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Cotransfer of regulatory T cells improve the
therapeutic effectiveness of mesenchymal stem
cells in treating a colitis mouse model
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Abstract: Inflammatory bowel disease (IBD) is a severe inflammatory condition in the colon. To date,
clinical solutions for this disease have been limited. Mesenchymal stem cells (MSCs), multipotential
cells with immune regulation and anti-inflammatory functions, have been applied to treatment of IBD.
However, the therapeutic effectiveness of MSCs still needs to be improved. Here, we were interested
in whether regulatory T cells (Tregs) could enhance the immune regulation function of MSCs in
treatment of mouse colitis. We generated a dextran sulfate sodium (DSS)-induced IBD mouse model.
Combined cell therapy with both MSCs and Tregs was able to help increase body weight and preserve
a better colon morphology compared with single cell therapy with MSCs or Tregs alone. Further
studies demonstrated that combined cell therapy could reduce pro-inflammatory cytokines such as
TNF-a,IL-10, IFN-y, IL-17A, IL-1B and at the same time promote CD3* T cells apoptosis. In conclusion,
our study indicates that combined cell therapy could prevent the development of colitis in a mouse

model, which may lead to a new effective therapeutic approach for treatment of human IBD.
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Introduction

Inflammatory bowel disease (IBD) is a chronic disor-
der with uncontrolled inflammation that will ultimately
lead to severe dysfunction of the gastrointestinal tract
[4]. Nowadays, anti-inflammatory reagents and immune
regulation reagents, such as glucocorticoids, are widely
used to treat IBD. However, they are not fully effective
[2]. In addition, these immune regulation reagents nor-
mally have multiple cellular targets, which may lead to
severe side effects [10]. How to treat IBD with both
specificity and effectiveness still remains to be deter-
mined.

Mesenchymal stem cells (MSCs) have been widely
used for tissue repair. Intriguingly, MSCs could also
serve as an effective immunosuppressive agent. Plenty

of studies have shown that MSCs have been involved in
regulating multiple immune responses, such as inhibiting
T cells proliferation, suppressing dendritic cell (DC)
maturation, and increasing T cells apoptosis [1, 5, 6, 11,
14, 20]. Based on these immune regulation activities,
MSCs have been applied in treating many immune dis-
eases, for example, graft-versus-host disease (GVHD),
rheumatoid arthritis (RA), and systemic lupus erythe-
matosus (SLE) [3, 16, 26, 27]. It is also known that the
therapeutic function of MSCs could be amended by many
cellular-environmental conditions including inflamma-
tion. Several studies have demonstrated that pretreatment
with pro-inflammatory cytokines, such as interferon-y
(IFN-y), interleukin-1 (IL-1p), interleukin-10 (IL-10),
and tumor necrosis factor (TNF-a), could enhance the
therapeutic effects of MSCs in mice with colitis [8, 9].
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Additionally, CD4"CD25*Foxp3™ T regulatory cells
(Tregs) could be induced by MSCs, and the immune
regulation activities of MSCs might, at least partially,
benefit from Tregs’ presence. There is evidence showing
that Tregs could boost the MSCs” immunomodulatory
effects when treating GVDH [17]. In this study, we in-
vestigated the outcome of combined cell therapy with
both MSCs and Tregs in treatment of treating DSS-in-
duced colitis in a mouse model. We found that the com-
bined cell therapy could increase body weight and pre-
serve a better colon morphology compared with treatment
with either MSCs or Tregs alone. Further studies showed
that combined cell therapy achieved much better results
in promoting CD3" T cell apoptosis and reducing pro-
inflammatory cytokines. Our study indicated that com-
bining Tregs and MSCs in cell-based therapy could
prevent the development of colitis in a mouse model,
which may lead to a potential strategy for treatment of
human IBD.

Materials and Methods

Mice

Eight-week-old C57BL/6 mice were purchase from
the animal center of Chongqing Medical University in
Chongqing, China. All animal experiments were per-
formed under the experimental animal guidelines of the
National Institutes of Health and approved by the Animal
Care and Use Committee of Chongqing Medical Uni-
versity.

