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Abstract Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system. Although
advances have been made in the treatment of MS, such as the use of IFN-f, glucocorticoids and stem cells, the therapeutic
effects of these treatments are not sufficient. In the present study, we evaluated whether the combination of methyl-
prednisolone (MP) and human bone marrow-derived mesenchymal stem cells (BM-MSCs) could enhance the therapeutic
effectiveness in experimental autoimmune encephalomyelitis (EAE), a model for MS. EAE was induced by immunizing
C57BL/6 mice with myelin oligodendrocyte glycoprotein 35-55 (MOG 35-55). The immunized mice received an
intraperitoneal injection of MP (20 mg/kg), an intravenous injection of BM-MSCs (1 x 10° cells) or both on day 14 after
immunization. Combination treatment significantly ameliorated the clinical symptoms, along with attenuating inflamma-
tory infiltration and demyelination, compared to either treatment alone. Secretion of pro-inflammatory cytokines (IFN-v,
TNF-oa, IL-17) was significantly reduced, and anti-inflammatory cytokines (IL-4, IL-10) was significantly increased by the
combination treatment as compared to either treatment alone. Flow cytometry analysis of MOG-reactivated T cells in
spleen showed that combination treatment reduced the number of CD47CD45" and CD8" T cells, and increased the
number of CD4"CD25"Foxp3™ regulatory T cells. Furthermore, combination treatment enhanced apoptosis in MOG-
reactivated CD4" T cells, a key cellular subset in MS pathogenesis. Combination treatment with MP and BM-MSCs
provides a novel treatment protocol for enhancing therapeutic effects in MS.
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1 Introduction

Multiple sclerosis (MS) is the most common demyelinating
disease of the central nervous system (CNS) and is char-
acterized by mononuclear cell infiltration and demyelina-
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(EAE), an animal model of MS, shares many clinical and
pathological aspects with human MS [2]. Many mecha-
nisms for the pathogenesis of MS have been reported, with
auto-reactive T cells considered as an initiating event [3].
Likewise, CD4" T helper 1 (Thl) and CD4" T helper 2
(Th2) cells are recognized as being important in MS
immunopathogenesis [4, 5]. The balance between pro-in-
flammatory and anti-inflammatory cytokines has been
reported to be related to the disease process [6]. Further-
more, CD4"CD25"Foxp3™ regulatory T (Treg) cells have
been reported to suppress myelin oligodendrocyte glyco-
protein (MOG)-specific T cells in EAE [7]. Recently,
approved immunomodulatory agents, such as IFN-f,
glatiramer acetate, mitoxantrone, natalizumab, and fin-
golimod, have been used for MS treatment [8—10].
Although many agents have been evaluated as treatments
for patients with MS, these therapies remain unsatisfactory
[11]. Therefore, developing more effective therapeutic
methods for MS is a necessity.

Mesenchymal stem cells (MSCs) are adult multipotent
stromal cells that can differentiate into a variety of cell
types, including adipocytes, chondrocytes, and osteoblasts
[12, 13]. Additionally, MSCs can migrate to the site of
lesion [14]. Transplantation of MSCs is a potential
therapeutic method that can modulate the immuno-
pathogenic process in autoimmune diseases, such as
systemic lupus erythematosus (SLE), graft-versus-host
disease (GVHD), and MS [15, 16]. Many studies have
shown that human bone marrow-derived mesenchymal
stem cells (BM-MSCs) treatment decreased the clinical
symptoms of EAE by regulating cytokine expression
from Thl and Th2 cells [17, 18]. Furthermore, BM-
MSCs have been shown to regulate activated T lym-
phocytes in autoimmune disease [19]. These results
suggest that BM-MSCs may be an ideal source as a
therapeutic for MS treatment.

Methylprednisolone (MP), a synthetic glucocorticoid
drug widely used to treat a broad range of autoimmune
diseases, has anti-inflammatory effects in MS [2, 20]. MP
treatment has been shown to effectively suppress disease
progression through the suppression of inflammatory cell
infiltration into the CNS in MS [21]. Treatment with MP
has been shown to inhibit the production of pro-inflam-
matory cytokines and increase the expression of anti-in-
flammatory cytokines in MS [22]. Although diverse
therapeutic effects of MP treatment have been identified,
high dose or long-term therapy with MP can cause severe
side effects, such as telangiectasia, hypertrichosis, osteo-
porosis, glaucoma, hypertension, and pancreatitis. Conse-
quently, there is an ongoing debate regarding its efficacy
[23, 24]. To overcome these problems, combination ther-
apy with MP and other drugs, such as atorvastatin calcium
and IFN-B1, has been attempted in MS. These results
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showed increasing therapeutic effects without side effects
of MP [25, 26].

