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Abstract

Objective—Current approaches offer no cures for rheumatoid arthritis (RA). Accumulating 

evidence has revealed that manipulation of bone-marrow mesenchymal stem cells (BMSCs) may 

have the potential to treat RA. While BMSC-based therapy faces many challenges such as limited 

cell availability and reduced clinical feasibility, we herein demonstrate that substitution of 

gingival-derived mesenchymal stem cells (GMSCs) results in significantly improved therapeutic 

effects on established collagen-induced arthritis (CIA).
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Methods—CIA has been induced with the immunization of type II collagen (CII) and CFA in 

DBA/1J mice. GMSCs were injected i.v. into mice on day 14 after immunization. In some 

experiments, injection of PC61 (anti-CD25 antibody) i.p. was used to delete Tregs in arthritic 

mice.

Results—Infusion of GMSCs in DBA/1J mice with CIA significantly decreased the severity of 

arthritis and pathology scores, and down-regulated inflammatory cytokine (IFN-γ, IL-17A) 

production. Infusion of GMSCs resulted in an increase in CD4+CD39+Foxp3+ cells in arthritic 

mice. These increases were noted early in spleen and LN and later in synovial fluid. The increased 

frequency of Foxp3+ Treg cells consisted of cells that were mainly Helios negative. Infusion of 

GMSCs partially interfered with the progress of CIA when Treg cells were depleted. Pre-treatment 

of GMSCs with CD39 or CD73 inhibitor significantly reversed the protective effect of GMSCs on 

CIA.

Conclusion—The role of GMSCs in controlling CIA pathology mostly depends upon CD39/

CD73 signals and partially upon the induction of CD4+CD39+Foxp3+ Treg cells. GMSCs provide 

a promising approach for the treatment of autoimmune diseases.

Rheumatoid arthritis (RA) is a symmetric polyarticular arthritis that primarily affects the 

small diarthrodial joints of body (1). Clinical drug development for treatment of RA has 

progressed slowly. Currently, only about half of RA patients respond to most products such 

as TNF inhibitors, IL-1 antagonists, and anti-IL-6 receptor antibody. None of them are 

curative for RA (1). Novel approaches to cure this disease are sorely needed.

Mesenchymal stem cells (MSCs) can exhibit immunomodulatory effects. They inhibit T-cell 

proliferation in mixed lymphocyte cultures, prolong skin allograft survival, and decrease 

graft-versus-host disease (GVHD) when co-transplanted with hematopoietic stem cells (2). 

These properties make them well-suited to serve as a candidate for a new approach in the 

prevention and treatment of allograft rejection, GVHD and other autoimmune diseases. 

Bone marrow-derived MSCs (BMSCs) have been considered as a potential strategy in 

clinical cell therapy, however, there are some drawbacks and limitations for their clinical 

feasibility such as the difficulty in obtaining sufficient numbers for therapeutic use.

Recent study has confirmed that gingival tissue-derived MSCs (GMSCs), a population of 

stem cells exists in the human gingiva (3), have been shown to have several advantages over 

BMSCs. GMSCs are easy to isolate, they are homogenous and proliferate more rapidly than 

BMSCs (4). Additionally, GMSCs display stable morphological and functional 

characteristics at higher passage numbers and are not tumorigenic (4). Although GMSCs 

demonstrate beneficial effects in preventing experimental colitis (3) and mitigating 

chemotherapy-induced oral mucositis (5), utilization of GMSC for the treatment of 

autoimmune arthritis and other immune diseases has not been explored.

Recent studies have demonstrated that adoptive transfer of MSCs can upregulate 

CD4+CD25+Foxp3+ regulatory T cells (Tregs) in vivo (6-7). Treg cells play an important 

role in the prevention and control of experimental autoimmune arthritis, an animal model 

that shares many features of rheumatoid arthritis (8-9). It is less clear what role is played by 

Tregs in the suppressive effect that MSCs exhibit on immune responses. Deaglio et al (10) 
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have shown that the co-expression of CD39 (nucleoside triphosphate diphosphohydrolase-1, 

NTPDase 1) and CD73 (ecto-5'-nucleotidase) in Treg cells contribute to its inhibitory 

function.

CD39 promotes the hydrolysis of adenosine triphosphate (ATP) and adenosine diphosphate 

(ADP) to generate adenosine monophosphate (AMP), which is then hydrolyzed by CD73 to 

adenosine. ATP is an important signaling molecule involved in many biological processes 

including immune responses. While MSCs are known to express CD73, it is unclear whether 

they also express CD39, and also whether either of these ectoenzymes participates in their 

immunoregulatory function. In the present study, we demonstrate that GMSCs significantly 

attenuate inflammatory arthritis in CIA. The therapeutic effects of GMSCs depend mainly 

upon CD39/CD73 signals. We also find that their effects are at least partially dependent 

upon the induction and expansion of regulatory T (Treg) cells in vivo, a cell type that has 

been recognized as playing an important role in controlling autoimmunity (11-14). These 

results implicate that manipulation of GMSCs may provide a promising therapeutic 

approach for the treatment of patients with rheumatoid arthritis and other autoimmune 

diseases.

