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ABSTRACT

  The influence of mesenchymal stem cells (MSCs) on the 
phenotype  and  function  of  CD4+CD49b+FoxP3-  regula- 
tory cells has not been elucidated. We used Concanavalin 
A (ConA) - and α-galactosylceramide (α-GalCer)-induced 
acute liver injury to estimate the eff ects of MSCs on liver- 
infiltrating  CD4+CD49b+FoxP3-regulatory  cells.  MSCs 
significantly reduced ConA- and α-GalCer-mediated liver 
injury in C57BL/6 mice, as demonstrated by biochemical 
tests, reduced influx of inflammatory CD4+ T cells, and in- 
creased presence of CD4+CD49b+FoxP3- regulatory cells 
in the injured livers. The number of CD4+CD49b+FoxP3- 
regulatory  cells  was  also  significantly  increased  in 
α-GalCer-treated mice that received MSC-derived condi- 
tioned medium (MSC-CM). The presence of 1-methyltryp- 
tophan, a specific inhibitor of indoleamine 2,3-dioxygenase

(IDO), in MSC-CM completely abrogated the hepatopro- 
tective eff ect of MSCs and significantly decreased the total 
number of liver-infiltrated CD4+CD49b+FoxP3- regulato- 
ry cells, indicating the crucial importance of MSC-derived 
IDO for the expansion of CD4+CD49b+FoxP3- regulatory 
cells  and  the  consequent  MSC-dependent  attenuation  of 
acute liver injury.

  Keywords: mesenchymal  stem  cells,  regulatory  T  cells, 
acute liver failure. 
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SAŽETAK

  Uticaj mezenhimskih matičnih ćelija (engl. Mesenchymal 
Stem Cells, MSCs) na fenotip i funkciju CD4+CD49b+FoxP3- 
regulatornih ćelija nije razjašnjen. Da bismo procenili uticaj 
MSCs na CD4+CD49b+FoxP3- regulatorne ćelije, izazvali 
smo oštećenje jetre konkanavalinom A (engl. ConcanavalinA, 
ConA) i alfa-galaktozilceramidom (engl. α-Galactosylcerami- 
de, α-GalCer).MSCs, koje su aplikovane nakon indukcije hepa- 
tičnog oštećenja, značajno su smanjile oštećenje jetre C57BL /6 
miševa, što je pokazano biohemijskim analizama, uz smanjenu 
infiltraciju inflamacijskih (IFN-γ-, TNF-α- i IL-4 produkujućih 
CD4+ T ćelija) i povećale ukupan broj CD4+CD49b+FoxP3- 
regulatornih ćelija u jetri. Broj CD4+CD49b+FoxP3- ćelija 
je značajno povećan u jetri miševa koji su primili kondicioni- 
rani medijum, dobijen od MSCs (engl. MesenchymalStem- 
Cell-ConditionedMedium, MSC-CM). Nakon dodavanja 
1-metil-DL-triptofana, specifičnog inhibitora indoleamin 
2,3-dioksigenaze (eng. indoleamine 2,3-dioxygenase, IDO) u 
MSC-CM, koji je injektiran u miševe tretirane GalCer-om, he- 
patoprotektivni efekat MSCs je neutralisan dok je broj CD4+- 
CD49b+FoxP3- regulatornih ćelija značajno smanjen, što uka- 
zuje da MSCs smanjuju akutno oštećenje jetre povećavajući broj 
CD4+CD49b+FoxP3- regulatornih ćelija posredstvom IDO-a.

  Ključne reči: mezenhimalne matične ćelije, 
regulatorneT ćelije, akutno oštećenje jetre.
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INTRODUCTION

Autoimmune hepatitis, primary biliary cirrhosis, vi-

ral hepatitis, primary sclerosing cholangitis, and liver 

allograft rejection are induced by activated T lympho-

cytes, which infiltrate and destroy the liver parenchy-
ma (1-2). Multipotent differentiation characteristics 

coupled to their capacity for self-renewal and capabil-

ity of regulating immune responses point to mesenchy-

mal stem cells (MSCs) as potentially new therapeutic 

agents for the treatment of various diseases (3). It is al-

ready known that MSCs suppress proliferation and ef-

fector functions of T lymphocytes; professional antigen 

presenting cells such as dendritic cells (DCs), macro-

phages, and B lymphocytes; and cytotoxicity of natural 

killer (NK) and natural killer T (NKT) cells (4-6). By 

suppressing immune responses in a juxtacrine or para-
crine manner, MSCs attenuate liver inflammation and 

