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Abstract

Background and Aims The anti-inflammatory and repar-
ative properties of mesenchymal stem cells (MSCs) make
them a promising tool for treating immune-mediated and
inflammatory disorders. However, whether MSCs can be
used for treatment of inflammatory bowel disease (IBD)
still remains unclear. In this study, a dextran sulfate sodium
(DSS)-induced mouse colitis model was used to test the
hypothesis that infused bone marrow-derived MSCs could

exert anti-inflammatory effects against experimental
colitis.
Methods DSS-induced colitis mice were injected with

1 x 10° MSCs [in phosphate-buffered saline (PBS)] via the
tail vein. Control colitis mice received PBS alone. To trace
the injected cells in vivo, MSCs were labeled with chlor-
omethyl-benzamidodialkylcarbocyanine (CM-Dil). On
day 15 of the experiment, the colon was sectioned and
examined for histopathological changes. Pro-inflammatory
cytokines [tumor necrosis factor-alpha (TNF-o), interleukin
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(IL)-1p] in the inflamed colon were analyzed by real-time
reverse-transcription polymerase chain reaction (RT-PCR).
Serum values of TNF-o in mice were evaluated quantita-
tively by enzyme-linked immunosorbent assay (ELISA)
analysis.

Results DSS-induced colitis showed symptoms similar to
ulcerative colitis in humans, including body weight loss,
bloody diarrhea, mucosal ulceration, and shortening of the
colon. Bone marrow-derived MSCs significantly amelio-
rated the clinical and histopathologic severity of DSS
colitis compared with non-MSC control. Pro-inflammatory
cytokines in both the inflamed colon (TNF-¢, IL-1f) and
serum (TNF-o) were downregulated in MSC-treated mice
in contrast to control. CM-Dil-labeled MSCs accumulated
in inflamed regions of the colon, mainly in the submucosa.
Conclusions Systemic infusion of bone marrow-derived
MSCs may exert therapeutic efficacy on acute DSS-
induced colitis in mice through their anti-inflammatory
effects, which demonstrates the feasibility of using bone
marrow-derived MSCs to treat IBD.

Keywords Mice - Colitis - Inflammatory bowel diseases -
Mesenchymal stem cells - Treatment

Introduction

Inflammatory bowel disease (IBD), comprising ulcerative
colitis (UC) and Crohn’s disease (CD), is a chronic
relapsing disorder associated with uncontrolled inflamma-
tion within the gastrointestinal tract. Currently, the widely
accepted hypothesis on the cause of IBD is a disturbed
interaction of the host immune system with the commensal
microflora and other luminal antigens, which leads to
ongoing mucosal inflammation [1]. In addition, there is
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mounting evidence that impaired epithelial barrier function
is critical in IBD pathophysiology [2, 3]. Despite the sig-
nificant advances in clinical management for IBD, none of
the existing therapeutic agents have a curative effect and
few “nontoxic” therapeutic options are available to mod-
ulate intestinal inflammation. It is still challenging to
develop new therapeutic approaches that are more effective
and have fewer side-effects for IBD.

Bone marrow contains pluripotent mesenchymal stem
cells (MSCs) that can be reproducibly and safely isolated and
purified. MSCs, lacking major histocompatibility II and
several costimulatory molecules, are relatively immuno-
privileged and have the ability to escape immune recogni-
tion, or at least are hypoimmunogenic [4, 5]. These stem cells
are capable of proliferating quickly in vitro, and have the
potential to differentiate along the osteogenic, chondrogenic,
and adipogenic lineages both in vitro and in vivo [6-8]. In
the last several years, it has been proposed that MSCs could
serve as an effective therapeutic agent for tissue repair [9,
10]. More recently, MSCs were shown to modulate innate
and adaptive immunity [11-14]. These cells may inhibit the
function of the major immune cell populations, including
dendritic cells, T cells, B cells, and natural killer cells. The
immunomodulatory and anti-inflammatory properties of
MSCs have been tested in a variety of animal models and
have been applied in specific clinical settings. The most
exciting data are from in vivo studies conducted in humans
demonstrating successful treatment of life-threatening graft-
versus-host disease (GVHD) with MSCs [15-17].

