowed to acclimate for up to 7 days before
inclusion in all experiments. All animal care and experiments were per-
formed under the institutional protocols approved by the Institutional An-
imal Care and Use Committee at USC (USC nos. 11327 and 10941).

Progenitor cell isolation and culture

Human tissue samples were collected from clinically healthy gingiva of
subjects who had no history of periodontal disease and relatively healthy
periodontium. The gingival tissues were obtained as remnant or discarded
tissues following routine dental procedures at the School of Dentistry, USC
and the Outpatient Dental Clinic at Los Angeles County-USC Medical
Center under the approved Institutional Review Board protocol at USC.

Gingival tissues were treated aseptically and incubated overnight at 4°C
with dispase (2 mg/ml; Sigma-Aldrich) to separate the epithelial and lower
spinous layer. The tissues were minced into 1- to 3-mm2 fragments and
digested at 37°C for 2 h in sterile PBS containing 4 mg/ml collagenase IV
(Worthington Biochemical). The dissociated cell suspension was filtered
through a 70-�m cell strainer (Falcon), plated on nontreated 10-cm petri
dishes (VWR Scientific Products) with complete �-MEM (Invitrogen) con-
taining 10% FBS (BD Clontech), 100 U/ml penicillin/100 �g/ml strepto-
mycin (Invitrogen), 2 mM L-glutamine, 100 mM nonessential amino acid,
and 550 �M 2-ME (Sigma-Aldrich), and cultured at 37°C in a humidified
tissue culture incubator with 5% CO2 and 95% O2. After 72 h, the non-
adherent cells were removed. The plastic-adherent confluent cells were
passaged with 0.05% trypsin containing 1 mM EDTA and continuously
subcultured and maintained in the complete growth medium. Cells from
second to sixth passages were used in the experiments.

CFU fibroblasts (CFU-F) assay

The CFU-F assay was performed as previously described (55, 56). After
isolation of the single-cell suspension from human gingival tissues, 2 �

104 cells/cm2 were seeded in 60-mm petri dishes containing complete
�-MEM and incubated at 37°C and 5% CO2. After 2–3 days, nonadherent
cells were washed off with PBS, and cells were fed twice a week with fresh
medium. After 14 days, colonies were washed twice with PBS, fixed for 5
min with 100% methanol, stained with 1% aqueous crystal violet, and
counted under a microscope. A CFU-F was defined as a group of at least
50 cells. The CFU-F assay was repeated in five independent experiments.

Single-cell cloning

A serial dilution method was used to generate single-cell clonogenic cul-
ture. For single-cell culture, 100 �l of the final diluted cell suspension (10
cells/ml) was seeded into each well of a noncoated 96-well tissue culture
plate containing 100 �l of culture medium (200 �l/well, four plates per
donor; Falcon). The plates were screened for the presence of single-cell
colonies, while wells containing more than two colonies were excluded
from further analysis. Wells containing a single cell were allowed to reach
confluence, transferred to 24-well dishes, and further expanded in the com-
plete growth medium (57).

Population doubling assay

Clonal gingival precursor cells at each passage (P2, P5, P10, and P20) were
seeded at 1.0 � 103 cells in 35-mm dishes in complete growth medium as
above for several intervals (0, 2, 4, 6, 8, and 10 days). Cells were treated
with 0.05% trypsin-EDTA and cell number was determined by hemocy-
tometer. Population doubling time was calculated with the formula, pop-
ulation doubling time � (t � t0)*lg2/lg(N/N0). N0 and N represent the cell
numbers at time t0 and t, respectively. Meanwhile, the accumulated pop-
ulation doublings were determined and calculated according to the standard
3T3 protocol as described previously (58).

Human bone marrow MSC culture

Human bone marrow aspirates from healthy adult donors (20–35 years of
age) were purchased from AllCells and cultured with �-MEM supple-
mented with 10% FBS, 100 �M L-ascorbic acid-2-phosphate, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin as reported
previously (55, 56).

7788 STEM CELLS DERIVED FROM GINGIVA PREVENT EXPERIMENTAL COLITIS
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Flow cytometric analysis

Approximately 5 � 105 cells at passage two or six were incubated with spe-
cific PE- or FITC-conjugated mouse mAbs for human CD45, CD29, CD73,
CD90, CD105, CD146 (BD Biosciences), Stro-1, and SSEA-4 (R&D Sys-
tems) or isotype-matched control IgGs (Southern Biotechnology Associates)
and subjected to flow cytometric analysis (55, 56) using a Beckman Coulter
flow cytometer and FACScan program (BD Biosciences).

Multipotent differentiation of single colony-derived GMSCs

Osteogenic differentiation. GMSCs were plated at 5 � 105 cells/well in
6-well plates in MSC growth medium, allowed to adhere overnight, and
replaced with Osteogenic Induction Medium (PT-3002; Cambrex) supple-
mented with dexamethasone, L-glutamine, ascorbic acid, and �-glycero-
phosphate. After 4–5 wk, the in vitro mineralization was assayed by Al-
izarin Red S (Sigma-Aldrich) staining and quantified by an acetic acid
extraction method (59).

Adipogenic differentiation. As described above, GMSCs were plated in
adipogenic induction medium supplemented with 10 �M human insulin, 1
�M dexamethasone, 200 �M indomethacin, and 0.5 mM 3-isobutyl-1-
methylxanthine (Sigma-Aldrich). After 2 wk, Oil Red O staining was per-
formed to detect intracellular lipid vacuoles characteristic of adipocytes,
and the dye content was quantified by isopropanol elution (5-min shaking)
and spectrophotometry at 510 nm (60).

Neuronal differentiation. GMSCs were plated at 1 � 104 cells/well in
8-well chamber slides (Nalge Nunc) coated with poly-D-lysine/laminin and
cultured in DMEM/F12 (3/1; Invitrogen) supplemented with 10% FBS
(Invitrogen), 1� N-2 supplement (Life Technologies), 100 U/ml penicillin
and 100 �g/ml streptomycin, 10 ng/ml fibroblast growth factor 2, and 10
ng/ml epidermal growth factor (R&D Systems) and cultured for 14–21
days (61). In all experiments, medium was changed with 50% of fresh
medium every 3–4 days.

Endothelial cell differentiation. GMSCs were plated at 1 � 104 cells/well
in 8-well chamber slides (Nalge Nunc) precoated with fibronectin and cul-
tivated in the presence or absence of endothelial growth medium 2 (Single-
Quots; Lonza) for 7 days (62). Medium was changed every 2 days.