promote regeneration of hepatocytes. Thus, they repre-

sent promising therapeutic tools for acute liver injury 

(7). During recent decades, a variety of animal models 

have been used to study the mechanisms of MSC-based 
attenuation of acute hepatitis. Concanavalin A (ConA) 

and alpha-galactosylceramide (α-GalCer)-induced 

hepatitis are well-described experimental models of im-
mune cell-mediated acute liver injury (8, 9). In ConA 

hepatitis, CD4+ T lymphocytes infiltrate the liver tis-

sue and secrete large amounts of cytokines, such as tu-

mour necrosis factor alpha (TNF-α), interferon gamma 
(IFN-γ), interleukin (IL)-2, and granulocyte macrophage 

colony stimulating factor (GM-CSF) (10). CD8+ T cells, 

NK cells, NKT cells and macrophages can induce he-
patocyte cell death by either cell-to-cell contact or in a 

paracrine manner, through the secretion of pro-inflam-

matory cytokines and reactive oxygen species (10, 11). 

In α-GalCer-induced hepatitis, liver injury is the result 

of interplay between DCs and NKT cells (12-13). By us-

ing these two murine models of immune-mediated acute 

liver failure, we have recently shown that injection of 

MSCs significantly reduced the hepatotoxicity of liver 

NKT cells and successfully increased the ratio between 

regulatory (NKTreg) and inflammatory IL-17 produc-

ing NKT (NKT17) cells in the injured livers (14). MSCs, 
through the production of indoleamine 2,3-dioxygenase 

(IDO), directly inhibited the secretion of inflammatory 

cytokines and the cytotoxic activity of NKT cells and 

induced increased production of IL-10 in Tregs, which 

in turn, in an IL-10 dependent manner, attenuated the 
hepatotoxicity of liver NKT cells (12,15).

Here, we describe another mechanism of MSC-based 
attenuation of acute liver failure relying on the interplay 

between MSCs and CD4+CD49b+FoxP3- regulatory 

cells. Our data strongly suggest that MSCs, in an IDO-
dependent manner, induce expansion of hepatoprotec-

tive CD4+CD49b+FoxP3- regulatory cells that through 
the production of immunosuppressive IL-10 inhibit acute 

hepatitis.

MATERIALS AND METHODS 

Cells 

MSCs isolated from bone marrow of C57BL/6 mice 

were purchased from Gibco (catalogue no. S1502-100). 

These cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10% heat-inactivated foe-

tal calf serum (FCS), 100 IU/mL penicillin G and 100 μg/

mL streptomycin (Sigma-Aldrich, Munich, Germany), at 
37°C in a 5% CO

2
 incubator. MSCs in passage 4 were used 

throughout the experiments. 

Animals 
Male 6-8-week-old C57BL/6 mice were used. All ani-

mals received humane care, and all experiments were ap-

proved by and conducted in accordance with the Guide-

lines of the Animal Ethics Committee of the Faculty of 

Medical Sciences of the University of Kragujevac, Serbia. 
Mice were housed in a temperature-controlled environ-

ment with a 12-hour light-dark cycle and were adminis-

tered standard laboratory chow and water ad libitum. 

Con A-induced hepatitis 
WT C57BL/6 mice were given a single intravenous 

injection of Con A (Sigma-Aldrich, St. Louis, MO) at 12 
mg/kg body weight dissolved in 250 μL of saline (10). 

MSCs were intravenously injected (5 x 105 cells), via 
the tail vein, immediately after ConA administration 

(ConA+MSC-treated mice). Control animals received the 
appropriate amount of MSCs only or saline only. Serum 

levels of aspartate aminotransferase (AST) and alanine 

aminotransaminase (ALT) were measured 24 h after Con 
A administration, by a standard photometric method us-

ing the automated biochemistry analyser Olympus AU 400 

(Olympus Diagnostica GMBH, Hamburg, Germany) and 

Olympus AU reagents, according to the manufacturer’s in-

structions (11,16). 

α-GalCer-induced hepatitis 

WT C57BL/6 mice were given a single intravenous in-

jection of α-GalCer (50 μg/kg) dissolved in 200 μL of sa-

line (11). MSCs were intravenously injected (5 x 105 cells), 

via the tail vein, into C57BL/6 mice immediately after 
α-GalCer administration (α-GalCer+MSC-treated mice), 

while control animals received the appropriate amount 
of MSCs only or saline only. Serum levels of AST and 

ALT were measured 16 h after intravenous injection of 
α-GalCer (17). 