MATERIALS AND METHODS

Mice

DBA/1J mice (female, 8–10 wk old) were obtained from Jackson Laboratory (Bar Harbor, 

ME). C57BL/6 Foxp3gfp reporter mice were generously provided by Dr. Talil Chatilla 

(UCLA). DBA/1J Foxp3gfp reporter mice were produced by backcrossing C57BL/6 

Foxp3gfp reporter mice with DBA/1 J mice for 8-10 generations. All experiments using mice 

were performed in accordance with protocols approved by the Institutional Animal Care and 

Use Committee at University of Southern California.

Induction of arthritis

Bovine type II collagen (CII) was extracted and purified from bovine articular cartilage 

according to established protocols. CII was emulsified with an equal volume of complete 

Freund's adjuvant (CFA) containing 4 mg/ml heat-denatured mycobacterium (Chondrex, 

LLC, Seattle, WA). DBA/1J mice or DBA/1J Foxp3gfp reporter mice were immunized via 

intradermal injection at the base of the tail with 50 μl of emulsion (CII 100 µg/mouse). To 

determine intervention effects, mice received a single intravenous injection of 2×106 

GMSCs on day 14 after immunization. Alternatively, a similar dose of human dermal 

fibroblasts (a cell line from American Type Culture Collection, Manassas, VA) was injected 

intravenously as a control. To deplete CD4+CD25+Foxp3+ Tregs, mice were treated 

intraperitoneally with 0.25 mg of anti-CD25 antibody (clone PC61) 7 days after CII 

immunization.

Evaluation for clinical arthritis

Clinical signs of arthritis were evaluated to determine arthritis incidence every 2–3 days. 

Each paw was evaluated and scored individually using a 0 to 4 scoring system (15-17). The 

paw scores were summed to yield an individual mouse score, with a maximum score of 16 
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for each animal. Each paw score was judged as follows: 0, no signs; 1, mild swelling 

confined to the tarsal bones or ankle joint; 2, mild swelling extending from the ankle to the 

tarsal bones; 3, moderate swelling extending from the ankle to the metatarsal joints; and 4, 

severe swelling encompassing the ankle, foot and digits, or ankylosis of the limb.

Histopathological evaluation of joints

After the animals were sacrificed on day 60, the hind limbs were collected. Following 

routine fixation, decalcification and paraffin embedding, tissue sections were prepared and 

stained with hematoxylin and eosin. All slides were evaluated by investigators blinded to the 

experimental conditions. The extent of synovitis, pannus formation, and bone/cartilage 

destruction was determined using a graded scale, as follows: grade 0, no signs of 

inflammation; 1, mild inflammation with hyperplasia of the synovial lining without cartilage 

destruction; 2 through 4, increasing degrees of inflammatory cell infiltration and cartilage/

bone destruction.

Flow cytometric analysis

Ice-cooled single-cell suspensions were prepared from trypsinized GMSC cultures, GSMCs 

co-cultured with mouse T cells, or mouse lymphoid organs. For GMSC phenotype 

identification, antibodies directed against human CD11b, CD29, CD45, CD73, CD86, 

CD90, MHC-II or isotype-matched control IgGs were from BD PharMingen, human CD31, 

CD34, CD44, CD105, MHC-1 and isotype IgG from eBioscience. Antibodies against CD4 

(RM4-5), IFN-γ, IL-4, IL-17 were from eBioscience. Antibodies to Helios and CD39 were 

from Biolegend. Synovial fluid from two knee joints of each mouse with arthritis was 

collected and flushed out using 10 ml PBS via 25G needle. This method usually yields 

1~6×104 cells from normal mice and 3~10×104 cells from arthritic mice. For mouse Treg 

cell identification in vivo, results were obtained on a BD FACS Calibur flow cytometer and 

analyzed using FlowJo.

Cytokine analysis

T cells were isolated from spleens and draining lymph nodes of arthritic mice at day 60 after 

CII immunization, then stimulated in vitro with PMA (50 ng/ml) and ionomycin (500 ng/ml) 

for 5h, with brefeldin A (10 μg/ml; all from Calbiochem) for 4h, and intracellular IL-4, 

IL-17, IFN-γ, TNF-α, IL-2 and IL-10 expression was analyzed by flow cytometry.