In this study, we first evaluated whether combination
treatment with MP and BM-MSCs ameliorates the clinical
severity of EAE more than either treatment alone. Our
results indicated that combination treatment with MP and
BM-MSCs suppresses EAE disease progression compared
to either treatment alone. The therapeutic effect of MP and
BM-MSC treatment was related to a reduction in
demyelination via a decrease in inflammatory cell infil-
tration in EAE spinal cord. Furthermore, combination
treatment modulated cytokine production and the popula-
tion of MOG-reactivated T cells. Therefore, combination
treatment with MP and BM-MSCs may be considered to be
a novel treatment method in MS or EAE.

2 Materials and methods
2.1 Cell culture and reagents

Human bone marrow-derived mesenchymal stem cells
(BM-MSCs) were purchased from the Catholic Institute of
Cell Therapy (CIC, Seoul, Korea). BM-MSCs were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM)
(Wisent Bioproducts, St. Bruno, QC, Canada) supple-
mented with 20% fetal bovine serum (FBS) (Wisent Bio-
products), penicillin, and streptomycin (Gibco, Carlsbad,
CA, USA), and maintained at 37 °C with 5% CO,.
Methylprednisolone (MP) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), dissolved in PBS, and filter-
sterilized.

2.2 BM-MSC viability and characterization

BM-MSCs and astrocytes were seeded at 5 x 10° cells/
well in 96-well plates. The next day, the medium was
removed, and cells were treated with various concentra-
tions of MP (0, 1, 5, 10, 20, 40, 80, 160 uM) for 24 h. The
viability of cells was determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium MTT)
assay (Sigma-Aldrich). The optical density (OD) of each
well at 570 nm was determined using Spectramax Plus 384
Microplate Reader (Molecular Devices, Sunnyvale, CA,
USA). The phenotype of BM-MSCs was analyzed by cell-
surface marker staining using flow cytometry (FACS).
Antibodies were used to detect mouse anti-human CD34
(8G12, ref. 348057; BD Biosciences, Franklin Lakes, NJ,
USA), CD44 (515, ref. 550989; BD Biosciences), CD45
(HI30, ref. 555483; BD Biosciences), CD73 (AD2, ref.
550257; BD Biosciences), CD90 (5E10, ref. 555596; BD
Biosciences), and HLA-DR (L.243, ref. 347367; BD Bio-
sciences) in BM-MSCs. To examine the potential effect of
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BM-MSCs on differentiation into adipocytes, osteocytes,
and chondrocytes, BM-MSCs were seeded at 1 x 10*
cells/well in a 12-well plate. The next day, wells were filled
with adipocyte, osteocyte, or chondrocyte differentiation
medium (Gibco), respectively. MP (5 uM) was added for
96 h to evaluate the effects. The differentiation medium
was carefully changed twice a week. After 19 days, adi-
pocytes, osteocytes, and chondrocytes were detected using
0.3% Oil Red O (Sigma-Aldrich), 2% Alizarin Red S
(Sigma-Aldrich), and 1% Alcian Blue (Sigma-Aldrich),
respectively. Undifferentiated BM-MSCs were cultured in
10% DMEM medium. The pathotropism of BM-MSCs was
identified using an anti-human nuclei antibody in the
lumbar spinal cord of EAE mice.