In vivo transplantation

Transplantation studies were conducted using single colony-derived
GMSCs isolated from five different donors. Three well-characterized
single colony-derived populations of GMSCs from separate donors
were transplanted in triplicate (n � 3). Approximately 2.0 � 106 stem
cells mixed with 40 mg of hydroxyapatite/tricalcium phosphate (HA/
TCP) ceramic powder (Zimmer) were transplanted into the s.c. dorsal
pouches of 8- to 10-wk-old female immunocompromised mice as pre-
viously described (55, 56).

RT-PCR

Total RNA was isolated from gingival tissues or cultured cells undergoing
adipogenic and osteogenic differentiation using an RNeasy Mini kit (Qia-
gen). Adipocyte- and osteocyte-specific genes were amplified using the
One-Step RT-PCR Kit (Qiagen. The specific primers were described as
follows: Oct-4 forward primer, 5�-CGCACCACTGGCATTG TCAT-3�

and reverse primer, 5�- TTCTCCTTGATGTCACGCAC-3�; lipoprotein
lipase (LPL) forward primer, 5�-CTGGTCGAAGCATTGGAAT-3� and
reverse primer, 5�-TGTAGGGCATCTGAGA ACGAG-3�; peroxisome
proliferator-activated receptor �2 (PPAR�2) forward primer, 5�-TCAG
TGGAGACCGCCCA-3� and reverse primer, 5�-TCTGAGGTCTGTCATT
TTCTGGAG-3�; osteocalcin forward primer, 5�-TGAAGAGACCCAGG
CGCTA-3� and reverse primer, 5�-GATGTGGTCAGCCAACTCGTC-3�;
and �-actin forward primer, 5�-TCAAGATCATTGCTCCTCCTG-3� and
reverse primer, 5�-CTGCTTGCTGATCCACATCTG-3�. All primers were
synthesized at the Core Facility, Norris Comprehensive Cancer Center,
at USC.

Immunofluorescence studies

Four percent paraformaldehyde-fixed cultured cells and paraffin-embedded
or frozen sections of gingival tissue samples were immunolabeled with
specific primary Abs followed by FITC- and/or rhodamine-conjugated sec-
ondary Abs (BD Biosciences). The primary Abs included mouse mono-
clonal IgG for human Oct-4 (C-10, sc-5279; Santa Cruz Biotechnology),
SSEA-4 (R&D Systems), CD31 (BioLegend), �-tubulin III, and neurofila-
ment (Sigma-Aldrich); mouse monoclonal IgM for human Stro-1 and
human reverse telomerase transcriptase (hTERT; Novus); and rabbit poly-
clonal IgG for human glial fibrillary acidic protein (GFAP; Sigma-Aldrich).
After the nuclei were counterstained with 4�,6-diamidino-2-phenylindole

(DAPI), the samples were observed under a fluorescence microscope. Iso-
type-matched control Abs (Invitrogen) were used as negative controls. For
semiquantification, positive signals in at least five random high-power
fields were visualized, counted, and expressed as a percentage of total
DAPI-positive cells (mean � SD).

Histology and immunohistochemical studies

Gingival tissues or GMSC transplants were fixed with 10% formalin in
PBS. For histological study, paraffin-embedded sections were stained with
H&E. For immunohistochemical studies, the paraffin-embedded sections
were incubated with specific primary Abs for human mitochondria, type I
collagen, or Oct-4 and detected using the universal immunoperoxidase
(HRP) ABC kit (Vector Laboratories). They were counterstained with he-
matoxylin. Isotype-matched control Abs (Invitrogen) were used as negative
controls.

Western blot analysis

Cells were lysed with buffer containing 50 mM Tris-HCl (pH 7.5), 5 mM
EDTA, 150 mM NaCl, 0.5% Triton X-100, 10 mM sodium fluoride, 20
mM 2-ME, 250 �M sodium orthovanadate, 1 mM PMSF, and complete
protease inhibitor mixture (Sigma-Aldrich) and incubated at 4oC for 1 h.
The lysates were ultrasonicated and centrifuged at 12,000 � g for 10 min.
Protein concentrations were determined by bicinchoninic acid methods.
Fifty to 100 �g of protein was separated on 8–10% polyacrylamide-SDS
gels and electroblotted onto nitrocellulose membranes (Hybond ECL; Am-
ersham Pharmacia). After blocking with TBS/5% nonfat dry milk for 2 h,
the membrane was incubated overnight at 4oC with Abs against human
IDO, cyclooxygenase 2 (COX-2), or inducible NO synthase (iNOS) followed
by incubation with a HRP-conjugated secondary Ab (1/2000; Pierce) for 45
min at room temperature, and the signals were visualized by ECL detection. As
a loading control, the blots were reprobed with a specific Ab against human
�-actin (1/5000).

PBMC proliferation assay

Different numbers of human GMSCs or BMSCs (2 � 103, 4 � 103, 2 �

104) were plated in triplicates onto 96-well plates in 100 �l of complete
medium (RPMI 1640 medium supplemented with 10% FBS, 2 mM L-
glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin) and were al-
lowed to adhere to the plates overnight. Human PBMCs (AllCells), resus-
pended at 2 � 105/ml, were added to wells (2 � 104 cells/well in a 100-�l
volume) containing or lacking MSCs in the presence or absence of 5 �g/ml
PHA (Sigma-Aldrich). Cocultures without PHA were used as controls.
After 72 h, 100 �l of cells from each well was transferred to new 96-well
plates with 10 �l of Cell Counting Kit-8 (Dojindo Laboratories). The ab-
sorbance at 450 nm was measured with a microplate reader.

Transwell experiments were performed in 24-well Transwell plates with
0.4-�m pore membranes (Corning Costar). A total of 2 � 105 PBMCs was
seeded to the upper compartment of the chamber, whereby different num-
bers of GMSCs or BMSCs (2 � 104, 4 � 104, 2 � 105) were seeded to the
lower compartment. Cells were cultured in the presence or absence of 5
�g/ml PHA (Sigma-Aldrich) for 72 h and analyzed as described above.

In other experiments, neutralizing Abs for human IL-10, TGF-�1, or an
isotype-matched mAb (10 �g/ml; R&D Systems) and chemical antagonists
for COX-2 (indomethacin, 20 �M; Sigma-Aldrich), iNOS (N-nitro-L-argi-
nine methyl ester (L-NAME), 1 mM; Sigma-Aldrich), and IDO (1-methyl-
L-tryptophan (1-MT), 500 �M; Sigma-Aldrich) were added into the cocul-
ture. All experiments were performed in triplicate and were repeated at
least twice.