Isolation and characterization of MSCs

Mouse bone marrow cells were flushed out from fe-
murs and tibias with a-MEM medium (Invitrogen, Carls-
bad, CA, USA) containing 10 U/ml penicillin (Invitro-
gen, Carlsbad, CA, USA), 10 g/ml streptomycin
(Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine
(HyClone, GE Healthcare Life Sciences, Logan, UT,
USA), and 20% fetal bovine serum (FBS) (HyClone, GE
Healthcare Life Sciences, Logan, UT, USA). To charac-
terize the MSCs, cultured bone marrow cells were ana-
lyzed by flow cytometry. Briefly, cells were washed twice
with flow cytometry buffer and diluted at 1 x 10° cells/
ml before incubation with conjugated monoclonal anti-
bodies against Sca-1-PE (Abcam, Cambridge, UK),
CD73-PE (eBioscience, San Diego, CA, USA), CD 90-
PE (BioLegend, San Diego, CA, USA), CD105-PE
(BioLegend, San Diego, CA, USA), CD14-PE (Abcam,

Cambridge, UK), CD34-PE (BioLegend, San Diego, CA,
USA), CD11b-PE (BioLegend, San Diego, CA, USA),
and CD45-PE (eBioscience, San Diego, CA, USA) ac-
cording to the manufacturers’ instructed. After washing
with PBS, cells were subjected to flow cytometric anal-
ysis (Beckman Coulter, Fullerton, CA, USA).

Osteogenic/adipogenic differentiation of MSCs

The osteogenic/adipogenic differentiation experiments
for MSCs were performed as previously described [8].
First, 1 x 10° cells/well were seeded onto 6-well plates
and cultured in a-MEM containing 20% FBS, 2 mM
L-glutamine, 10 U/ml penicillin, and 10 g/ml streptomy-
cin. Osteogenic differentiation medium was prepared
with 100 nm dexamethasone (Sigma-Aldrich, St. Louis,
MO, USA), 50 ug/ml ascorbic acid (Sigma-Aldrich, St.
Louis, MO, USA) and 5 mM B-glycerophosphate (Sig-
ma-Aldrich, St. Louis, MO, USA). Adipogenic differen-
tiation medium was composed 0.5 mM methylisobutyl-
xanthine (Sigma-Aldrich, St. Louis, MO, USA), 0.5 mM
hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA),
and 60 mM indomethacin (Sigma-Aldrich, St. Louis,
MO, USA). The newly prepared MSCs were cultured in
either osteogenic or adipogenic differentiation medium
for a defined time period. For observation, the cells were
fixed with 75% ethanol and then stained with Oil Red O
solution or 2% Alizarin Red (Sigma-Aldrich, St. Louis,
MO, USA), respectively.

Tregs generation

Tregs were prepared according to the all-trans retinal
method as described previously [17]. Briefly, spleens
were harvested from C57BL/6 mice. CD4" T cells were
isolated by using a Dynal® CD4 Negative Isolation Kit
(Dynal Biotect, Bromborough, Wirral, UK). These cells
were then cultured with anti-CD3 (BioLegend, San Di-
ego, CA, USA), anti-CD28 (BioLegend, San Diego, CA,
USA), TGF-f (PeproTech, London, UK), and retinal acid
(Sigma-Aldrich, St. Louis, MO, USA) for 72 h. CD4"
CD25* cells were sorted out of the culture by flow cy-
tometry and analyzed with cell surface antibodies, such
as anti-CD4 -FITC (Abcam, Cambridge, UK), anti-
CD25-PE (BD PharMingen, San Diego, CA, USA),
anti-FOXP3-APC (BD PharMingen, San Diego, CA,
USA), anti-CD44 (BioLegend, San Diego, CA, USA),
anti-GITR (BioLegend, San Diego, CA, USA), and
anti-CTL4 (BioLegend, San Diego, CA, USA).
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Induction of colitis

Mice were treated with 3% (w/v) DSS water (MP
Biomedicals, Solon, OH, USA) from day 0 to day 10.
On day 3, experimental mice were injected intravenous-
ly with 1 x 10° MSCs, 2 x 10° Tregs, or the combination
of 1 x 10° MSCs and 2 x 10° Tregs. Control animals
were given an equal volume of PBS (Sigma-Aldrich, St.
Louis, MO, USA). The animals were monitored daily.
Body weight, stool consistency, presence of fecal blood,
and survival rate were recorded to establish the clinical
disease activity index (DAI). All mice were sacrificed at
day 10.