2.3 EAE induction and treatment

All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC), the Catholic
University of Korea (Permit Number; 2015-0147-01).
Animals were housed under pathogen-free conditions and
maintained in compliance with the guidelines of the
Department of Laboratory Animals, College of Medicine,
Catholic University of Korea. Nine-week-old female
C57BL/6 mice were obtained from Orient Bio (Orient Bio
Inc., Seongnam, Korea). Hooke kit (EK-2110) was pur-
chased from Hooke Laboratories (Lawrence, MA, USA).
Mice were injected subcutaneously at 2 sites using a total
of 200 pL of myelin oligodendrocyte glycoprotein 35-55
(MOG 35-55) emulsified in complete Freund’s adjuvant
(CFA) containing 6 mg/mL Mycobacterium tuberculosis.
Immediately after injection and 24 h later, mice received
pertussis toxin (200 ng, intraperitoneally) in 0.1 mL of
PBS. To avoid unnecessary suffering, mice were anes-
thetized by inhalation anesthesia using isoflurane prior to
EAE induction. Animals were randomly divided into 4
groups (n = 10 each group): (1) The PBS group received
100 pL. PBS by intravenous injection, (2) the MP group
received an intraperitoneal injection at a dose of 20 mg/kg,
(3) the BM-MSCs group received 1 x 10° cells in 100 pL
PBS via intravenous injection and (4) the MP + BM-
MSCs group received the same dose of MP and the same
number of cells by intraperitoneal and intravenous injec-
tions, respectively. All treatments were initiated on day 14
post immunization, a time point at which all mice dis-
played the clinical signs of EAE. Mice were monitored
daily as follows: 0, no clinical signs; 1, limp tail; 2, limp
tail and weakness of hind legs; 3, limp tail and complete
paralysis of hind legs; 4, limp tail, complete hind leg and
partial front leg paralysis; 5, moribund and dead. When
animals reach a moribund state, animals were humanely
euthanized by overexposure to CO, gas.

2.4 Immunohistopathology

EAE mice from each group were sacrificed on day 30 after
immunization. Mice were humanely anesthetized by
intraperitoneal injection of zoletil (30 mg/kg) prior to
sacrifice. Animals were intracardially perfused with PBS
and fixed with 4% paraformaldehyde (PFA) (Millipore,
Billerica, MA, USA). The isolated lumbar spinal cords
were fixed in 4% PFA and sequentially transferred to 15
and 30% sucrose for 24 h. The fixed spinal cords were
embedded in OCT compound (Sakura Finetechnical,
Tokyo, Japan). Tissues were cryosectioned in the coronal
plane at a thickness of 14 um onto slides and kept in a deep
freezer until staining. Slides were stained with hema-
toxylin—eosin (H&E) and luxol fast blue (LFB) to evaluate
inflammatory infiltration and demyelination, respectively.
All images were evaluated using MetaMorph software
(Molecular Devices). Inflammatory cell infiltration and
remyelination were identified by purified rat anti-mouse
CD4/CD8 (BD Biosciences) and polyclonal rabbit anti-
mouse myelin basic protein (MBP) monoclonal antibody
(Millipore) staining, respectively. CD4 and CDS8 antibody
staining was visualized with Cy3-conjugated streptavidin
antibodies (Jackson ImmunoResearch, West Grove, PA,
USA). MBP antibody staining was visualized with goat
anti-mouse IgM heavy chain secondary antibody (Invitro-
gen, Carlsbad, CA, USA). Counterstaining of cell nuclei
was carried out by incubating each slide in 4-6-diamidino-
2-phenyindole (DAPI) (Roche, Penzberg, Germany) for
15 min. Fluorescence images were obtained using LSM
700 confocal microscope (Carl Zeiss, Oberkochen, Ger-
many) and Zeiss software.

2.5 Isolation of splenocytes

Spleens were isolated from each group on day 30 after
immunization. Mice were humanely anesthetized by
intraperitoneal injection of zoletil (30 mg/kg) prior to
sacrifice. A single-cell suspension was achieved by passing
the spleen through a 70 um nylon cell strainer (BD Bio-
sciences). The single cell suspension was washed in PBS
and resuspended in red blood cell (RBC) lysis buffer to
remove the RBCs. Finally, the suspended cells were fil-
tered through a 40 pm cell strainer (BD Biosciences).
Splenocytes were cultured in RPMI 1640 medium (Gibco)
supplemented with 10% FBS, penicillin, and streptomycin
(Gibco).

2.6 Enzyme-linked immunosorbent assay (ELISA)
To identify the pro- and anti-inflammatory cytokine bal-

ance, isolated splenocytes (2 x 10° cells) were incubated
with MOG (10 pg/mL) (Sigma-Aldrich) in 24-well plates
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for 7 days. The culture supernatant was used for ELISA
analysis. The concentrations of IFN-y, TNF-a, IL-17, IL-4,
and IL-10, were measured using Quantikine immunoassay
kit (R&D Systems, Madison, WI, USA), according to the
manufacturer’s instructions. The optical density of each
well at 450 nm was determined using Spectramax Plus 384
Microplate Reader (Molecular Devices).