IDO activity/kynurenine assay

Kynurenine is the product of IDO-dependent catabolism of tryptophan.
Therefore, the biological activity of IDO was evaluated by determining the
level of kynurenine in GMSC culture in response to IFN-� (PeproTech) or
coculture with PBMCs in the presence or absence of 5 �g/ml PHA. One
hundred microliters of conditioned culture supernatant was mixed with 50
�l of 30% TCA, vortexed, and centrifuged at 10,000 � g for 5 min. Af-
terward, 75 �l of the supernatant was added to an equal volume of Ehrlich
reagent (100 mg of p–dimethylbenzaldehyde in 5 ml of glacial acetic acid)
in a 96-well plate and incubated at room temperature for 10 min. The
absorbance at 492 nm was determined. The concentration of kynurenine
was quantified according to a standard curve of defined kynurenine
(Sigma-Aldrich) concentration (0–150 �M).

DSS-induced murine colitis

C57BL/6 mice were randomly divided into the following groups (n � 6):
1) naive group without any treatment, 2) DSS, 3) DSS with human BMSC

7789The Journal of Immunology
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treatment, and 4) DSS with GMSC treatment. Acute colitis was induced by
administering 3% (w/v) DSS (molecular mass 36,000–50,000 Da; MP Bio-
chemicals) in drinking water, which was fed ad libitum for 7 days (46, 54).
Two � 106 of GMSCs or BMSCs resuspended in 200 �l of PBS were i.p.
injected into mice 1 day after initiation of DSS treatment. Colitis severity
was scored (0–4) by evaluating the clinical disease activity through daily
monitoring of weight loss, stool consistency/diarrhea, and presence of fecal
bleeding (46, 54). At day 10 after colitis induction, mice were sacrificed by
CO2 euthanasia, and the entire colon was quickly removed and gently
cleared of feces with sterile PBS. For protein extraction and myeloperox-
idase (MPO) activity assay, colon segments were rapidly frozen in liquid
nitrogen. For histopathological analysis, colon segments were fixed in 10%
buffered formalin phosphate and paraffin-embedded sections were prepared
for H&E staining. Histological scores were blindly determined as previ-
ously described (54).

The infiltration of neutrophils in the colon was assessed by measuring
MPO activity as described before (46, 54). Briefly, colon specimens were
homogenized at 50 mg/ml in phosphate buffer (50 mM, pH 6.0) with 0.5%
hexadecyltrimethylamonium bromide. The samples were centrifuged at
11,000 � g for 15 min at 4°C. The supernatants were diluted 1/30 with 50
mM phosphate buffer (pH 6.0) containing 0.167 mg/ml o-dianisidine (Sigma-
Aldrich) and 0.0005% H2O2 (v/v). Changes in absorbance at 450 nm were
recorded with a spectrophotometer every 30 s over 3 min. MPO activity
was expressed in units per g of wet tissues, where 1 unit represents the
enzyme activity required to degrade 1 �M H2O2/min/ml at 24°C.

ELISA

The level of IFN-�, IL-6, and IL-17 in colon tissue lysates was detected
using mice ELISA Ready-SET-Go (eBioscience) according to the manu-
facturer’s instructions.

Statistical analysis

All data are expressed as mean � SD from at least three independent
experiments. Differences between experimental and control groups were
analyzed by a two-tailed unpaired Student’s t test using SPSS. Values of
p � 0.05 were considered statistically significant.

Results
Isolation and characterization of MSCs from human gingival

tissues

A variety of postnatal or adult stem cells and/or precursor cells

have been reported in several complex human tissues or organs (8,

22), including the dental tissues (63); however, to date, no study

has confirmed whether such a population of precursor cells exists

in human gingiva. Histologically, gingiva is composed of an epi-

thelial layer, a basal layer, and a lower spinous layer that is similar

to the dermis of the skin. In this study, we demonstrated that hu-

man gingival tissues display Oct-4-, SSEA-4-, and Stro-1- positive

signals that were clustered in the subepithelial connective tissue

proper (the lower spinous layer) (Fig. 1, A and B). Meanwhile,

dual-color immunofluorescence studies showed the coexpression

of Oct-4/SSEA-4 or Oct-4/Stro-1 by a proportion of cells in gin-

gival tissues (supplemental Fig. S1A).4 In addition, the expression

of Oct-4 mRNA in gingival tissues was further confirmed by RT-

PCR (supplemental Fig. S1B). These results suggest the presence

of a putative population of stem cells in human gingiva (20, 21).

Using normal gingival tissues obtained from five healthy do-

nors, we isolated a population of nonepithelial progenitor cells,

namely, human GMSCs, and characterized their stem cell-like

properties. Similar to BMSCs, human GMSCs adhered to culture

dishes and organized as single CFUs (Fig. 2A). Colony formation

was observed in �4–6% of GMSCs (Fig. 2B). Like other dental-

derived stem cells such as PDLSCs and stem cells of exfoliated

deciduous teeth (15, 16), GMSCs showed a relatively higher pro-

liferation rate and number of population doublings as compared

with BMSCs (Fig. 2C). Adherent cells isolated from a small piece

of gingival tissue (�2 � 2 mm2) usually reached confluence (�1–

2 � 106 cells) after culture for 10�14 days (data not shown).

Immunocytochemical studies showed that �60% of single colony-

derived GMSCs expressed Oct-4 and hTERT, respectively, while

18–20% of cells expressed Stro-1 (Fig. 2, D and E). Dual-color

immunostaining revealed �30% of GMSCs coexpressed SSEA-

4/Oct-4 while �15% of cells coexpressed Stro-1/Oct-4 or Stro-1/

hTERT (Fig. 2, D and E), confirming the presence of an early

mesenchymal progenitor cell phenotype. To further verify the stem

cell phenotypic markers of GMSCs using flow cytometry, we ob-

served that �100% of GMSCs were negative for CD45, a hema-

topoietic cell surface marker, but consistently expressed CD29,

CD73, and CD90/Thy-1 at passages two and six, while 36.9,

29.9, and 18.3% of GMSCs were consistently positive for

SSEA-4, CD105, and Stro-1, respectively (Fig. 2, F and G).

Most recently, a study reported that BMSCs could be expanded

in monolayer up to passage five without altering their undiffer-

entiated phenotype (64). Similarly, our results suggested that

GMSCs could be steadily expanded in vitro and still maintained

their early phenotypes at passage six. In addition to these stem cell

markers, MSCs derived from various human tissues including

bone marrow (22), adipose (65), and dermis (5, 65) have also been

reported to express extracellular matrix components characteristic

of mesenchymal stromal cells, such as vimentin, fibronectin, and

type I collagen. Consistent with these findings, our in vitro-cul-

tured GMSCs also expressed type I collagen as determined by

Western blot analysis (supplemental Fig. S1C).