In view of their anti-inflammatory properties, as well as
of their role in tissue repair, MSCs represent a promising
tool for treating immune-mediated and inflammatory dis-
orders. However, whether MSCs can be used for treatment
of IBD still remains unclear. In this study, we investigated
the role of infused mouse bone marrow-derived MSCs
(BM-MSCs) in a dextran sulfate sodium (DSS)-induced
mouse colitis model and explored the possible mechanisms
by which MSCs exerted anti-inflammatory effects against
experimental colitis.

Materials and Methods
Mice

Specific pathogen-free male BALB/c (H-2d) mice (aged
6-7 weeks, weighing between 19 and 21 g) were pur-
chased from the Experiment Animal Center of Sun Yat-sen
University in Guangzhou, China. The experimental proto-
col was approved by the Sun Yat-sen University Animal
Care and Research Committee. All animals received care
in accordance with National Institutes of Health guidelines
for the use of experimental animals.

Isolation and Expansion of BM-MSCs

Three-week-old male BALB/c (H-2d) mice were killed by
cervical dislocation and immersed in 75 % ethanol for
5 min. The bilateral femurs and tibias were aseptically
excised, stripped of connective tissues, and then stored in
PBS supplemented with 1x penicillin/streptomycin on ice.
The ends of the bones were trimmed, and the bone marrow
was flushed out of the marrow shafts by using complete cell
culture medium consisting of ¢-minimum essential medium
(«-MEM; Gibco, Invitrogen Corp., Grand Island, NY, USA)
supplemented with 10 % fetal bovine serum (FBS; HyClone
Laboratories, Inc., Logan, UT, USA). The bone marrow cells
were dispersed by gently drawing medium and cells up and
down, filtered through a 70-pum cell strainer (BD Biosci-
ences, Mississauga, ON, Canada), and then centrifuged for
5 min at 352 x g. After removal of the supernatant, cells
were plated in plastic tissue culture flask (Corning, NY,
USA) at concentration of 10° cells/cm” using mouse Com-
plete Mesencult as medium (Stem Cell Technologies, Van-
couver, BC, Canada). Nonadherent cells were removed after
48 h, and fresh medium was added. Thereafter, the medium
was refreshed every 3—4 days, for about 1-2 weeks; then,
only adherent cells were collected following 5-min incuba-
tion at 37 °C with 0.25 % trypsin solution (Gibco, Invitrogen
Corp., Grand Island, NY, USA). Cells were replated at
density of 3 x 10 cells/cm? and passaged at approximately
80 % confluency. Third- and fourth-passage cells were used
for all experiments.

Cell-Surface Marker Analysis of BM-MSCs

Cells were trypsinized, collected, and incubated for 30 min in
the dark at 4 °C with fluorescein isothiocyanate (FITC)-con-
jugated anti-mouse CD29, CD45, major histocompatibility
complex (MHC) class I, MHC class II or phycoerythrin (PE)-
conjugated anti-mouse CD34, CD44. Afterward, they were
washed twice with PBS, resuspended in 1 mL PBS, and
immediately analyzed. Detection of PE and FITC labeling
was accomplished by flow cytometry (FACSCalibur flow
cytometer; Becton, Dickinson and Company, Franklin Lakes,
NJ, USA). At least 10,000 events were collected. Win-
MDI 2.9 software was used to create the histograms.

Animal Studies

To induce colitis, the mice received 4 % (w/v) dextran
sulfate sodium (DSS; molecular weight, 36,000-50,000;
International Laboratory, USA) in their drinking water
from day 1 to day 7, according to the published protocol
[18]. On day 8, all animals returned to drinking plain
water. Syngeneic BM-MSCs (1 x 10° cells in 0.3 ml PBS)
were injected via the tail vein in the DSS-treated mice,
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respectively, on day 2, day 5, and day 8. In control, DSS-
treated mice received 0.3 ml PBS without BM-MSCs per
time. Weight measurements, evaluation of stool consis-
tency, and fecal occult blood test were performed daily. A
validated clinical disease activity index (DAI) ranging
from O to 4 was calculated using the parameters described
previously [19]. The mice were sacrificed on day 15, and
blood was collected by cardiac puncture for analysis of
serum inflammatory mediators. The entire colon was
removed from the cecum to the anus. Colon length was
measured before dividing the colon for histology and
evaluation of expression of inflammatory cytokines.