Isolation of hepatic mononuclear cells and analysis 

with flow cytometry
The isolation of liver-infiltrating mononuclear cells was 

conducted as previously described (11). Hepatic mononu-

clear cells were screened for various cell surface and intra-

cellular markers with flow cytometry 8 h after Con A and 2 

h after α-GalCer injection. Briefly, MNC (1x106) were incu-

bated with anti-mouse CD3, CD4, CD25, or CD49b mono-
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clonal antibodies conjugated with fluorescein isothiocyanate 
(FITC), phycoerythrin (PE), peridinin chlorophyll protein 

(PerCP) or allophycocyanin (APC) (all from BD Biosciences, 

San Jose, CA, USA) following the manufacturer’s instruc-

tions. MNCs were concomitantly stained for their intracel-

lular content of TNF-α, IFN-γ, IL-4, IL-5, IL-10 and IL-13 
by using the fixation/permeabilization kit and anti-mouse 

monoclonal antibodies conjugated with FITC, PE, PerCP and 
APC (BD Bioscience). For intracellular cytokine staining, cells 

were stimulated with 50 ng/mL phorbol-12-myristate-13-ac-

etate (PMA) and 500 ng/mL ionomycin for 5 h, and GolgiS-

top (BD Biosciences) was added. Cells were fixed in Cytofix/

Cytoperm, permeated with 0.1% saponin, and stained with 

fluorescent Abs. Flow cytometric analysis was conducted on 

a BD Biosciences FACSCalibur flow cytometer and analysed 

by using the Flowing software analysis program. 

Generation of MSC-conditioned medium (MSC-CM)

MSCs were first cultured in serum-containing com-

plete medium and incubated at 37°C in a humid atmo-

sphere with 5% CO
2
 in order to generate the MSC-CM. At 

80% confluence, the cells were washed twice with 1X phos-
phate buffered saline (PBS, Invitrogen), and the medium 

was then changed to serum-free medium. The media were 

collected, 48 h later, centrifuged at 13 000×g at 4°C for 10 
min and stored at -80°C until used (18). 

Pharmacological inhibition of IDO 
MSCs were cultured for 48 h in culture medium which 

contained 1 mM 1-methyltryptophan, (1-MT, Sigma-Al-

drich, St-Louis, MO), a well-known inhibitor of IDO enzy-

matic activity (19). 

Statistical analysis 
Results were analysed using the Student’s t test and 

SPSS 22.0 for Windows software (SPSS Inc., Chicago, IL). 

All data in this study were expressed as the mean ± stan-
dard error of the mean (SEM). Values of p<0.05 were con-

sidered statistically significant. 

RESULTS

MSCs ameliorate acute hepatitis by reducing the 

capacity of liver-infiltrated CD4+T cells to produce in-

flammatory cytokines 
MSCs efficiently attenuated Con A-induced acute liver 

injury as determined by liver enzyme tests (Figure 1A) and 

by flow cytometric analysis. Levels of serum AST and ALT 

were significantly lower (p<0.05) in Con A+MSC-treated 

mice compared to mice that received Con A only (Figure 1A). 

Flow cytometric analysis revealed a significant decrease in the 

percentage of CD3+ T cells (p<0.05), CD4+ T cells, IFN-γ-, 

TNF-α-, and IL-4 producing CD4+ T cells in the livers of 

Con A+MSC-treated mice (p<0.05, Fig. 1 B- F). Transplant-
ed MSCs successfully and notably increased the presence of 

CD4+CD25+FoxP3+ T regulatory cells in the livers of Con 

A+MSC-treated mice (Fig. 1I). Since Tregs are able to attenu-
ate acute liver failure (20,21), MSC-mediated increases of 

CD4+CD25+FoxP3+ T regulatory cells might be responsible 

for beneficial effects of MSCs. There was no significant dif-

ference in the percentage of IL-5 and IL-13 producing CD4+ 

cells (p>0.05; Fig. 1 G, H) between Con A+MSC- and Con 

A-only treated mice, indicating that MSCs did not induce po-

larization of naive T cells into effector Th2 cells. 