Murine naïve CD4+ T cell differentiation in vitro

Naïve CD4+CD25−CD62L+ T cells were purified from spleens of DBA/1 mice via magnetic 

isolation (Miltenyi Biotec, Auburn, CA). GMSCs were co-cultured with naïve 

CD4+CD25−CD62L+ T cells (1:25) during their in vitro differentiation into T helper cells. 

GMSCs were allowed to adhere to plate overnight before co-culture. Naïve CD4 cells were 

stimulated with anti-CD3 (2 μg/ml; Biolegend) and anti-CD28 (2 μg/ml; Biolegend) in the 

presence of irradiated (30 cGy) syngeneic non-T cells, plus cytokines for Th1, Th2, or Th17 

cell polarization differentiation as previously described (18). After 3 days in culture, 

differentiated cells were re-stimulated with PMA and Ionomycin for 5 hours and BFA for 4 

hours, IFN-γ, IL-4 and IL-17 expression was measured by flow cytometry.
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In vitro suppression assays

To examine the suppressive activity of GMSCs in vitro, mouse splenic T cells isolated with 

nylon wool or splenic CD4+CD25− cells isolated using magnetic isolation as above from 

DBA/1 mice were stimulated with anti-CD3 (0.025 μg/ml) and irradiated (30 cGy) APCs. 

GMSCs were plated in triplicate in 96-well plates and allowed to adhere to the plate 

overnight. The ratio of GMSCs to mouse CD4+CD25− T cells ranged from ratios of 1:1 to 

1:200. Cells were cultured for 3 days and 1 μCi/well of 3H-thymidine was added for last 18 

hours of culture as previously reported (19).

To assess the possibility that GMSCs may induce mouse T cell death, CD4+CD25− T cells 

labeled with CFSE (Invitrogen) were stimulated with soluble anti-CD3 (0.025 μg/ml) with 

irradiated non-T cells as APCs (1:1). A gradient of GMSCs were added to CD4+CD25− T 

responder cells (GMSC/Tresp) at a ratio of 1:1-1:200, and suppression of cycling CFSE-

labeled CD4+CD25− T cells was assessed on the gate of CD4+CFSE+7-AAD− cells.

To determine the dependence of the suppressive function of GMSCs on cell contact, a 

Transwell system was used. Briefly, these experiments were performed in 24-well Transwell 

plates with 0.4 µm pore membranes (Corning Costar). 1×106 mouse CD4+CD25− cells and 

1×106 irradiated APCs were seeded to the upper compartment of the chamber, while 

GMSCs (2×105) were seeded to the lower compartment. Cells were cultured in the presence 

of anti-CD3 for 72 h and analyzed as described above.

In some experiments, mouse CD4+CD25− T cells were co-cultured with GMSCs (1:25) and 

stimulated with anti-CD3 (0.025 μg/ml) in the presence of soluble factors including CD39 

inhibitor (Sodium polyoxotungstate [POM1]; Tocris Bioscience; 100 μM), CD73 inhibitor 

(α,β-methylene ADP [APCP]; Sigma-Aldrich; 100 μM), selective A2A adenosine receptor 

competitive antagonist (SCH58261; Tocris Bioscience; 25 μM), selective A2B adenosine 

receptor antagonist (Alloxazine; Sigma-Aldrich; 10 μM), heme oxygenase-1 (HO-1) inducer 

(Hemin; Sigma-Aldrich; 50 ng/ml), selective HO-1 inhibitor (zinc protoporphyrin 

IX[Zn(II)PPIX]; Frontier Scientific, Inc; 50 ng/ml), selective cyclooxygenase(COX)-1 

inhibitor (indomethacin; Sigma-Aldrich; 20 μM), indoamine-2,3-dioxygenase (IDO) 

inhibitor (1-methyl-L-tryptophan [1-MT]; Sigma-Aldrich; 500 μM), nitric oxide synthase 

(NOS) inhibitor ( NG-nitro-L-arginine methylester hydrochloride [L-NAME], Sigma-

Aldrich; 1 mM), selective COX-2 inhibitor (NS398; Tocris Bioscience; 10 μM), anti-TGF-β 

(BD PharMingen; 10 μg/ml) or anti-IL-10R (R&D System; 10 μg/ml). Proliferation was 

determined with 3H-thymidine incorporation.

Statistical analysis

For comparison of treatment groups, we performed unpaired t-tests (Mann-Whitney), paired 

t-tests, and one-way or two-way ANOVA (where appropriate) methods. Percent 

comparisons were done using the chi-square test. All statistical analyses were performed 

using GraphPad Prism Software (version 4.01). The p<0.05 is considered as statistically 

significant.
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RESULTS

GMSCs suppressed mouse T cell proliferation and differentiation through CD39/CD73 
signals

We and others have recently shown that GMSCs display similar immunomodulatory 

properties like human BMSCs (hBMSCs) including the inhibition of human T cell activation 

and proliferation (3-4, 20-21). To determine whether GMSCs have immunosuppressive 

effects on mouse CD4+ T lymphocytes in response to TCR stimulation in vitro, we co-

cultured these cells and found that the GMSCs inhibited the proliferation of mouse 

CD4+CD25- T cells in a dose dependent fashion (Figure 1A, Figure S1A,B). Control human 

fibroblast cells showed significantly less suppression than GMSC in vitro (Figure 1A). 