GMSCs are capable of multiple differentiation

We next examined the multidifferentiation potential of GMSCs.

Under adipogenic and osteogenic induction conditions, single col-

ony-derived GMSCs could differentiate into adipocytes and osteo-

blasts as determined by Oil Red O (Fig. 3A) and by Alizarin Red

S staining (Fig. 3B), respectively. Adipogenic differentiation was

further confirmed by the increased expression of specific adipo-

genic markers, including PPAR�2, LPL, as determined by RT-

PCR (Fig. 3A). Likewise, the osteogenic differentiation of GMSCs4 The online version of this article contains supplemental material.

FIGURE 1. Expression of stem cell markers in human gingival tissues.

A, H&E staining of paraffin sections of human gingival tissues. MBV,

Microvascular blood vessel; BV, blood vessel. B, Frozen sections were

immunostained with mouse mAbs specific for human Oct-4, SSEA-4, and

Stro-1 or an isotype-matched mouse IgG, followed by incubation with

FITC-conjugated secondary Abs. Images were observed under a fluores-

cence microscope. Scale bar, 100 �m. The results are representative of at

least five independent experiments.
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was further confirmed by the increased expression of osteocalcin,

an osteogenic marker (Fig. 3B). When cultured on fibronectin-

coated slides in endothelial cell growth medium for 1 wk, �36.7 �

8.7% of GMSCs expressed the endothelial cell marker CD31,

whereas no CD31-positive cells were observed under normal nonin-

duction conditions (Fig. 3C and supplemental Fig. S2A). Under neural

differentiation conditions, �34.8 � 9.4%, 22.27 � 6.5%, and 16.8 �

5.1% of the cells were positive for GFAP, neurofilament 160/200

(NF-M), and �-tubulin III, respectively (Fig. 3D and supplemental

Fig. S2B), whereas no cells positive for these neural markers were

detected in normal noninduction medium (supplemental Fig. S2, B

and C). These findings, consistent with mesenchymal stem cell prop-

erties described in other tissues, indicate that single colony-derived

human gingiva stem cells represent a putative MSC population with

clonogenic renewal and multipotent differentiation capacities.

To explore the in vivo differentiation capability, the expanded

subclonal GMSCs (2 � 106) were s.c. transplanted using HA/TCP

as a carrier in immunocompromised mice. Similar transplants were

conducted using human BMSCs as another source of stem cells.

Unlike BMSC transplants, which showed formation of bone nod-

ules in vivo, GMSCs from several donors consistently regenerated

connective tissue-like transplants (five of five mice), with the his-

tological features of the early connective tissue phenotype, includ-

ing the presence of collagen fibers (Fig. 3E). The human origin of

cellular components of the transplants was confirmed by immu-

nostaining with specific Abs to human mitochondria (Fig. 3E).

Therefore, under our experimental conditions using HA/TCP as

carrier, we did not observe osteogenic differentiation in s.c. trans-

plants with GMSCs. The fate of in vivo lineage commitment of

MSCs depends on multiple factors such as different tissue origins,

the hierarchy of lineage commitment, cell culture conditions, local

growth factors, and transplantation conditions (carriers and recip-

ients) (13, 16). Then further studies are warranted to determine

whether in vivo osteogenic differentiation of GMSCs can be in-

duced by modifying the transplant carrier and niche components.

To further confirm the renewal and differentiation capability of

GMSCs, we performed serial s.c. transplantation using the HA/

TCP carrier and 2 � 106 GMSCs in immunocompromised mice.

At 4 wk after primary transplantation, the transplants were har-

vested and digested single cells were retransplanted s.c. into immu-

nocompromised mice to generate the secondary transplant (Fig. 3E).

Our results indicated that GMSCs recovered from primary transplants

maintained the expression of Oct-4 and the in vivo ability to self-

renew and formed connective-like tissues expressing type I collagen

(Fig. 3F). Together, these results indicated that GMSCs represent a

new population of stem cells derived from human gingiva with self-

renewal and unique differentiation capabilities.

GMSCs are capable of suppressing PBMC proliferation

Next, we sought to determine whether GMSCs had immunosup-

pressive effects on the proliferation of T lymphocytes in response

to mitogenic stimulation in vitro. To this end, GMSCs or BMSCs

were cocultured under cell-cell contact or Transwell systems with

increasing numbers of human PBMCs in the presence of PHA for

FIGURE 2. Isolation and subcloning of MSCs from human gingival tissues. A, Subcloning and culture of MSCs from gingival tissues in �-MEM

supplemented with 10% FBS, 1� nonessential amino acids and antibiotics. Scale bar, 100 �m. B, Capability of colony formation of gingiva-derived cells.

C, Population doublings of GMSCs. D, Expression of stem cell markers in GMSCs. Cells cultured in an 8-well slide chamber were fixed and immunostained

with specific Abs for human Stro-1, SSEA-4, Oct-4, or hTERT. Cells were incubated with rhodamine- or FITC-conjugated secondary Abs and then

observed under a fluorescence microscope. Scale bar, 100 �m. E, Semiquantification of positive signals in at least five random high-power fields and

expressed as the percentage of total DAPI-positive cells (mean � SD). F, Expression of cell surface markers on GMSCs as determined by flow cytometry.

G, Quantification of percentage of cells expressing respective surface markers from independent experiments from flow cytometry data (mean � SD). The

results are representative of at least five independent experiments.
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72 h. Our results showed that GMSCs, similar to BMSCs, inhibited

mitogen-stimulated PBMC proliferation in a cell density-depen-

dent manner under both cell-cell contact and Transwell cultures

(Fig. 4, A and B). Meanwhile, our data also indicated that GMSC-

mediated inhibition of PBMC proliferation was more severe under

cell-cell contact conditions than in Transwells ( p � 0.05; Fig. 4,

A and B). In addition, the viability of PBMCs cocultured with

GMSCs under both cell-cell contact and Transwell conditions was

	95% as determined by trypan blue exclusion (data not shown).

These results suggest that direct cell-cell contact contributes, at

least in part, to the mechanisms of GMSC-mediated immunosup-

pression via suppression of PBMC proliferation.