The entire colons of mice were removed to measure
their lengths. For histopathological analysis, colonic
segments were fixed in formalin solution, embedded in
paraffin wax, and then sliced into 4-um-thick sections
before staining with hematoxylin and eosin. The histo-
logical score was calculated as previously described [9].

Cytokine measurements

A Potter-Elvehjem glass homogenizer was used to
obtain colon homogenates. Samples from different
groups were then centrifuged at 3 x 10* g for 10 min at
4° C. A Cytometric Bead Array System (BD PharMingen,
San Diego, CA, USA) was used to measure the cytokine
level in the homogenates. The TGF-B level in mouse
serum was measured with a commercial ELISA kit (In-
vitrogen) according to the manufacturer’s instructions.

T cells apoptosis analysis

Whole peripheral blood was treated with erythrocyte
lysing solution. T cells were identified with a CD3" an-
tibody (BD PharMingen, San Diego, CA, USA), and
Annexin-V Apoptosis Detection Kit I (BD PharMingen,
San Diego, CA, USA) was applied to detect apoptotic
cells in the CD3" T cell population as described previ-
ously [1].

Statistical analysis

All data are presented as the mean + SD. Student’s
t-test was applied for comparisons between two groups,
and one-way analysis of variance (ANOVA) was used
for comparisons among multiple groups (>2). P<0.05
was considered significant.

Results

Preparation of MSCs and Tregs in vitro

Bone marrow cells were first collected and expanded
in culture. At passage 3, all the cells exhibited a homoge-
neous fibroblast-like spindle shape with plastic-adherent
properties. To characterize the culture- expanded MSCs,
surface proteins of MSCs were examined with flow cy-
tometry. The results showed that our MSCs were positive
for CD73, CD90,CD105, and Sca-1 but lacking in the
expression of CD45, CD34, CD14, or CD11b (Fig. 1D).
These newly generated MSCs were also tested for their
osteogenic or adipogenic differentiation capacity. After 3
weeks in osteogenic differentiation medium, Alizarin Red
S staining showed that MSCs formed many mineralized
nodules (Figs. lA—1C). At the same time, numerous in-
tracellular lipid droplets were observed by Oil Red O
staining in adipogenic differentiation culture.

Tregs were prepared according to the literature. Flow
cytometry data showed that these cells were expressing
several Tregs-specific markers, GITR (glucocorticoid-
induced tumor necrosis factor receptor-related protein),
CTLA-4 (cytotoxic T-lymphocyte antigen-4), lymphoid
homing receptor CD44, and more importantly FoxP3 at
the same time (Fig. 1E). Based on these data, we con-
cluded that we successfully generated MSCs and Tregs
for further experiments.

Combined cell therapy with MSCs and Tregs could
improve the clinical outcome in a murine colitis model

After being given 3% DDS for 10 consecutive days,
the C57BL/6 mice developed the typical syndrome of
colon colitis with significant body weight loss, bloody
diarrhea, mucosal ulceration, and shortening of the total
colon length. The DAI, which was used to describe the
severity of rectal bleeding, diarrhea, and weight loss,
elevated to 7.8 = 0.83 in the colitis group compared with
the DAI of 1 in the normal C57/BL6 mice. In order to
examine the effectiveness of different cell-based treat-
ments, we separated the animals into four different
groups. The experimental animals were given PBS (coli-
tis group), MSCs, Tregs, or combined MSCs and Tregs
at the 3rd day after DDS application. At day 10, the DAIs
of the animals treated with MSCs or Tregs alone was
reduced to 4.6 £ 0.89 or 4.6 + 0.55, respectively. For the
combined cell therapy, the DAI was significantly reduced
to 3.2 £ 0.45 (Fig. 2A). Notably, the colitis animals ex-
hibited severe weight loss and high a mortality rate dur-
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Fig. 1.

Characterization of MSCs and Tregs. (A) MSCs in culture medium exhibited a spindle shape and plastic-adherent properties.