When using a Transwell system in which GMSCs and CD4+CD25- T cells were physically 

separated, GMSCs still inhibited mouse T cell proliferation (Figure 1B, Figure S1A), which 

suggests that the soluble factor(s) secreted by GMSCs play a main role in the suppressive 

function of GMSCs.

To explore what mechanisms are responsible for GMSC-mediated suppression, we analyzed 

several potential candidates. To this end, we demonstrated that GMSCs inhibited mouse T 

cell proliferation via a process that is dependent on CD73 and CD39 signals. We also 

observed that the TGF-β, indoleamine 2,3-dioxygenase (IDO) and prostaglandin E2 (PGE2) 

pathways were not involved (Figure 1C, Figure S1C). As a control to determine if any 

fibroblast cell can mediate this suppression, we have used a human epidermal fibroblast cell 

line that is also differentiated from mesenchymal stem cells (22). We observed that 

fibroblast did not inhibit T cell proliferation in vitro, though they express CD73 but they do 

not express CD39 (Figure 1C, Figure S2).

In order to rule out the possibility that the human-derived gingival cells might kill the 

murine T cells to non-specifically suppress T cell responses, we labeled the latter with CFSE 

and measured the inhibition of proliferation (CFSE dilution) of responder T cells by gating 

on CD4+CFSE+7-AAD− live cells. We found a 50% of suppression against CD4+ cell 

proliferation at a ratio of 1:25 (GMSC to T responder cells) (Figure 1A), suggesting that cell 

killing was not involved. Furthermore, GMSCs but not fibroblast cell also significantly 

inhibited mouse Th1, Th2, Th17 cell differentiation in vitro (Figure 1D and E).

Decreased severity of experimental arthritis following treatment with GMSCs

To determine the immunomodulatory role of GMSCs in the context of autoimmune arthritis, 

we relied on the CIA model. We observed a significant delay in disease onset and a decrease 

in severity scores following a single injection of GMSCs on day 14 after CII/CFA 

immunization (Figure 2A). Histological and quantitative analysis of whole ankle joints 

demonstrated a significant decrease in synovitis, pannus formation and destruction of bone 

and cartilage in GMSC treated mice compared with controls (Figure 2B). Because mouse 

skin fibroblasts have been shown to suppress the inflammatory response in a mouse model 

of autoimmune arthritis (23), we chose human skin fibroblast as a control for the human 

derived gingival stem cells. The human skin fibroblasts exhibited no protective effect in 

mouse CIA model (Figure 2A and B).
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Down-regulation of the inflammatory responses in CIA following treatment with GMSCs

We next investigated the mechanisms underlying the decrease in severity of CIA following 

administration of GMSCs. GMSC injection significantly reduced the percentage of cells 

secreting proinflammatory cytokines IFN-γ, IL-17, TNF-α in the draining lymph node in 

CIA mice (Figure 2C). GMSC treated mice produced consistently lower percentages of Th1 

and Th17 cells (Figure 2C and D). In addition, GMSC treatment also decreased IL-2 

production from mouse CD4+ T effector cells but did not significantly change IL-10 

production (Figure 2C). In contrast, the frequency of cells producing Th2-type cytokines 

IL-4, IL-5 and IL-13 was almost undetectable in this model and GMSC treatment did not 

alter their levels (data not shown).

Promotion of Treg cells in CIA following treatment with GMSCs

Several studies have indicated that Treg cells confer significant protection against CIA by 

decreasing the activation and joint homing of autoreactive Th1 cells, and inhibiting 

osteoclastogenesis (9, 24-26). To determine the relationship of GMSCs with Treg cells in 

vivo, we first infused GMSCs to naive DBA/1 Foxp3gfp reporter mice. As shown in Figure 

3A, GMSCs significantly increased CD4+Foxp3+ cell frequency in the spleens and LNs 1 

week after injection in these mice. Treg cell frequency reached a peak on day 11 after 

GMSC infusion. However, Treg levels returned to baseline values 2 weeks after GMSC 

injection in naive mice (data not shown).