Soluble mediators involved in GMSC-mediated inhibition of

PBMCs

We next determined the role of soluble mediators in GMSC-mediated

suppression of PBMC proliferation. To this purpose, GMSCs or

BMSCs were pretreated with neutralizing Abs for human IL-10,

TGF-�1, or an isotype-matched mAb or with chemical antagonists for

COX-2 (indomethacin), iNOS (L-NAME), or IDO (1-MT) for at least

2 h, followed by coculture with PBMCs in the presence of PHA

stimulation for 72 h. Our results showed that pretreatment with 1-MT,

a specific inhibitor of IDO, significantly reversed GMSC- and BMSC-

mediated inhibition of PBMC proliferation under both cell-cell con-

tact and Transwell conditions ( p � 0.001; Fig. 4, C and D). In ad-

dition, treatment with IL-10-neutralizing Ab could reverse the

inhibitory effect of PBMC proliferation exerted by GMSCs to a better

extent than that mediated by BMSCs ( p � 0.05; Fig. 4, C and D).

However, treatment with neutralizing Ab for TGF-�1, antagonists for

COX-2 and iNOS, or an isotype-matched control IgG could not re-

verse the inhibitory effects of GMSCs on PBMC proliferation (Fig. 4,

C and D). These results suggest that IDO and IL-10, not TGF-�1 or

COX-2 or iNOS, may contribute, in part, to GMSC-mediated sup-

pression of PBMCs.

FIGURE 3. Multipotent differentiation of GMSCs. A, Adipogenic differentiation of GMSCs. After culture under normal growth conditions (control, lanes 1 and

3) or adipogenic differentiation (lanes 2 and 4) conditions for 2 wk, adipocyte differentiation was determined by Oil Red O staining and RT-PCR analysis of specific

genes. The graph shows the quantification of the Oil Red O dye content in differentiated adipocytes from independent experiments (mean � SD). B, Osteogenic

differentiation of GMSCs. After culture under normal growth conditions (control, lanes 1 and 3) or osteogenic differentiation conditions (lanes 2 and 4) for 4–5

wk, osteogenic differentiation was determined by Alizarin Red S staining and RT-PCR analysis of specific genes. The graph shows the quantification of the Alizarin

Red S dye content in differentiated osteocytes from independent experiments (mean � SD). OCN, Osteocalcin. Scale bar, 50 �m. C, Endothelial differentiation

of GMSCs after culture in endothelial cell culture conditions for 7 days. Cells were immunostained with a mouse monoclonal IgG for human CD31, followed by

incubation with FITC-conjugated secondary Ab, and then observed under a fluorescence microscope. Scale bar, 100 �m. D, Neural differentiation of GMSCs after

culture in neural cell culture conditions for 14 days. Cells were immunostained with different primary Abs for neural markers, including GFAP, neurofilament M

(NF-M), and �-tubulin III, followed by incubation with rhodamine- or FITC-conjugated secondary Abs and then observed under a fluorescence microscope. Scale

bar, 100 �m. E, In vivo transplantation of GMSCs. Approximately 2.0 � 106 stem cells mixed with 40 mg of HA/TCP ceramic powder were s.c. transplanted

into the dorsal surface of 8- to 10-wk-old female immunocompromised mice. Four weeks later, the transplants were harvested and cells were recovered for

secondary transplantation. H&E staining was performed for histological examination. The cells of human origin were confirmed by immunostaining with a specific

Ab for human mitochondria. Scale bar, 50 �m. F, Immunohistochemical studies of the expression of human type I collagen and Oct-4 in GMSC-derived

transplants. The results are representative of at least three independent experiments.

7792 STEM CELLS DERIVED FROM GINGIVA PREVENT EXPERIMENTAL COLITIS

 b
y
 g

u
est o

n
 A

u
g
u
st 8

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


Up-regulation of IFN-�-induced IDO and IL-10 contributes to

GMSC-mediated suppression of PBMCs

Previous studies have shown that the inflammatory cytokine IFN-�

is capable of regulating the immunomodulatory functions of MSCs

via up-regulation of a variety of immunosuppressive factors, in-

cluding IDO and IL-10 (29–34). MSCs have been reported to in-

hibit the secretion of IFN-� by PHA-activated immune cells (11,

31, 32). We examined whether IFN-� could up-regulate IDO and

IL-10 expression in GMSCs. In this study, we demonstrated that

IFN-� induced IDO protein expression in GMSCs in a dose-de-

pendent manner, albeit to a similar extent as in BMSCs (Fig. 5A).

Meanwhile, functional assays confirmed that the concentration of

kynurenine, a metabolic product of IDO, increased in supernatants

of both GMSCs and BMSCs in response to IFN-� stimulation (Fig.

5A), suggesting that the MSC-induced IDO molecule was active.

Moreover, IFN-� also stimulated IL-10 secretion by GMSCs in a

dose-dependent manner, an effect stronger than that observed in

BMSCs ( p � 0.05; Fig. 5B). However, only a mild increase in the

expression of iNOS and COX-2 was detected in both GMSCs and

BMSCs in response to IFN-� (Fig. 5C).

We next determined whether immunosuppressive factors such

as IFN-�, IL-10, and IDO were expressed by PBMCs cultured

alone or cocultured with MSCs in the presence or absence of PHA

stimulation. As expected, mitogen stimulation robustly triggered

IFN-� production by PBMCs ( p � 0.001); however, this burst of

IFN-� was abrogated by coculture with GMSCs, both at the basal

level and in the presence of PHA stimulation (Fig. 5D). We con-

firmed that PBMCs secreted very low levels of IL-10 either in the

absence or presence of PHA, and PHA only had a slight effect on

IL-10 production in both GMSCs and BMSCs ( p 	 0.05; Fig. 5E).

However, the secretion of IL-10 by GMSCs was moderately in-

duced in the presence of PBMCs ( p � 0.05), an effect that was

more augmented when cocultured with PHA-stimulated PBMCs

( p � 0.001; Fig. 5E), albeit to a greater response than in BMSCs

( p � 0.05; Fig. 5E). In addition, we determined the expression and

activity of IDO under similar conditions. As shown in Fig. 5F,

PHA stimulation had no effects on IDO protein expression and

activity in both PBMCs and BMSCs. However, in the presence of

PHA-stimulated, not the unstimulated PBMCs, a substantial up-

regulation of IDO expression and activity was observed in both

GMSCs and BMSCs (Fig. 5F). Taken together, these results sug-

gest that GMSCs upon activation by PHA-stimulated PBMCs are

capable of enhanced IL-10 secretion and IDO activity.