2.7 FACS analysis

To quantify the percentage of CD4CD45, CD8, CD45R,
and Treg positive cells, splenocytes from each group were
incubated in MOG (10 pg/mL). After 48 h, splenocytes
were washed with PBS and incubated with fluorochrome-
labeled relevant antibodies for 20 min at room tempera-
ture. After washing with PBS, stained cells were used for
FACS analysis and sorting. Splenocytes were first gated on
FSC versus SSC to separate debris, and then CD4CD45,
CDS, CDA45R, and Treg cells were analyzed. Treg cells
were analyzed in CD4 gate. The following antibodies were
used: CD4 (RM4-5, ref. 06122-60-100; Peprotech), CD45
(30-F11, ref. 07512-50-100; Peprotech), CD8 (2.43, ref.
10112-60-100; Peprotech), CD45R (B220) (RA3-6B2, ref.
07131-50-100; Peprotech), CD25 (PC61.5, ref. 07312-80-
100; Peprotech), Foxp3 (3G3, ref. 83412-60-100; Pepro-
tech), and CD4 (RM4-5, ref. 06122-50-100; Peprotech).
The stained cells were analyzed by FACS with MoFlo XDP
and Summit software (Beckman Coulter, Inc., Fullerton,
CA, USA).

2.8 Determination of apoptotic cell death

CD4™" T cell subsets were isolated from splenocytes using
FACS. In brief, isolated splenocytes from PBS treatment
group were incubated with MOG (10 pg/mL) for 48 h.
Splenocytes stained with PE-CD4 were sorted by FACS.
Isolated CD4 T cells were co-cultured with MP (20 pM) or
BM-MSCs (3 x 10 cells) either individually or together
for 48 h along with MOG (10 pg/mL). The level of
apoptosis of activated CD4 T cells was determined with
Caspase-Glo3/7 reagent (Promega, Madison, WI, USA)
and FITC Annexin V Apoptosis Dectection Kit (BD Bio-
sciences). The activated splenocytes were incubated with
the Caspase-Glo3/7 reagent at 1:1 for 3 h. Caspase3/7
activity in each sample was measured with SpectraMax L
luminometer (Molecular Devices). The cells were stained
with propiduim (PI) and annexin V, according to the
manufacturer’s instructions. The percentage of apoptosis
cells was determined by FACS with MoFlo XDP and
Summit software (Beckman Coulter).
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2.9 Statistical analysis

Quantitication was performed by an examiner blinded to
the treatment status of each animal. All data are shown as
the mean + SD. The statistical significance of clinical
score was analyzed by the Kruskal-Wallis test. The other
multiple samples were compared using a one-way ANOVA
test with Fisher’s Least Significant Different (LSD) post
hoc test. Probability values less than 0.05 were considered
statistically significant. All statistic analysis was performed
using SPSS 13.0 (SPSS Inc., Chicago, IL).

3 Results

3.1 MP does not affect BM-MSC viability,
phenotype, differentiation, or pathotropism

We evaluated whether MP affected the characteristics of
BM-MSCs, including viability, phenotype, multipotent
differentiation, and pathotropism, in vitro. MTT analysis
showed that BM-MSCs were not affected by MP (Fig. 1A).
FACS analysis of the phenotype demonstrated that BM-
MSCs and MP-treated BM-MSCs were negative for CD34,
CD45, and HLA-DR, and positive for CD44, CD73, and
CD90 (Fig. 1B). Furthermore, the multipotent differentia-
tion potential of BM-MSCs was also not affected by MP
(Fig. 1C). The injected BM-MSCs were observed in
inflammatory lesion of the lumbar spinal cord (Fig. 1D).
These results demonstrated that BM-MSCs are not affected
by MP used as a combination treatment for EAE.

3.2 Combination treatment with MP and BM-MSCs
attenuates the clinical symptoms in EAE mice

To examine the effect of combination treatment with MP
and BM-MSCs on the disease course in EAE mice, we
administered PBS, MP (20 mg/kg, i.p.), BM-MSCs
(1 x 10° cells, 1.v.) or a combination of MP and BM-MSCs
to mice (n = 10/group) on day 14 post-immunization. MP
or BM-MSCs treatment groups had significantly decreased
clinical scores for EAE compared with PBS treatment
group (p < 0.01). The combination treatment group also
had significantly decreased clinical score compared with
MP or BM-MSCs treatment groups (p < 0.01) (Fig. 2A).
The average clinical score for MP or BM-MSCs treatment
groups were significantly decreased relative to PBS treat-
ment group (p < 0.01). The combination treatment group
also had significantly decreased average clinical score
compared with MP and BM-MSCs treatment groups,
respectively (p < 0.01) (Fig. 2B). These results suggest
that combination treatment with MP and BM-MSCs
reduced disease progression in EAE mice.
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3.3 Combination therapy improves histological
outcomes in EAE mice