We next investigated the dynamics of Treg cells in CIA mice using Foxp3gfp reporter mice 

on the DBA/1J background. In line with other reports that GMSC treatment increases the 

expression of Foxp3 in inflamed colon tissues in DSS-induced experimental colitis mice (3), 

our results revealed that GMSCs were also able to induce Treg responses in CIA mice 

(Figure 3B). The percentage of cells expressing Foxp3 in the spleens and draining LNs was 

significantly increased at 1 week and 3 weeks after GMSC injection. However, the increased 

Foxp3+ cell frequency in spleens and draining LNs gradually declined to levels that were 

similar to control groups by 5 weeks following cell infusion (Figure 3B). Interestingly, we 

began to observe a significant upregulation of Foxp3+ cell frequency in the synovial fluid of 

CIA mice 3 weeks after GMSC infusion although this increase was not observed in early 

stages (Figure 3C and D).

iTreg but not nTreg cells increased after GMSC treatment

A study has recently revealed that expression of Helios, an Ikaros transcription factor family 

member, might distinguish thymus-derived natural Treg cells (nTreg) from induced Treg 

cells (iTreg) (27-29). To identify the phenotypes of increased Foxp3+ cells in GMSC-treated 

CIA mice, we showed that the majority of the expanded Treg cell population was Helios 

negative (Figure 4A). Similarly, most of the Foxp3+ cells in the synovial fluid also did not 

express Helios (data not shown), suggesting that GMSC treatment may induce the 

generation of new iTreg cells rather than the expansion of endogenous nTreg cells in CIA.

Given that a population of CD4+CD39+ cells comprised of TGF-β-producing 

Foxp3−CD39+CD4+ T cells and IL-10-producing Foxp3+CD39+CD4+ T cells has been 

shown to have a regulatory function in CIA model (30), we sought to investigate whether 
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CD4+CD39+ T cells were affected by GMSC treatment in CIA model. We found that there 

was no alteration of the percentages and total numbers of CD4+CD39+ T cells after GMSC 

treatment (Figure 4B). CD4+Foxp3+ Treg cells expressed higher CD39 levels than 

CD4+Foxp3− non-Treg cells, while the expression of CD39 on Helios+ or Helios− Treg cells 

was the same (Figure S3). Nonetheless, GMSC treatment increased the CD39 positive 

population in CD4+Foxp3+ cells while it suppressed CD39 expression in CD4+Foxp3− cells 

(Figure 4C and D). Taken together, it is likely that GMSC treatment can selectively induce 

the CD4+Foxp3+CD39+Helios− Treg subset in CIA.

The suppressive effect of GMSCs on CIA was partially dependent on Treg cells in vivo

Due to the important role of Treg cells in controlling CIA progress, we next asked whether 

GMSC treatment is dependent on Treg function. To determine this, Tregs were depleted in 

arthritic mice by i.p. administration of PC61, an anti-CD25 antibody. CD4+Foxp3+ Tregs in 

the spleens decreased significantly 1 week after PC61 administration. The Treg depletion 

was maintained for 4 weeks until the Treg levels started to restore after 5 weeks of PC61 

treatment (Figure 5A).

We immediately determined the role of Treg cells in GMSC-mediated CIA suppression. 

Treatment with PC61 resulted in accelerated incidence of arthritis (Figure 5B), significantly 

increasing arthritis severity scores (Figure 5B) and a severe histological damage of joint 

(Figure 5C). In addition to PC61 treatment, GMSC injection still delayed the disease onset 

and reduced the arthritis severity scores compared with PC61 treatment alone (Figure 5B). 

However, compared to GSMCs alone treatment, GMSC and PC61 treatment group showed 

significantly higher arthritis severities (Figure 5B), suggesting that the depletion of Treg 

cells in vivo has partially attenuated the protective effect of GMSC treatment. Similarly, 

GMSC treated with PC61 together produced lower frequencies of Th1 and Th17 cells 

compared to PC61 alone treatment, and significantly higher percentages of IFN-γ and IL-17 

producing cells compared to GMSC alone treatment (Figure 5D). Taken together, these data 

suggest that GMSC treatment can still protect mice from arthritis after Treg depletion, but 

the therapeutic effect of GMSCs is significantly less in Treg-depleted than in Treg-intact 

group. Thus, the GMSCs-mediated immunoregulatory function in vivo may be attributed to 

Treg cells but also to other mechanisms.