Based on these findings, we postulate that the increased IL-10

secretion and IDO expression by GMSCs may be attributed to an

increased IFN-� production by PHA-stimulated PBMCs. We pre-

treated PBMCs with increasing concentrations of IFN-�-neutral-

izing Ab followed by coculture with GMSCs in the presence or

absence of PHA for 24 h. Our results showed that treatment with

IFN-�-neutralizing Ab led to a dose-dependent inhibition of IDO

expression/activity and IL-10 secretion by GMSCs upon coculture

with PHA-stimulated PBMCs (Fig. 5, G and H). Similar results

were observed in BMSCs, whereas no inhibitory effects were seen

in the control group treated with an isotype-matched control Ab

(Fig. 5, G and H). Altogether, these findings support the notion that

IFN-� directly contributes to GMSC-mediated suppression of

PBMCs through the up-regulation of IL-10 and IDO expression.

GMSC-based therapy ameliorates DSS-induced colitis in mice

Based on the unique immunomodulatory properties of GMSCs, we

next explored the potential therapeutic effects of GMSC infusion in

harnessing inflammation and reversing inflammatory-related tissue

FIGURE 4. Inhibitory effects of GMSCs on PHA-stimulated PBMC proliferation. A and B, 2 � 105 PBMCs were cultured alone or cocultured with increasing

numbers of GMSCs or BMSCs under both cell-cell contact (A) and Transwell (B) conditions in the presence or absence of 5 �g/ml PHA for 72 h. Afterward, cell

numbers were counted using a Cell Counting Kit-8. �, p � 0.05; ��, p � 0.01; ���, p � 0.001; ns, no significant difference; ##, p � 0.05 compared with Transwell.

C and D, GMSCs or BMSCs were pretreated for 2 h with 1-MT (1 mM), L-NAME (500 �M), indomethacin (10 �M), or neutralizing Abs for IL-10 or TGF-�1

(10 �g/ml), followed by coculturing with the same number of PBMCs (1/1) under both cell-cell contact (C) and Transwell (D) conditions in the presence or absence

of 5 �g/ml PHA for 72 h. Afterward, cell numbers were counted using a Cell Counting Kit-8. �, p � 0.05; ��, p � 0.01; ���, p � 0.001; #, p � 0.05; ns, no

significant difference (mean � SD). The results are representative of at least three independent experiments.
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injuries using an established murine model of colitis induced by

oral administration of DSS (54). Similar to previous reports (46,

54), we confirmed that oral administration of 3% DSS for 7 days

induced acute colitis in C57BL/6 mice characterized by an overall

elevation of colitis scores based on the presence of sustained

weight loss and bloody diarrhea/loose feces (Fig. 6, A and B).

Histological studies revealed severe colonic transmural inflamma-

tion with increased wall thickness and localized inflammatory cell

infiltration, epithelial ulceration with degeneration of crypt archi-

tecture, and loss of goblet cells (Fig. 6, D and E). The histopatho-

logical disease activity of induced colitis was assessed by measur-

ing MPO activity released from local neutrophil infiltration (Fig.

6C). Importantly, our results showed that systemic infusion with

GMSCs, similar to BMSCs, protected mice against colitis-related

tissue injuries and reduced the overall disease severity, shown here

as a decrease in disease score, reversing and stabilizing of body

weight ( p � 0.05 or p � 0.01, compared with treatment with DSS

alone at day 9 or day 10), suppressing of colonic inflammation

( p � 0.001; Fig. 6, A and B), and MPO activities ( p � 0.001; Fig.

6C). Histologically, GMSCs significantly ameliorated colonic

transmural inflammation and decreased wall thickness, restored

goblet cells, and suppressed mucosal ulceration and focal loss of

crypts, thus restoring normal intestinal architecture and resulting in

a reduced histological colitis score ( p � 0.001; Fig. 6, D and E).

These compelling findings suggest that cell-based therapy using

GMSCs can alleviate DSS-induced experimental colitis in mice.

We next investigated the in vivo effects of GMSCs on inflam-

matory cell response and production of local inflammatory cyto-

kines mechanistically linked to inflammatory-related colonic inju-

ries in DSS-induced colitis (43, 46, 54). We observed an increased

infiltration of CD4� T lymphocytes in the mucosal and muscularis

layers of the inflamed colons of colitic mice as determined by

immunofluorescence studies and semiquantified Western blot anal-

ysis ( p � 0.001; Fig. 7A). Meanwhile, immunohistochemical stud-

ies showed abundant expression of proinflammatory cytokines

(IL-6 and IFN-�) in the mucosal and muscularis layers of the in-

flamed colons of colitic mice (Fig. 7, B and D), whereas IL-17

signals were restricted only in the muscularis layer (Fig. 7C). The

increased expression of these inflammatory cytokines in inflamed

colons was further confirmed and quantified by ELISA ( p � 0.01;

Fig. 7, B–D).

Systemic infusion with GMSCs, similar to BMSCs, significantly

attenuated the local recruitment of CD4� T lymphocytes at the

colonic sites ( p � 0.01; Fig. 7A). The suppression of CD4� T

lymphocyte infiltration elicited by treatment with GMSCs or BMSCs

was accompanied by down-regulated levels of inflammatory cyto-

kines, specifically at the intestinal mucosa, with minimal basal

activities in the deeper layers ( p � 0.01; Fig. 7, B–D). Interest-

ingly, systemic infusion of GMSCs, similar to BMSCs, also sig-

nificantly increased the level of anti-inflammatory cytokine IL-10

and promoted the infiltration of regulatory T cells (Tregs) demon-

strated as the expression of the specific transcriptional factor

FoxP3 or by immunostaining, ELISA and semiquantitative West-

ern blot analyses ( p � 0.01; Fig. 7, E and F). These compelling

findings suggest that GMSC treatment confers significant protec-

tion against inflammatory-related colonic injuries in experimental

FIGURE 5. IFN-�-induced IDO expression and IL-10 secretion by GMSCs. A–C, GMSCs or BMSCs were stimulated with increasing concentrations

of IFN-� for 24 h. Then the expression of IDO protein was determined by Western blot, while the IDO activity was analyzed by measuring the concentration

of kynurenine in the conditioned medium (A). IFN-�-induced IL-10 secretion in the supernatants was determined by using ELISA (B), whereas the

expression of iNOS and COX-2 in MSCs in response to IFN-� was determined by Western blot (C). D–F, Two � 105 PBMCs were cultured alone or

cocultured with the same number of GMSCs or BMSCs under cell-cell contact conditions in the presence or absence of 5 �g/ml PHA for 72 h. Afterward,

the concentrations of IFN-� (D) and IL-10 (E) in the supernatants were determined by using ELISA, whereas IDO protein expression and activity were

determined by Western blot and kynurenine assay, respectively (F). G and H, PBMCs were pretreated for 2 h with different concentrations of specific

neutralizing Ab for human IFN-� (0.5–10 �g/ml) or an isotype-matched mouse IgG (10 �g/ml), followed by coculturing with the same number of GMSCs

(1/1) under cell-cell contact conditions in the presence or absence of 5 �g/ml PHA for 72 h. Then IDO protein expression and activity were determined

by Western blot and kynurenine assay, respectively (G), whereas the concentration of IL-10 in the supernatants was determined by using ELISA (H). �, p � 0.05;

��, p � 0.01; ���, p � 0.001; ns, no significant difference (mean � SD). The results are representative of at least three independent experiments.
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colitis by suppressing inflammatory cell infiltration and proinflam-

matory cytokine secretion as well as by increasing the accumula-

tion of Tregs and IL-10 expression at the local intestinal sites.