MSCs significantly reduced acute liver injury by promot-
ing expansion of IL-10-producing CD4+CD49b+FoxP3-

regulatory cells
Similar to what we saw in Con A-induced hepatitis, the 

serum levels of AST and ALT were significantly reduced 
(p<0.05) in α-GalCer +MSC-treated mice compared to 

Figure 1. MSCs ameliorate Con A-induced hepatitis by reducing the total number of infl ammatory CD4+ T cells and by increasing the 

presence of CD4+CD25+FoxP3+ T regulatory cells in the injured livers

(A) Serum levels of AST and ALT in Con A-treated mice. (B-I) Percentages of liver-infi ltrating CD3+ T cells, CD4+ T cells, IFN gamma, 

TNFα, IL-4, IL-5, and IL-13-producing CD4+ T cells and CD4+CD25+FoxP3+ T regulatory cells. Data are presented as the mean ± SEM; 

n=10 mice per experimental group. *p<0.05, ***p<0.001. 
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mice that received α-GalCer only (Figure 2A). The total 

number of CD4+ T cells was significantly decreased in 
the livers of α-GalCer+MSC-treated mice compared to 

animals treated with α-GalCer only (p<0.05; Fig. 2B). Most 

importantly, intravenous injection of MSCs successfully 
significantly increased the number of CD4+CD49b+FoxP3-

IL10+ cells in the livers of α-GalCer-treated mice (p<0.05; 
Fig. 2C), confirming that the beneficial effects of MSCs are 

at least partially reliant on MSC-dependent expansion of 

regulatory cells in the injured livers.

To investigate whether soluble factors were responsible 

for the immunomodulatory effects of MSCs and their ca-

pacity to induce expansion of regulatory cells in the livers, 

mice were intravenously injected with MSC-CM immedi-

ately after α-GalCer administration (α-GalCer+MSC-CM-

treated mice). Similar to the effects observed after injec-

tion of MSCs, MSC-CM treatment significantly increased 

the total number of CD4+CD49b+FoxP3-IL10+T regula-

tory cells in the livers of α-GalCer treated mice (p<0.05; 

Fig. 2D), indicating that MSCs promoted the expansion 

of CD4+CD49b+FoxP3-IL10+T regulatory cells in a para-
crine manner. 

IDO is critically involved in MSC-based expansion 

of CD4+CD49b+FoxP3- T regulatory cells
Since we previously demonstrated the crucial im-

portance of IDO for MSC-dependent expansion of IL-
10-producing CD4+CD25+FoxP3+ Tregs in injured 

livers of α-GalCer-treated animals (15), we now exam-

ined the effects of IDO on MSC-dependent expansion 
of CD4+CD49b+FoxP3-IL10+Tregs. For this purpose, 

we used 1-MT, which inhibits mRNA expression of IDO 

in MSCs through p38 mitogen-activated protein kinase 

(MAPK) and c-Jun N-terminal kinase (JNK) signalling (22). 

Intracellular staining of liver MNCs revealed significantly 
lower total numbers of CD4+CD49b+FoxP3-IL10+Tregs 

in the livers of α-GalCer+MSC-CM+1-MT-treated mice 
compared to α-GalCer+MSC-CM-treated animals, con-
firming that MSC-mediated expansion of IL-10-producing 

CD4+CD49b+FoxP3-regulatory cells in injured livers was 

IDO dependent.

DISCUSSION

In several recently published papers, we and others 

demonstrated the therapeutic potential of MSCs in acute 
liver failure (8,9,23). In this study, we introduce the first 

evidence that MSCs are able to attenuate hepatitis by 

promoting expansion of “non-classical” populations of T 

regulatory cells (CD4+CD49b+FoxP3-cells) in a paracrine 

IDO-dependent manner. 
MSCs significantly reduced Con A- and α-GalCer-

mediated hepatitis in C57BL/6 mice by inducing the con-

version of inflammatory T cells (Fig. 1B-F) into immuno-

suppressive regulatory T cells (Fig. 1I), which is in line with 

our previous findings (3, 15, 23). We recently described the 
molecular mechanisms involved in the crosstalk between 

MSCs and regulatory cells during acute liver failure (15). 