GMSCs suppressed CIA that was dependent on CD39 and CD73 signals

We next ask what kind of mechanism(s) was involved in GSMC function. Consistent with 

previous reports, we showed that GMSC cells were homogenously positive for 

mesenchymal marker CD29, CD44 and CD105; negative for hematopoietic marker CD34 

and CD45; endothelial cell markers CD31; negative for co-stimulating molecules CD86 

(31-32). Furthermore, CD39 and CD73 are also phenotypic characteristics of GMSCs 

(Figure 6A). We have also shown that GMSCs inhibited mouse T cell proliferation via 

CD39 and CD73 signals (Figure 1B). It has been reported that pretreatment of GMSCs with 

the COX inhibitor indomethacin significantly reversed their inhibitory effect on DC 

differentiation and cytokine secretion in vitro, and that these cells lost their capacity to 

attenuate contact hypersensitivity after injection into mice in vivo (21). Overnight treatment 

of indomethacin can maintain its inhibition on GMSC for at least one week (21). 
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Considering the expression of CD39 and CD73 in mouse T cells (33-34), it is not feasible to 

treat mice with CD39 and CD73 inhibitors due to their pleiotropic effects. Instead, to 

determine whether CD39 and/or CD73 signals are involved in the mechanism of GMSC 

protection for CIA, we pre-treated GMSCs with POM-1 (CD39 inhibitor, 100 μM) or APCP 

(CD73 inhibitor, 100 μM) overnight in vitro, and then injected these cells to arthritic mice. 

We found that the expression of CD39 or CD73 on GMSC cells were significantly reduced 

after their inhibitor POM-1 or APCP treatment separately. The cell avidity of GMSCs did 

not change following APCP and POM-1 treatment (Figure S4). Furthermore, blocking the 

activity of CD39 or CD73 in GMSCs significantly reversed the protective effect of GMSCs 

on CIA progression, inducing accelerated incidences of arthritis (Figure 6B) and increased 

arthritis severity scores (Figure 6C), suggesting that both CD39 and CD73 are important for 

GMSCs in controlling T cell-mediated diseases.

We next investigated the role of CD39 and CD73 signals in the GMSC-mediated up-

regulation Treg in vivo. To address this problem, we treated GMSC with CD39 or CD73 

inhibitors overnight and then infused GMSC to CIA mice. We found that Foxp3+ Treg 

frequencies in GMSC treated group were identical with those in control mice one week 

following cell infusion, indicating that GMSC pre-treatment with CD39 or CD73 inhibitors 

results in the abrogation of their ability to increase Treg frequencies and protection from 

CIA (Figure 6D).

DISCUSSION

Mesenchymal stem cells (MSCs) are a variety of stromal cells that have the potential to self-

renew and differentiate. The MSC's immunosuppressive function is ascribed to their 

inhibitory effects on T cells and other immune cells including DCs and NK cells in vitro 

(35-36). It has been reported that human BMSCs strongly suppress T-lymphocyte 

proliferation via mechanisms that do not involve the induction of T cell apoptosis but are 

likely due to the production of soluble factors, including hepatocyte growth factor (37), 

PGE2 (38), heme oxygenase-1 (HO-1) (39), TGF-β1 and NO (7). In this study, we observed 

that GMSCs suppress mouse T cell responses and that cell contact is not necessary for this 

suppression, suggesting that soluble factors are involved in this mechanism. However, to our 

knowledge it is the first time to show that GSMCs inhibit mouse T cell proliferation via 

CD39 and/or CD73 signals but not IL-10, NO, IDO, PGE2 and TGFβ1 in vitro. The species 

used as a source of cells may lead to the different results.

Extra- and/or immediate pericellular accumulation of adenosine, released by damaged cells 

as an indicator of trauma and cell death elicits immunosuppressive cellular responses that is 

mediated through several type 1 purinergic (adenosine) receptors, including A2A adenosine 

receptor (10, 40). The activation of A2A-mediated signals can attenuate T cell-mediated 

experimental colitis by suppressing the expression of proinflammatory cytokines in a 

manner independent of both IL-10 and TGF-β (41). Recent reports show that co-expression 

of CD39 and CD73 on the CD4+CD25+Foxp3+ regulatory T cells, that catalyses the 

sequential generation of adenosine by degradation of extracellular ATP/ADP to 5’-AMP 

(CD39) and conversion of 5’-AMP to adenosine (CD73), leads to strong down-regulation of 

T cell proliferation and a decreased secretion of proinflammatory cytokines (10, 34, 40). 
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Here, we identified that GMSCs express CD39 and CD73 supporting the generation of 

adenosine and thereby promoting strong immunosuppression of effector T cells in vitro and 

in vivo. Not only can GSMCs promote the Foxp3+ Treg cell frequencies and possible 

migration in inflammatory disease in vivo, these cells also share part of mechanisms of 

immune suppression functions indirectly via adenosine.

GMSCs may directly or indirectly suppress CIA. As GMSCs express CD39 and CD73 and 

both 5’-AMP and adenosine have a potent immunosuppressive activity, it is reasonable that 

GMSCs suppress CIA in a CD39 or CD73 dependent manner. However, GMSCs may also 

promote Tregs through CD39 and CD73 signaling since pretreatment of GMSC with CD39 

or CD73 inhibitors abrogates GMSC-mediated Treg upregulation. We have demonstrated 

that the suppressive effects of GMSCs on CIA is at least in part dependent upon Tregs, 

supporting the theory that GMSCs exert their immunosuppressive function via direct 

suppression of inflammatory cell responses and indirect immunoregulation function via 

increased induced Treg cells.