Discussion
In the present study, we have isolated and characterized a new

population of precursor cells from human gingival tissues, termed

GMSC, which exhibit several unique stem cell-like properties as

MSCs derived from bone marrow and other postnatal tissues (8,

22). These characteristics include in vitro proliferation as plastic-

adherent cells with fibroblast-like morphology, colony-forming

ability, multipotent differentiation into different cell lineages, in-

cluding mesodermal (adipocytes, osteocytes), endodermal, and

neuroectodermal progenies, and expression of mesenchymal cell

surface markers and stem cell-specific genes (1–3, 20, 21). More

importantly, we have demonstrated that single colony-derived

GMSCs possess in vivo self-renewal and differentiation capacities,

further supporting their stem cell-like properties. In addition, com-

pared with MSCs derived from several other adult dental tissues

such as DPSCs (13, 14) and PDLSCs (16, 18), GMSCs express a

similar profile of cell surface molecules, a high proliferative rate,

and an increased population doubling, and thus can be easily ex-

panded ex vivo for several cell-based clinical applications. How-

ever, s.c. transplantation of GMSCs could form connective tissue-

like structures, whereas transplantation of DPSCs and PDLSCs

could generate dentin-like and cementum/PDL-like structures (13,

14, 16). These findings have provided evidence that human gin-

giva, an easily accessible tissue from the oral cavity or a discarded

tissue sample following some dental procedures, might serve as a

unique source of postnatal stem cells with potential therapeutic

functions in tissue regeneration and repair (1–3, 12).

In recent years, a major breakthrough was the discovery that

MSCs are immune privileged and, more importantly, possess pro-

found immunosuppressive and anti-inflammatory effects both in

vitro and in vivo via inhibiting the proliferation and function of

several major types of innate and adaptive immune cells such as

NK cells, dendritic cells, and T and B lymphocytes (25, 27–29).

However, to date, the underlying mechanisms of MSC-mediated

suppression of lymphocyte proliferation remain largely unknown

(28, 30, 31, 33, 66, 67). In one study, the suppressive activity of

human bone marrow MSCs was shown to be independent of cell-

cell contact (31); however, several other studies have reported that

cell-cell contact contributed, at least in part, to the immunosup-

pression mediated by MSCs derived from human bone marrow,

adipose, or umbilical cord blood (32, 68, 69). In this study, we

showed that GMSCs when cocultured with PBMCs under cell-cell

contact conditions exhibited a slightly stronger inhibition on

PBMC proliferation than GMSCs when cocultured with PBMCs

separately in Transwells, thus supporting the notion that the cell-

cell contact mechanism may partly contribute to GMSC-mediated

suppression of PBMC proliferation.

Various studies have indicated that soluble factors such as TGF-

�1, HGF, IL-10, HLA-G5, PGE2, NO, and IDO play an important

role in MSC-mediated immunosuppression (27–35, 66–69). How-

ever, it is noteworthy that the relative contribution of these soluble

factors to the immunosuppressive effects of MSCs varies under

different experimental conditions, and neutralizing these soluble

factors does not completely abrogate the immunosuppressive ac-

tivity of MSCs (32). For example, IL-10, HGF, and TGF-�1 have

been shown to contribute to BMSC-mediated immunosuppression

(33, 66), but in other studies, these three factors appeared not to be

related to immunosuppression mediated by BMSCs and human

adipose-derived stem cells (hASCs) (30, 31, 67). In addition, con-

troversies about the role of PGE2 in MSC-mediated immunosup-

pression have also been reported. In some studies, blocking PGE2

production by COX-2 resulted in partial abrogation of immuno-

suppression by BMSCs and hASCs (29, 30, 32, 33); however, Cui

et al. (67) have recently reported that PGE2 is the major soluble

factor in the in vitro inhibition of allogeneic lymphocyte reaction.

In the present study, we observed that blocking TGF-�1, PGE2, or

NO by using specific neutralizing Abs or antagonists for synthetic

enzymes showed no obvious effects on GMSC-mediated suppres-

sion of PBMC proliferation. However, blocking IL-10 led to mod-

erate abrogation of GMSC-mediated suppression of PBMC prolif-

eration, albeit to a greater extent than in BMSCs. These findings

suggest that IL-10 might partially contribute to GMSC-mediated

immunosuppression.

IDO is an enzyme that catabolizes tryptophan, an essential

amino acid. A growing body of evidence has indicated that IDO

plays a critical role in immunosuppression mediated by MSCs of

various tissue origins, whereas 1-MT, a specific antagonist of IDO,

can abrogate the immunosuppressive effects (30, 31, 32, 33, 70).

The immunomodulatory effects of IDO are attributed to tryptophan

depletion and/or accumulation of the downstream metabolites such

as kynurenine, 3-hydroxykynurenine, and 3-hydroxyanthranilic

FIGURE 6. Treatment with GMSCs ameliorates DSS-induced experi-

mental colitis in C57BL/6 mice. Colitis was induced by oral administration

of 3% DSS in drinking water for 7 days. Two � 106 of GMSCs or BMSCs

in 200 �l of PBS were i.p. injected into mice 1 day after initiation of DSS

treatment. Mice without any treatment (naive mice) or mice that received

200 �l of PBS served as controls. At day 10, mice were sacrificed. A and

B, Clinical progression of the disease was monitored by body weight

changes (A) and colitis score evaluation (B), whereas in A, �, p � 0.05 and

��, p � 0.01 compared with DSS alone. C, Colonic MPO activity assays.