MSC-dependent attenuation of α-GalCer-induced acute 
liver injury in mice was accompanied by an increased pres-

ence of IL-10-producing CD4+ CD25+ FoxP3+ T regulato-

Figure 2. IDO is critically involved in MSC-based expansion of CD4+CD49b+FoxP3- T regulatory cells

(A) Serum levels of AST and ALT in α-GalCer-treated mice. (B) Total number of liver-infi ltrating CD4+ T cells and (C) IL-10-producing 

CD4+CD49b+FoxP3- T regulatory cells in Con A and MSCs+α-GalCer-treated mice. (D) Total number of liver-infi ltrating IL-10-producing 

CD4+CD49b+FoxP3- T regulatory cells in α-GalCer, MSC+CM+α-GalCer and 1-MT+MSC-CM+α-GalCer-treated mice. Data are presented as the 

mean ± SEM; n=10 mice per experimental group. *p<0.05. 
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ry cells and IL10- and TGFβ-producing marginal zone-like 

B regulatory cells in the liver (15). Among a variety of im-

munosuppressive factors which were produced by MSCs, 

the interplay between nitric oxide (NO) and IDO was re-
sponsible for MSC-based expansion of liver-infiltrated 

CD4+ CD25+ FoxP3+ T regulatory cells (15).
In addition to conventional CD4+CD25+Foxp3+T 

regulatory cells (24), another “non-classical” type of T 

regulatory cells, named type 1 T regulatory cells (Tr1 

cells) was identified several years ago (25). Tr1 cells are 

found in both humans and mice and are characterized by 
their copious secretion of IL-10 and their lack of Foxp3 

expression. Human and mouse Tr1 clones co-express 

CD49b, the α2 subunit of the adhesion molecule very late 

antigen (VLA)-2, which specifically binds to collagens 

I, II, and X, and lymphocyte activation gene 3 (LAG-3), 
which differentiates Tr1 cells from other CD4+ T cells, 

including Th1, Th2, Th17, and Foxp3+ T regulatory cells 
(26). We found that administration of MSCs attenuated 

α-GalCer-induced liver injury by increasing the total 

number of CD4+CD49b+FoxP3- Tr1 cells (Figure 2 C). 

Additionally, MSCs as well as MSC-CM increased the 

capacity of Tr1 cells to produce immunosuppressive 
IL-10, leading to the attenuation of acute hepatitis (Fig-

ure 2D). It is well known that Tr1 cells suppress tissue 
inflammation, graft-versus-host disease, and autoim-

munity by producing anti-inflammatory cytokine IL-10 

in an antigen-specific manner (27,28). Tr1-derived IL-

10 enhances the production of human leukocyte anti-

gen (HLA)-G5 in MSCs and promotes MSC-dependent 

expansion of CD4+CD25+FoxP3+ T regulatory cells 

(29). CD4+CD49b+FoxP3- Tr1 cells exhibit a suppres-

sive function in a hepatitis B virus (HBV)-carrier mouse 

model (29) and human hepatitis C virus (HCV) infection 
(30). Interestingly, their suppressive effect is even higher 

than that of the classical CD4+CD25+FoxP3+ T regula-
tory cells (31). It has been reported that naïve T cells can 

be induced to become Foxp3-Tr1 cells by IL-10, and these 
Foxp3-Tr1 cells secrete high levels of IL-10 and TGF-β to 

modulate the inflammatory microenvironment.

It has been elucidated that IDO promotes the degra-

dation of tryptophan into kynurenine and toxic metabo-

lites (quinolinic acid and 3-hydroxy-anthranillic acid), 

which suppress proliferation or induce apoptosis of T cells 
through activation of the stress response kinase GCN2 

(32). Additionally, IDO triggers the production of im-

munosuppressive IL-10 in activated lymphocytes, while 

1-MT significantly impairs the capacity of stimulated 

lymphocytes to secrete IL-10 (33). In our recently pub-

lished paper we demonstrated that MSC-derived IDO is 
crucially important for the expansion of IL-10-producing 

CD4+CD25+FoxP3+ T regulatory cells and consequent at-

tenuation of acute liver injury (12). In line with these find-

ings, here we demonstrated that IDO inhibition complete-

ly abrogated the capacity of MSC-CM to induce expansion 

of IL-10-producing CD4+CD49b+FoxP3- Tr1 cells (Figure 
2 D) and to attenuate acute hepatitis. 

In conclusion, the capacity of MSCs to promote expan-
sion of immunosuppressive CD4+CD49b+FoxP3- Tr1 cells 

in an IDO-dependent manner should be explored in future 

studies as new therapeutic approach for the treatment of 

liver diseases which are mediated by T cells.
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