Multiple reports have shown that the immunoregulatory function of MSCs is associated with 

upregulated Treg cells in vivo (6-7, 42). Recently a population of CD4+CD39+ T cells was 

identified as having a regulatory function in the CIA model. This subset is composed of 

TGF-β-producing Foxp3−CD39+CD4+ T cells and IL-10-producing Foxp3+CD39+CD4+ T 

cells, each of which plays an important role in autoimmune diseases (30). Our results 

suggest that GMSCs selectively promote the production of Foxp3+CD39+CD4+ Treg subset 

in naïve mice and in the pro-inflammatory CIA disease model. Although it is arguable 

whether Helios can distinguish nTreg from iTreg, our data suggest that increased 

Foxp3+CD39+Helios− cells are a new cell population that may have been induced in CIA. 

Although the frequency of Treg is increased temporally in naïve mice, it is notable that 

GMSCs sustain the increased CD39+Foxp3+ Treg cells in CIA. It is unknown whether the 

inflammatory environment affects the function of GMSCs. Interestingly, whereas increased 

Treg frequency in the spleen and LN gradually declined, increased frequencies of Foxp3+ 

cells were observed in the synovial fluid in CIA 3 weeks after GMSC treatment. As MSCs 

may have difficulty in obtaining access to the joints, it is possible that soluble factors 

secreted by GMSCs may regulate Treg induction in the joints or promote the increased 

frequency of Treg cells in the periphery, resulting in Treg migration into synovial fluid in 

CIA.

In conclusion, we have demonstrated for the first time that GMSCs can inhibit T cell 

responses and T cell-mediated diseases via CD39/CD73 signals. GMSCs exert 

immunoregulatory functions in the CIA model directly and/or indirectly. GMSCs promote 

the induction of CD39+Foxp3+ Treg cells and these cells play a role in the GMSC-mediated 

suppression in CIA. These findings further support the notion that GMSCs, a unique 

population of MSCs with functional similarities to BMSCs, are a promising cell source for 

stem cell-based therapies of inflammatory diseases and transplantation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
GMSCs inhibit mouse CD4+ T lymphocytes proliferation and differentiation in vitro. A and 

B, Co-culture with or without gradient doses of GMSCs (or a human fibroblast cell line), 

CFSE-labeled mouse CD4+ T cells were stimulated with soluble anti-CD3 and irradiated 

non-T cells for 72h (A). Transwell assays were used with a 1:5 ratio of GMSC to mouse 

CD4+ T cells (B). The proliferation (CFSE dilution) of CD4+ T cells was analyzed by flow 

cytometry. Cells were gated on live cell (CFSE+7-AAD− cells). C, CFSE-labeled mouse 

CD4+ T cells were co-cultured with GMSCs (1:25) in the presence of soluble factors as 

indicated in the panel and proliferation was determined as before. The data are presented as 

the mean ± SEM from three separate experiments. D, Naïve CD4+ T cells, with or without 

GMSCs or human fibroblast cells (1:25) were co-cultured for 3 days under Th1, Th2, Th17 

polarization conditions. Intracellular cytokines were analyzed by flow cytometry. Data are 

representative of three separate experiments. E, Summarized data of IFNγ, IL-4, IL-17 

expression on CD4 cells as in panel D. Data are presented as the mean ± SEM. **P< 0.001 

versus control group.
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Figure 2. 
GMSCs protect DBA/1 mice from collagen-induced arthritis when administered before 

onset of inflammation. DBA/1 mice were immunized with collagen II (CII) emulsified with 

CFA. At day 14 after CII immunization, 2×106 GMSCs or human skin fibroblast cells were 

injected into mice via tail vein. GMSCs were obtained from different donors and used after 

2-6 passages. A, Incidence of arthritis and clinical arthritis scores. B, Hematoxylin and eosin 

(H&E)-stained sections and evaluation of synovitis, pannus, and erosion of ankle joints in 

CIA mice 60 days after primary immunization. Scale bar, 100 μm. The pathology scores of 
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HE stained section were shown in right panel. Six mice were included in each group and 

data were combined from two independent experiments. C, Expression of cytokines, 

including IFNγ, IL-17, TNF-α, IL-2, IL-10, on CD4 positive cells in the draining LNs of 

CIA mice. Data are presented as the mean ± SEM from two independent experiments (n=6). 

**P<0.01, versus the fibroblast or model group. D, Representative data of IFNγ and IL-17 

Expression gated on CD4 positive cells in draining LN.