Histology

Histopathological analysis was performed on three samples
of distal colon for each animal. Colon samples were fixed
in 10 % formalin solution, embedded in paraffin, and sliced
into sections of 4 um thickness before staining with
hematoxylin and eosin. Histological evaluation was com-
pleted in a double-blind fashion by two investigators using
a scoring system [20]. Briefly, histology was scored as
follows: Epithelium (E): 0, normal morphology; 1, loss of
goblet cells; 2, loss of goblet cells in large areas; 3, loss of
crypts; 4, loss of crypts in large areas. Infiltration (I): 0, no
infiltrate; 1, infiltrate around crypt basis; 2, infiltrate
reaching to L. muscularis mucosa; 3, extensive infiltration
reaching the L. muscularis mucosa and thickening of
the mucosa with abundant edema; 4, infiltration of the
L. submucosa. The histological score was defined as the
sum of the two parameters (total score = E + I).

In Vivo Tracing of BM-MSCs by CM-Dil Label

To clarify the in vivo localization of infused BM-MSCs in
the inflamed colonic tissues, we used chloromethyl-benza-
midodialkylcarbocyanine (CM-Dil, MW 1,051.50; Molec-
ular Probes, Eugene, OR, USA) as labeling agent. Briefly,
BM-MSCs were incubated with 2 pg/ml CM-Dil (C7000)
for5 minat37 °C, and then for an additional 15 min at4 °C.
Labeled BM-MSCs were administered via the tail vein using
the same protocol described above. Frozen tissue sections
obtained from the colon of the inflamed region and the
proximal colon of the noninflamed region were observed
with a fluorescence microscope (E600; Nikon, Tokyo,
Japan), using the tetramethylrhodamine isothiocyanate filter
set (excitation, 540 nm; dichroic mirror, 565 nm). Micro-
graphs were taken with a digital camera system.

Detection of Serum Pro-inflammatory Cytokine

Blood samples were centrifuged at 1,000 x g for 15 min, and
the sera were stored at —80 °C until cytokine determination.
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The TNF-o concentrations in the sera were determined by
mouse TNF-alpha ELISA kit (BioSource, Inc., Camarillo,
CA, USA) according to the manufacturer’s protocol.

Determination of mRNA Expression of Inflammatory
Cytokines in the Colon

Colon segments were frozen in liquid nitrogen until use at
—80 °C. Total RNA from individual colons was isolated by
using TRI reagent (Invitrogen) according to the manufac-
turer’s protocol. Reverse transcription of total RNA was
performed with ReverTra Ace®qPCR RT kit (FSQ-101,
Toyobo). Then, a real-time PCR reaction with final volume
of 50 ml was completed using the SYBR® Green Realtime
PCR Master Mix (QPK-201, Toyobo). All reactions were
performed in triplicate, and the thermal cycling conditions
were 1 min at 95 °C, followed by 40 cycles of 15 s at
95 °C, 15 s at 58 °C, and 45 s at 72 °C using the Applied
Biosystems 7500 real-time PCR system.

Primer pairs were designed according to data from Gen-
Bank and evaluated by nucleotide BLAST standard search to
avoid cross-reactivity with other known sequences. The
GenBank accession numbers chosen to design primers were
CCDS28691 for TNF-o, CCDS16726 for IL-1f, and
CCDS19833 for f-actin. The designed sequences were as
follows: 5-GAC AAG CCT GTA GCC CAC GT-3' (TNF-«
sense primer), 5'-ACA AGG TAC AAC CCA TCG GC-3
(TNF-o antisense primer); 5'-TGA CGG ACC CCA AAA
GAT GA-3' (IL-18 sense primer), 5'-ACA GCT TCT CCA
CAG CCA CA-3' (IL-1p antisense primer); 5'-CTT CAA
CAC CCC AGC CAT GT-3' (B-actin sense primer), 5'-TGG
CGT GAG GGA GAG CAT AG-3' (f-actin antisense primer).
The amplified products are all 146 bp in length for TNF-o,
IL-1p, and f-actin. For relative quantification, we compared
the amount of target normalized to the ff-actin amplification.