The disease symptoms of EAE are closely related to
inflammation in the CNS [27]. To determine whether
combination treatment reduced tissue damage in EAE
mice, we evaluated demyelination and remyelination in the
lumbar spinal cord using LFB and mouse anti-MBP
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staining, respectively. The results demonstrated that
demyelination was significantly decreased in MP and BM-
MSCs treatment groups compared with PBS treatment
group (p < 0.01). Additionally, the combination treatment
group also showed a significant reduction in demyelination
compared with MP and BM-MSCs treatment groups,
respectively (p < 0.01) (Fig. 3A, B). On the contrary,
remyelination was significantly increased in the MP and
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B\I MSCs

PBS MP

Fig. 3 Combination treatment with MP and BM-MSCs increases
remyelination in EAE spinal cords. EAE mice were sacrificed on day
30 after immunization. Staining of the lumbar spinal cords from each
group was performed to detect demyelination and remyelination.
A Representative image of spinal cord sections stained with LFB.
Magnification: x400. B Demyelinated areas were quantified using
MetaMorph image analysis. Columns, mean; bars, SD. C Represen-
tative image of sections immunostained with MBP antibody. Scale

BM-MSCs

BM-MCSs treatment group compared with PBS treatment
group (p < 0.01). Combination treatment with MP and
BM-MSCs also significantly increased the remyelination
compared with MP and BM-MSCs treatment groups,
respectively (p < 0.01) (Fig. 3C, D). Furthermore, to
identify inflammatory cell infiltration, we examined lumbar
spinal cord sections from EAE mice. Cell infiltration in the
spinal cord was significantly decreased in MP and BM-
MSCs treatment groups compared with PBS treatment
group (p <0.05, MP treatment group; p < 0.01, BM-
MSCs treatment group). The group receiving the combi-
nation of MP and BM-MSCs showed significantly reduced
cell infiltration compared with MP and BM-MSCs treated
groups, respectively (Fig. 4A, B). The number of infiltrated
CD4 and CD8 T cells in the spinal cord was significantly
reduced in MP and BM-MSCs treatment groups compared
with PBS treatment group (p < 0.05, MP treatment group;
p < 0.01, BM-MSCs treatment group). The group receiv-
ing a combination of MP and BM-MSCs also had signifi-
cantly reduced CD4 and CD8 T cells compared with MP
treatment group (p < 0.01) (Fig. 4C, D). Taken together,
these results suggest that combination treatment decrease
demyelination by inhibiting inflammatory cell infiltration
in the EAE spinal cord.
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3.4 Combination therapy modulates the expression
of pro/anti-inflammatory cytokines in EAE mice

The balance of pro/anti-inflammatory cytokines is known
to be important in autoimmune disease [28]. To determine
whether ~ combination  treatment  enhanced  the
immunomodulatory activity, we evaluated the expression
of pro-inflammatory cytokines (IFN-y, TNF-a, IL-17) and
anti-inflammatory cytokines (IL-4, IL-10) in supernatants
from MOGe-reactivated splenocyte cultures. Pro-inflam-
matory cytokines were significantly decreased by MP
treatment compared with PBS treatment (p < 0.01). BM-
MSCs treatment also significantly reduced the expression
of TNF-o and IL-17 cytokines compared with PBS treat-
ment group (p < 0.05, IL-17; p < 0.01, TNF-0). However,
the expression of IFN-y was not significantly decreased by
treatment with BM-MSCs. In the combination treatment
group, we observed a significant decrease in the expression
of pro-inflammatory cytokines compared with MP and
BM-MSCs treatment groups, respectively (p < 0.01)
(Fig. 5A). Although the expression of anti-inflammatory
cytokines was not significantly altered by MP treatment,
treatment with BM-MSCs significantly increased anti-in-
flammatory cytokine expression compared with PBS
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Fig. 6 MOGe-reactivated T cell populations in EAE spleens are
regulated by combination treatment. EAE mice were sacrificed on day
30 after immunization. Isolated splenocytes from each group were
activated with MOG (10 pg/mL) for 48 h before analysis. The
percentages of CD47CD45", CD8*", CD45R™, and CD47CD25%"
Foxp3™ Treg cells were analyzed by FACS. A Representative FACS
plots demonstrating the percentages of CD4tCD45%, CD8™", and
CD45R™" cells in each group. B CD47CD45", CD8™, and CD45R™