(B) Adipogenic differentiation of MSCs was determined by Oil Red O staining. (C) Osteogenic differentiation of MSCs
was determined by Alizarin Red S staining. (D) The surface antigens of MSCs were detected by flow cytometry. (E) The

surface antigens of Tregs were detected by flow cytometry.

ing the experiment. The combined cell therapy was able
to significantly maintain the body weight and survival
rate in mice compared with therapy with either MSCs
or Tregs alone (Figs. 2D and 2E).

The length of the colon was also measured in all the
mice. DDS led to severe reduction of colon length (5.13
+ 0.42 cm) in the colitis group compared with normal

C57/BL6 mice (9.70 = 0.26 cm). Therapy with either
MSCs or Tregs was able to preserve the length of the
colon (8.1 = 0.36 cm for the MSC group and 8.1 +0.15
cm for the Tregs group). As we expected, the combined
cell therapy demonstrated the most significant result in
maintaining colon length (9.03 £ 0.15 cm) (Figs. 2B and
2C).
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Fig. 2. The combined cell therapy ameliorated the symptoms

of mice with colitis. The DAI of each group was evalu-
ated at day 10. (B, C) The colon length of each group
was measured at day 10. (D) Body weight during the
experimental period. (E) Animal survival rate the ex-
perimental period. Results are presented as the mean +
SD (n=6). *P<0.05.
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Combined cell therapy improved histological conditions
of the colon with colitis

Previous studies have reported that DDS treatment
could induce histological changes in the colon with coli-
tis colon [1]. In this study, we also observed these
changes, which mainly occurred in the distal part of the
colon. Treatment with combined cells significantly re-
duced the extent of the inflammatory area and attenu-
ated inflammatory cell infiltration. The histological activ-
ity indexs (HAIs) of the groups treated with only one
type of cells reduced to 4.0 + 0.7 (treated with MSCs)
and 4.4 + 0.55 (treated with Tregs) compared with the
HAI of 5.6 + 1.44 in the colitis group (treated with PBS).
With combined cell therapy, the HAI score significantly
decreased to 2.4 + 0.89, which was very close to the
score of the control C57/BL6 mice (HAI=1.0). The his-
tological score data suggested that coadministration of
MSCs and Tregs was very efficacious in preserving the
colon morphology compared with single cell therapy

(Fig. 3).

Coadministration of MSCs and Tregs suppressed the
inflammatory cytokine levels in the colon with colitis
TNF-q, I[L-10, IFN-y, IL-17A, and IL-1f are important
pro-inflammatory cytokines, which have been suggested
to play the major role during colitis development. In
order to study the influence of different cell therapies on
the presence of these cytokines, we examined their con-
centrations in colon homogenates. At day 10, the control
C57/BL6 group had 0.76 £ 0.20 ng/g TNF-a, 0.19+0.03
ng/g IL-1B, 0.58 £ 0.23 ng/g [FN-y, 0.8 £ 0.24 ng/g IL-
17A, and 0.36 + 0.08 ng/g IL-10 in colon homogenates.
In the mice of colitis, the levels of TNF-a, IL-1, IFN-y,
IL-17A, and IL-10 were remarkably elevated to 6.1 +
0.88 ng/g, 4.96 +0.73 ng/g, 5.18 £ 0.70 ng/g, 6.92 + 0.64
ng/g, and 4.42 + 0.94 ng/g, respectively. Therapy with
MSCs alone resulted in the TNF-a, IL-1B, IFN-y, IL-
17A, and IL-10 levels dropping to 2.80 = 0.74 ng/g, 2.11
+ 0.43 ng/g, 3.36 = 0.70 ng/g, 2.8 + 0.74 ng/g, and 2.5
+ 0.47 ng/g, respectively, whereas, treatment with Tregs
alone resulted in them dropping to 2.4 + 0.48 ng/g, 2.59
+ 0.78 ng/g, 3.64 = 0.37 ng/g, 2.6 + 0.8 ng/g, and 3.12
+0.57 ng/g, respectively. When we combined both MSCs
and Tregs in treatment, the cytokines were significantly
decreased to 1.08 £ 0.16 ng/g (TNF-a), 0.38 +£0.07 ng/g
(IL-1B), 2.06 = 0.18 ng/g (IFN-y), 1.24 + 0.42 ng/g (IL-
17A), and 1.28 = 0.72 ng/g (IL-10), respectively (Fig.
4A). These data suggested that the combined therapy
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Fig. 3. Combined cell therapy improved histological conditions of mice with colitis. (A-E) He-
matoxylin and eosin staining was performed to illustrate the colon morphology of each
group. (F) The histological activity index chart of each group. Results are presented as the
mean £ SD (n=6). *P<0.05; **P<0.01. Scale bar=200 pm.