Statistical Analysis

All numerical data are expressed as mean + standard error
of mean (SEM); n refers to the number of animals. Data
were analyzed using the Statistical Package for the Social
Sciences (SPSS) version 15 and Microsoft EXCEL version
2003. To compare two groups, parametric and nonpara-
metric analyses were performed using an unpaired ¢ test
and the Mann—Whitney U test, respectively. p values <0.05
were considered statistically significant.

Results
Characterization of Isolated BM-MSCs

After plating of whole marrow cells and removal of non-
adherent cells, cells with a spindle-shape characteristic of
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MSCs appeared to gradually predominate in the cultures.
At passage 3 or 4, cultures formed homogeneous spindle-
shaped cell colonies. Flow cytometric analysis confirmed
that BM-MSCs do not express hematopoietic surface
markers CD34 and CD45 but stain positive for CD29,
CD44, and MHC class I (Fig. 1).

Therapeutic Efficacy of Infused MSCs for DSS-Induced
Colitis

In BALB/c mice, administration of 4 % DSS for 7 days
resulted in reproducible histologic inflammation mainly in
the distal colon. All DSS-treated mice developed clinical
signs similar to ulcerative colitis in humans, including body
weight loss, bloody diarrhea, mucosal ulceration, and
shortening of the colon. Mice receiving no DSS in drinking

128
128

Events
Everts

water did not show any signs of colitis and gained weight
over time. In DSS-induced colitis mice, BM-MSCs were
transfused on day 2, day 5, and day 8. The individual
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(DSS 4 % + PBS, 1.6 £+ 0.4 versus DSS 4 % + MSCs,
0.8 £ 0.19, p = 0.04) after 15 days were significantly
improved in the MSC-treated group compared with PBS-
treated control (Fig. 2).

Mice were killed after 15 days, and the entire colon was
placed on cellulose without tension for measurement of
length. DSS addition led to a reduced colon length compared
with normal control group. Infusion of BM-MSCs reduced
the extent of DSS-induced colon shortening (Fig. 3). A
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Fig. 1 Flow cytometric analysis of cell-surface antigens of BALB/c
mouse bone marrow-derived mesenchymal stem cells. Cells were
stained with monoclonal antibodies conjugated to FITC or PE and
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thereafter analyzed with a FACSCalibur cytometer and WinMDI 2.9
software. These data are representative of four experiments
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Fig. 2 Clinical therapeutic efficacy of administration of exogenous
MSC:s on relative body weight, stool consistency, and rectal bleeding.
BALB/c (H-2d) mice received 4 % dextran sulfate sodium (DSS)
with drinking water for 7 consecutive days. Syngeneic bone marrow-
derived mesenchymal stem cells (MSCs) were infused via the tail
vein on days 2, 5, and 8. DSS-induced colitis mice receiving no
MSCs served as control. The individual score, consisting of weight
loss, stool consistency, and rectal bleeding, is broken down at day 15.
Data are represented as mean + SEM (n = 6 mice per group, results
are from three separate experiments). *p < 0.05 versus PBS-treated

group

significant difference of colon length was observed between
4 % DSS + PBS and 4 % DSS + MSCs (6.62 £ 0.31 cm
versus 7.24 + 0.36 cm, p = 0.02).

Colon length (cm)

Histological Improvement of DSS-Induced Colitis
by MSC Treatment

Consistent with the previous findings, histological changes in
DSS-induced colitis were mainly observed in the distal colon
with severity becoming progressively less towards the proxi-
mal site. Thus, we evaluated the histological severity of colitis
in the distal colon. Treatment with MSCs reduced the extent of
the inflamed area in the rectum. The crypt damage and infil-
tration of inflammatory cells were decreased compared with
the control group (Fig. 4). In the MSC-treated group, the
histological colitis score was significantly reduced compared
with the vehicle control group (DSS4 % + PBS,4.75 £ 0.48
versus DSS 4 % + MSCs, 2.5 4+ 0.28, p = 0.007; Fig. 5).

Homing of Infused BM-MSCs to the Inflamed Colon
Induced by DSS

Infused BM-MSCs were labeled with CM-Dil to detect
in vivo localization of MSCs in inflamed colon. The fluo-
rescein signal was mainly observed in the submucosa of the
inflamed colon (Fig. 6). In noninflamed colonic segments
or in control mice, no labeled MSCs were detected.