Chen et al. Page 16

Arthritis Rheum. Author manuscript; available in PMC 2015 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
GMSCs induce Treg cells in vivo. A, Foxp3gfp reporter DBA/1 naïve mice were injected 

intravenously with GMSCs (2×106). CD4+Foxp3+(GFP+) Tregs were counted in the spleens 

on day 0, 4, 7, 11 after GMSC injection. Each group in each time points has five mice. Data 

are representative of two separate experiments and mean ± SEM of each group is shown. 

**P<0.01 versus the control group. B-D, Foxp3gfp reporter DBA/1 mice were immunized 

with CII and CFA. GMSCs (2×106) were injected to mice via tail vein at day 14 after 

immunization. Six mice were included in each time-point and experiment was repeated 

twice. Percentages and absolute numbers of Foxp3+(GFP+) in spleen and LNs at day 21, 35, 

49 after immunization (B). Representative flow data of CD4+Foxp3+ frequency in joint 

synovial fluid of GMSC-treated CIA mice (C). Frequency and total numbers of 

CD4+Foxp3+ in joint synovial fluid of GMSC-treated mice (D). Data in B and D are 

presented as the mean ± SEM of two separate experiments (n=6). *P<0.05 versus untreated 

group.
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Figure 4. 
GMSCs increase the frequency of iTregs but not nTregs in CIA model, most of which are 

CD4+Foxp3+(GFP+)CD39+Helios− Treg cells. Foxp3gfp reporter DBA/1 mice were 

immunized with CII and CFA. 2×106 GMSCs were injected to mice via tail vein on 14 days 

after CII immunization. Mice were sacrificed after a week. Each experiment includes five 

mice per group and experiment was repeated twice. A, Representative flow cytometric data 

of the Heilos expression in draining LNs. Cells were gated on CD4 positive cells. The 

frequency of CD4+Foxp3+Helios+ cells in draining LNs is shown in the right panel. B, 
Frequency of CD4+CD39+ cells in the spleens, LNs and blood. C, Frequency of 

CD4+Foxp3+CD39+ or CD4+Foxp3−CD39+ cells in the spleens and LNs. D, Representative 

flow cytometric data of CD39+Foxp3+ cell frequency gated on CD4+ cells in the spleens and 

LNs. Values in A, B and C were mean ± SEM of two separate experiments (n=5). *P<0.05, 

**P<0.01 versus the untreated group.
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Figure 5. 
GMSCs attenuate the inflammation of arthritis, which partially depends on the regulatory T 

cells. A, DBA/1 Foxp3gfp reporter mice were immunized with CII/CFA. At day 7, mice 

were injected i.p. with PC61 (anti-CD25 monoclonal antibody) 250 μg/mouse or control 

PBS. CD4+Foxp3+ cell frequency (mean ± SEM) was counted in the spleens on time-points 

as indicated. Each experiment includes five mice per group and experiment was repeated 

twice. *P<0.05, **P<0.01 versus the PC61 treatment group. B-D, DBA/1 mice were 

immunized with CII/CFA, and/or followed by PC61 i.p. injection on day 7 and/or followed 

by i.v. 2×106 GMSC infusion on day 14. Incidence of arthritis and clinical arthritis scores 

(B). H&E stained sections and evaluation of synovitis, pannus formation, and erosion of 

tarsal joints in CIA mice. Scale bar, 200 μm. Pathology scores of H&E sections in each 

group were shown in the right panel (C). Average frequency of IFNγ+ and IL-17+ cells in 

the spleens and draining LNs (D). Data in B, C and D are presented as the mean ± SEM of 

two separate experiments (n=6). *P<0.05, **P<0.01 versus the GMSCs+PC61 group, or 

versus the PC61 group.
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Figure 6. 
GMSCs attenuate inflammation responses in CIA mice via CD39 and/or CD73 signals. A, 
Analysis of GMSCs surface proteins by Flow cytometry. Fifth-passage GMSCs were stained 

with antibodies as indicated. B-D, DBA/1 mice were immunized with CII/CFA. 2×106 

GMSCs pretreated with or without APCP (100 μM) or POM-1 (100 μM) overnight have 

been injected i.v. into DBA/1 mice on day 14 after CII immunization (n=6 each group and 

experiment was repeated twice). Incidences of arthritis of DBA/1 mice (B). Clinical arthritis 

scores in the indicated groups. The data are presented as the mean ± SEM. *P<0.05, 
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**P<0.01 versus the model group (C). Foxp3+GFP+ cells in spleen, LN, Blood were 

examined by flow cytometry after 1 week of GMSC injection. Data are presented as the 

mean ± SEM of two separate experiments (n=6) (D).

Chen et al. Page 21

Arthritis Rheum. Author manuscript; available in PMC 2015 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