with MSCs and Tregs together could significantly pre-
vent inflammation in DDS-treated mouse colon and that
this therapeutic effect might act through suppression of
TNF-a, IL-1B, IL-10, IL-17A, and IFN-y levels.

Cotransfer of MSCs and Tregs promoted CD3" T cell
apoptosis

It has been suggested that CD3" T cell apoptosis is
one of the critical mechanisms in MSC-based cell ther-
apy in colitis treatment. We next investigated whether
exogenous Tregs could improve the MSC function in
promoting T cell apoptosis. We systematically trans-
ferred PBS, MSCs, Tregs, or combined MSCs and Tregs
to mice with colitis. Peripheral blood samples were then

collected at 6 h after cell transfer. Flow cytometry results
showed that mice with colitis (treated with PBS) had a
relatively low cell apoptosis rate with respect to their
CD3* T cell population (6.86 + 0.13%). When treated
with MSCs or Tregs, the ratio of apoptotic CD3" T cells
increased to 21.4 + 1.59% or 20 + 1.6% respectively.
Combined cell therapy was able to significantly elevate
the CD3" T cell apoptotic rate to 26.1 = 0.81% (Figs. 5SA
and 5B). It was reported that apoptotic T cells could
trigger TGF-B production [22]. We next examined the
level of TGF-B in mouse serum after cell transfer. We
found that the serum TGF-f level in the mice with coli-
tis was 9.33 + 2.49 ng/ml. Transfer with either MSCs
alone resulted in the serum TGF-f level being elevated
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Fig. 4. Combined cell therapy suppressed the expression of inflammatory cytokines in the colitis model. (A-E) IL-18, TNF-a, IFN-,
IL-10, and IL-17A levels in colonic protein extracts were measured in each group. Results are presented as the mean + SD (n=6).
Mean + S.D. n=6. *P<0.05; **P<0.01.
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Fig. 5. The combined cell therapy promoted apoptosis in the CD3* T cell population. (A, B) The apoptotic CD3" T cells were quantified
by flow cytometry. (C) Serum TGF- was measured in each group. Results are presented as the mean + SD (n=6). * P<0.05; **P<0.01.
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t0 26.33 +4.92 ng/ml, whereas transfer with Tregs alone
resulted in it being elevated to 24.66 + 3.68 ng/ml re-
spectively. When we combined both MSCs and Tregs in
treatment, the serum TGF-f significantly increased to
39.03 + 0.85 ng/ml (Fig. 5C). These data suggested that
combining Tregs with MSCs in treatment could enhance
CD3" T cell apoptosis.

Discussion

Use of MSCs to treat IBD, and GVHD, and other im-
mune diseases has been widely attempted. Although
some progress has been made, the therapeutic effective-
ness of MSCs still needs to be improved. Moreover,
Tregs have gained attention, as they can facilitate the
function of MSCs in many aspects. Multiple studies have
suggested that MSCs are capable of inducing Tregs from
a population of T cells in vivo and in vitro. However, the
number of endogenous Tregs induced by MSCs was
limited. In the present report, we demonstrated that ex-
ogenous Tregs played an important role in boosting the
immune regulation function of MSCs. We applied com-
bined cell therapy with both MSCs and Tregs to a DSS-
induced colits mouse model and demonstrated that Tregs
could enhance the curative effects of MSCs in several
aspects. Our results suggested a novel strategy for IBD
treatment.