Effects of MSCs on Serum TNF-« Production

TNF-o is considered one of the important inflammatory
mediators playing a key role in the pathogenesis of IBD.

DSS 4%
+ MSCs

DSS 4%
+ PBS

Normal

Fig. 3 Effect of MSC therapy on a macroscopic findings and b colon
length. BALB/c (H-2d) mice received 4 % dextran sulfate sodium
(DSS) with drinking water for 7 consecutive days. Syngeneic bone
marrow-derived mesenchymal stem cells (MSCs) were infused via the
tail vein on days 2, 5, and 8. DSS-induced colitis mice receiving no
MSCs served as control. A representative preparation of the colon of a
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non-DSS-fed mouse is given in A-Normal. Treatment with MSCs
significantly inhibited shortening of the colon 15 days after induction
of colitis with dextran sulfate sodium (DSS). Values are mean +
SEM (n =6 mice per group, results are from three separate
experiments). *p < 0.05 versus DSS 4 % + PBS and normal control
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Fig. 4 Histologic improvement after MSCs therapy in murine colitis.
Representative H&E-stained paraffin sections of distal colon in mice
15 days after induction of colitis with dextran sulfate sodium (DSS).
a (x40) and b (x100): PBS-treated group; ¢ (x40) and d (x100):

histologic severity score
w
T

Normal

DSS 4% + DSS 4% +
PBS MSCs

Fig. 5 Effect of MSC therapy on histologic colonic severity. Mice
fed with 4 % dextran sulfate sodium (DSS) and receiving MSC
therapy showed a significant lower histologic severity score com-
prising depth of inflammation infiltration and crypt damage compared
with PBS-treated control. Values are mean + SEM (n = 6 mice per
group, results are from three separate experiments). *p < 0.01 versus
DSS 4 % + PBS and normal control

For this reason, we evaluated the effect of administration of
MSCs on serum TNF-o production in the DSS-induced
colitis mice. As shown in Fig. 7, the serum level of TNF-a,
as assessed by ELISA assay, was markedly reduced in

MSC-treated group. Treatment with MSCs reduced the crypt damage
and infiltration of inflammatory cells within the lamina propria and
the submucosa. (The photo is representative of three separate
experiments)

MSC-treated mice with DSS-induced colitis in comparison
with PBS-treated control group (DSS 4 % + MSCs, 40.67 +
4.26 pg/ml versus DSS 4 % + PBS, 85.41 &+ 6.91 pg/ml,
p < 0.01).

mRNA Expression of Inflammatory Mediators
in Colonic Tissues

To provide further insight into the molecular mechanisms
underlying the suppression of colitis by MSC administra-
tion, messenger RNA (mRNA) expression levels of TNF-o
and IL-1p in the colon were measured by real-time RT-
PCR. As shown in Fig. 8, a significant increase in mRNA
expression of TNF-¢ and IL-1f was observed in PBS-
treated mice with DSS-induced colitis compared with
normal control group (p < 0.01). Treatment with MSCs
resulted in a reduction in mRNA expression of TNF-o and
IL-1f in mice with DSS-induced colitis (p < 0.01).

Discussion
Although animal models of IBD do not represent the
complexity of human disease, they are valuable tools for

studying many important disease aspects that are difficult
to address in humans, such as the effect of emerging
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Fig. 6 Localization of
exogenously administered
MSCs. a (x200) and b (x400),
in vitro CM-Dil-labeled BM-
MSCs; ¢ (x200), mucosa in the
distal colon; d (x200),
submucosa in the distal colon.
Exogenously administered
MSCs were localized to the
inflamed colon, and MSCs
were mainly observed in the
submucosa

80

60

401

TNF-o (pg/ml)

20

DSS 4% + DSS 4% +
MSCs PBS

Normal

Fig. 7 Evaluation of anti-inflammatory effect of MSCs. Serum TNF-o
secretion was significantly suppressed in MSC-treated group. Values
are mean + SEM (n = 5). *p < 0.01 versus DSS 4 % + PBS and
normal control

therapeutic strategies. In our study, the colitis mouse model
chemically induced by DSS has shown symptoms similar
to ulcerative colitis (UC) in humans, including body weight
loss, bloody diarrhea, mucosal ulceration, and shortening
of the colon.