D and E, Histopathological analysis of colitis. IF, Inflammation. Scale bar,

200 �m. �, p � 0.05; ��, p � 0.01; ���, p � 0.001; ns, no significant

difference (mean � SD). The results are representative of at least three

independent experiments.
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acid (30, 31, 32, 33, 70). Most recently, studies have shown that

IDO activity is involved in PDLSCs and gingival fibroblast-me-

diated immunosuppression (70, 71). Consistently, we have dem-

onstrated that the addition of 1-MT also significantly ablated

GMSC-mediated suppression of PBMC proliferation in response

to mitogen stimulation under both cell-cell contact and Transwell

conditions, suggesting that IDO might play a major role in GMSC-

mediated immunosuppression.

Generally, IDO is not constitutively expressed by mesenchymal

stromal cells, but can be significantly induced by a variety of in-

flammatory mediators (30, 32, 71). Accumulating evidence has

shown that IFN-� plays a critical role in the cross-talk between

MSCs and immune cells. Upon activation, immune cells secrete a

high amount of inflammatory cytokines, especially IFN-�, which

may subsequently stimulate MSCs to express various immunosup-

pressive molecules, such as IDO, resulting in a negative feedback

inhibition of inflammatory cell responses in terms of proliferation

and cytokine secretion (11, 29, 31, 32). In agreement with previous

reports (29, 30, 32, 70, 71), GMSCs do not constitutively express

IDO, but in response to IFN-� stimulation, harbored a significantly

increased level of functional IDO. Coculture with GMSCs led

to moderate suppression of mitogen-stimulated PBMC prolif-

eration and IFN-� secretion; however, the presence of stimu-

lated PBMCs enhanced IL-10 secretion and IDO expression by

GMSCs. Furthermore, the addition of IFN-�-neutralizing Ab

significantly blocked the secretion of IL-10 and the expression

of functional IDO in GMSCs. These findings suggest that the

up-regulated inflammatory signals dominated by IFN-� in the

coculture of GMSCs and stimulated PBMCs can induce GMSC-

mediated immunosuppression, mediated in part, via the up-regulation

of IL-10 and functional IDO expression. However, further studies are

required to determine whether other inflammatory cytokines such as

TNF-� and IL-1� are involved in priming GMSC-mediated

immunosuppression.

Recently, several studies have reported that treatment with hu-

man bone marrow- or adipose-derived MSCs exhibits early effi-

cacy in attenuating the progression of several experimental inflam-

matory diseases in murine models, including experimental arthritis

(38), colitis (43, 46), and autoimmune encephalomyelitis (39). The

apparent lack of graft rejection and positive treatment effects of

human MSCs on these murine disease models could be due to their

inherent capabilities to harness inflammatory cell infiltration, sup-

press inflammatory mediator production, and/or regulate immune

tolerance by increasing the production of anti-inflammatory cyto-

kines (e.g., IL-10) and inducing the generation/activation of Tregs

(38, 39, 43, 46). Most recently, a study by Gonzalez et al. (38)

suggested that the viability of human adipose-derived MSCs was

not required for their long-term immunosuppressive activities

FIGURE 7. GMSC treatment attenuates colonic inflammatory responses but induces Treg responses in DSS-induced experimental colitis in C57BL/6

mice. Colitis was induced by oral administration of 3% DSS in drinking water for 7 days. Two � 106 of GMSCs or BMSCs in 200 �l of PBS were i.p.

injected into mice 1 day after initiation of DSS treatment. Mice without any treatment (naive mice) or mice that received 200 �l of PBS served as controls.

At day 10, mice were sacrificed. A, Immunofluorescence staining and Western blot analysis of the infiltrated CD4� T lymphocytes in inflamed colons. B–E,

Immunofluorescence staining and ELISA of IFN-�, IL-17, IL-6, and IL-10 in inflamed colons. F, Immunofluorescence staining and Western blot analysis

of FoxP3 in inflamed colon tissues. Scale bars, 100 �m. �, p � 0.05; ��, p � 0.01; ���, p � 0.001; ns, no significant difference (means � SD). The results

are representative of at least three independent experiments.
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since these cells were only detectable in the recipient for �1 wk

after injection. Similar to recent studies using hASCs to treat ex-

perimental colitis (43, 46), the present study has demonstrated that

infusion of GMSCs could ameliorate the severity of inflammatory-

related colonic tissue injuries in experimental colitis, possibly by

reducing colonic infiltrates of inflammatory cells, down-regulating

the production of inflammatory cytokines, and by promoting the

generation/activation of Tregs. However, it remains unclear why

infusion of human MSCs, including GMSCs, into immunocompe-

tent mice in our murine models can attenuate disease progression

in the absence of an apparent graft-versus- host disease response.

Further studies are warranted to address this important issue.

Despite the potential benefits of MSCs in clinical applications, sev-

eral questions remain unanswered, especially regarding the identity

and biological properties of MSCs as compared with other stromal

cells such as fibroblasts (72). Accumulating evidence has shown that

MSCs share many common features with fibroblasts, including a

spindle-like cell morphology, plastic adherence, expression profile of

certain cell surface markers, multipotent differentiation, and even im-

munomodulatory functions (72–74). Previous analysis of human bone

marrow MSC subclones revealed that the lineage commitment was

hierarchical in nature (75) and may differ among MSC subpopulations

derived from different tissues (75, 76). As such, the so-called fibro-

blast population may represent a more differentiated subpopulation of

MSCs (22, 76). Up to date, there is still a lack of evidence whether

such hierarchy exists in relevance to several biological functions, spe-

cifically the immunomodulatory properties of MSCs, and should be

further addressed.

In conclusion, the unique immunomodulatory and anti-

inflammatory properties of GMSCs as well as their ease of isola-

tion, abundant tissue source, and rapid ex vivo expansion render

these postnatal stem cells an ideal source for stem cell-based ther-

apeutic approaches in clinical applications, including inflammatory

diseases.
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Adipose-derived mesenchymal stem cells alleviate experimental colitis by inhib-
iting inflammatory and autoimmune responses. Gastroenterology 136: 978–989.

44. Németh, K., A. Leelahavanichkul, P. S. Yuen, B. Mayer, A. Parmelee, K. Doi,
P. G. Robey, K. Leelahavanichkul, B. H. Koller, J. M. Brown, et al. 2009. Bone
marrow stromal cells attenuate sepsis via prostaglandin E2-dependent reprogram-
ming of host macrophages to increase their interleukin-10 production. Nat. Med.

15: 42–49.
45. Iyer, S. S., and M. Rojas. 2008. Anti-inflammatory effects of mesenchymal stem

cells: novel concept for future therapies. Exp. Opin. Biol. Ther. 8: 569–581.
46. Gonzalez-Rey, E., P. Anderson, M. A. González, L. Rico, D. Büscher, and
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