Although the detailed mechanism of IBD still remains
under defined, accumulating evidence indicates that the
inflammatory factors play an important role in colitis
pathogenesis. Previous studies demonstrated that MSCs
could regulate the expression of many inflammatory
cytokines, suppress inflammatory cell infiltration and
proliferation, and promote T cells apoptosis. The immune
regulation function of MSCs was thought to be the result
of secretion of soluble factors and cell-to-cell contacts.
MSCs secrete certain cytokines and chemokines, which
could induce Tregs differentiation. Then, these newly
generated Tregs facilitate the immune tolerance of
MSC:s, thus enhancing the MSC’s immune regulation
fuction of the MSCs [14, 18, 25]. However, even with
the presence of endogenous Tregs, the outcome of MSC
transfer alone is not comparable with the combined cell
therapy in treating DDS-induced colitis. This may be
due to a time gap between MSCs injection of MSCs and
induction of Tregs induction or simply there not being
enough endogenous Tregs in the system [16, 17]. How-
ever, like some previous studies [1, 8—10], we did not

measure the frequency of Tregs or size of the Treg
population in colonic lamina propria before and after
MSC transfer. This is an important point that which
should be explored in the further studies. Recent studies
showed that the addition of Tregs may improve the con-
dition of established GVHD. Interestingly, several stud-
ies have suggested that administration with Tregs could
only suppress autoimmunity and prevent overexuberant
immune responses when treating autoimmune diseases
[7, 19]. We also noticed that administering Tregs alone
could ease the DDS-induced IBD in our study. Butin the
case of inflammatory environments, Tregs may convert
to Th17 cells and lose their immune suppressive capabil-
ity [15, 23, 28]. This would certainly weaken the ef-
fectiveness of Tregs only treatment. As a result, the key
to improving the effectiveness of colitis treatment might
be administration of both active MSCs and Tregs at the
same time.

In our study, we first prepared Tregs in vitro. This
exogenous Tregs population could resist to inflamma-
tory cytokines and maintain immune suppressive func-
tion [12]. Then, we combined MSCs and Tregs and in-
fused them into a DSS-induced colitis mouse model.
Body weight was significantly improved compared with
the data from groups treated with either MSCs or Tregs
alone. In the inflamed area, the histological appearance
of the colon was ameliorated remarkably. The severity
of clinical symptoms dramatically decreased following
the combined cell therapy. The mechanism of colitis is
still under defined. However, many studies have shown
that an excess of TNF-a, IL-10, IFN-y, IL-17A, and IL-
1B may play a significant role in the pathogenesis of
colitis [13]. We examined these cytokines in our study.
The data from ELISA assays showed that the levels of
TNF-a, IL-10, IFN-y, IL-17A, and IL-1p noticeably
deceased in serum and surrounding tissue after the com-
bined cell therapy. In the colitis mice, IL-10, an impor-
tant anti-inflammatory cytokine, was compensatory
upregulated as expected. However, IL-10 together with
four other important cytokines were downregulated after
cell transfer. These results suggested that MSCs and/or
Tregs had significant anti-inflammatory effects as previ-
ously reported [2, 10]. And that these effects probably
were not mediated by the presence of IL-10 or other
cytokines studied in this report. IL-10 could upregulate
the JAK-STATS3 signaling pathway through inhibition of
the NF-«xB signal [21, 23, 24]. Thus, the anti-inflamma-
tory effects of cell transfer in this study might not be
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through these two signaling pathways, which is consis-
tent with a finding of Akiyama et al. [1]. Further studies
need to be performed to explore the detailed mechanism
of the anti-inflammatory effects from MSCs and/or
Tregs. We also investigated the apoptotic CD3* T cells
in our system. As a result, we found a sharp increase in
the ratio of apoptotic CD3™ T cells when transfer Tregs
together with MSCs. Although we did not analyze the
situation of apoptotic cytokine-producing T cells, such
as IFN-y- and IL-17-producing T cells, both cytokines
decreased in the colon after cell transfer, which may
suggest that the [FN-y-and IL-17-producing colon T cells
also undergo apoptosis. Interestingly, serum TGF-f sig-
nificantly increased after cell transfer. The increased
TGF-B would then contribute to the therapeutic effects
by regulating the Tregs immune tolerance of Tregs.

In conclusion, the therapy with combined MSCs and
Tregs remarkably decreased the clinical characteristics
and pathological manifestations in the colitis mouse
model. These data suggest a potential approach in pre-
venting human IBDs.
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