The precise mechanism of UC still remains unknown,
but there is accumulating evidence that increase of pro-
inflammatory cytokines such as TNF-a and IL-1f within
colonic tissues plays an important role in the pathogenesis
of UC [21]. MSCs have been shown to decrease expression
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of a wide panel of inflammatory cytokines and chemokines,
decrease infiltration of inflammatory cells, and increase
expression of growth factors in models of inflammation
[22, 23]. In addition, MSCs have also been reported to
influence the cytokine secretion profile of the different T
cell subsets, as their addition to an in vitro activated T cell
culture results in decreased production of the pro-inflam-
matory cytokines interferon (IFN)-y, tumor necrosis factor
(TNF)-a, interleukin (IL)-6, and IL-17 and increased levels
of anti-inflammatory cytokines such as IL-4 and IL-10
[24-26].

In the present study, we used bone marrow-derived
MSCs to treat DSS-induced colitis in immunocompetent
mice. The colitis mice received one exogenously infused
dose of MSCs at 1 x 10° cells for three times per mouse.
Body weight was improved in MSC-treated group com-
pared with PBS control. A marked histological improve-
ment in the inflamed area of the colon was also noted. The
severity of the disease was significantly reduced following
treatment with MSCs. Furthermore, serum assays showed
reduced TNF-u« level in blood samples following MSCs
treatment of mice in which DSS was used to induce colitis.
Also, information gathered from real-time RT-PCR results
suggests that the stem cells downregulated inflammation
markers such as TNF-a (p < 0.01) and IL-1$ (p < 0.01) at
mRNA level. These data suggest that MSCs may mediate
some of these benefits through an anti-inflammatory
mechanism.
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Fig. 8 Colonic mRNA expression of inflammatory mediators
(TNF-a, IL-1p). The distal colon tissue from MSC-treated and from
PBS-treated mice was prepared on day 15 after DSS exposure, and

Another intriguing characteristic of MSCs is their
apparent ability to home into sites of injury when delivered
systemically. In the last several years, it has been proposed
that MSCs could serve as a powerful “natural system for
tissue repair,” and they could be effective therapeutic
agents in a variety of experimental models of tissue injuries
[7, 27, 28]. Previous studies using animal models of IBD
have shown that transplanted bone marrow cells can con-
tribute to tissue repair by forming epithelial cells [29] and
activated myofibroblasts [30]. A recent study by Khalil
et al. [31] demonstrated that exogenously administered
murine CD34-negative stem cells from mouse bone mar-
row and peripheral blood could facilitate mucosal repair in
a model of DSS-induced colitis. The authors found that the
transplanted stem cells were detected predominantly in the
submucosa of the damaged colon epithelium, and epithelial
repair in experimental IBD was mediated either by induc-
tion of improved vasculogenesis or by differentiation of the
stem cells into endothelial cells. In our study, homing of
the delivered MSCs to the inflamed colon was confirmed
by in vivo cell tracking. Further investigations are needed
to evaluate the potential of MSCs to differentiate into
various types of cells as replacement and repair parts for
damaged tissues.

Although there is general agreement that MSCs can be
cultured in vitro with no risk of malignant transformation
[32], several studies have shown that, in some experi-
mental models, administered animal-derived MSCs can
enhance tumor growth [33]. Therefore, the safety profile
of this procedure and possible long-term adverse effects,
including uncontrolled proliferative processes and devel-
opment of neoplasms, require further and thorough
examinations.

In conclusion, systemic infusion of bone marrow-
derived MSCs may exert therapeutic efficacy on acute
DSS-induced colitis in mice through their anti-inflamma-
tory effects. Our present findings demonstrate the feasi-
bility of using bone marrow-derived MSCs to treat IBD.

0.8r T

06 w
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IL-1B / B-actin

DSS 4% + DSS 4% +
MSCs PBS

Normal

real-time RT-PCR was performed as described in the “Materials and
Methods” section. Values are mean £+ SEM. *p < 0.01 versus DSS
4 % + PBS and normal control
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