treatment (p < 0.01). Combination treatment also signifi-
cantly increased the expression of anti-inflammatory
cytokines compared with the levels in MP treatment group
(p < 0.01). Anti-inflammatory cytokines were also more
significantly increased by combination treatment than by
BM-MSCs treatment (p < 0.05, IL-4; p < 0.01, IL-10)
(Fig. 5B). These results suggested that the immunomodu-
latory effects of combination treatment are mediated by
cytokine production from MOG-reactivated lymphocytes.

3.5 Combination therapy regulates the MOG-
reactivated T cells population in EAE mice

Auto-antigen was reported to initiate an encephalitogenic T
cell response in EAE mice [29]. We evaluated MOG-re-
activated T cells by FACS analysis. Surface staining with
relevant markers showed that the populations of MOG-
reactivated CD47CD45" and CD8" T cells in MP and
BM-MSCs treatment groups were significantly decreased
compared with PBS treatment group (p < 0.01). Combi-
nation treatment significantly decreased the populations of
MOG-reactivated CD47CD45" and CD8" T cells com-
pared with MP and BM-MSCs treatment groups, respec-
tively (p < 0.01) CD45R are surfaces marker of B cells
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#* p < 0.01 compared to PBS treatment group; * p < 0.01 compared
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[30]. Although BM-MSCs treatment group had signifi-
cantly decreased population of MOG-reactivated CD45R™*
B cells compared with PBS treatment group (p < 0.01), it
was not statistically different compared with combination
treatment group (Fig. 6A, B). Recently, it has been repor-
ted that Treg cells inhibit the function of multiple immune
cell subsets, including CD4 and CD8 T cells [31]. The
population of MOG-reactivated CD4*CD25"Foxp3™ Treg
cells in MP and BM-MSC:s treatment groups was decreased
compare to PBS treatment group. The combination treat-
ment group had significantly increased population of
MOG-reactivated CD4TCD25"Foxp3* Treg cells com-
pared with MP and BM-MSCs treatment groups, respec-
tively (p < 0.01) (Fig. 6C, D). These results demonstrated
that the combination treatment with MP and BM-MSCs
regulates the MOG-reactivated lymphocytes through
increasing the MOG-reactivated Treg cells.

3.6 Combination therapy reduces proliferation
and promotes apoptosis in MOG-reactivated
CD4™" T cells from EAE mice

In EAE, activated T cells are removed by Fas and block Bcl-2
mediated apoptotic pathway [32, 33]. Hence, we examined
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Fig. 7 Proliferation and apoptosis of activated CD4 T cells are
modulated by combination treatment. EAE mice were sacrificed on
day 30 after immunization. MOG-reactivated CD4" T cells were
sorted by FACS. CD4™ T cells were co-cultured with MP (20 puM) or
BM-MSCs (3 x 10* cells) in combination or individually for 48 h in
the presence of MOG (10 pug/mL). CD4™ T cells were analyzed for
A proliferation and B, C apoptosis using EZ-Cytox cell proliferation

whether combination treatment modulated the proliferation
and apoptosis of MOG-reactivated CD4 T cells. The results
showed that the proliferation of MOG-reactivated CD4 T cells
in MP and BM-MSCs treatment groups was not significantly
affected. However, in the combination treatment group, a
significant decrease in proliferation was observed compared
with MP and BM-MSCs treatment groups (p < 0.05)
(Fig. 7A). Furthermore, significant increase in caspase3/7
activity was seen in MP and BM-MSCs treatment groups
compared with PBS treatment group (p < 0.01). In the com-
bination treatment group, significantly increased caspase3/7
activity was observed compared with MP and BM-MSCs
treatment groups, respectively (p < 0.01) (Fig. 7B). Annexin
V/PI analysis also showed the similar result (Fig. 7C). These
data suggest that combination treatment with MP and BM-
MSCs reduces the MOG-reactivated T cells by suppressing
proliferation and improving the apoptosis pathway.

4 Discussion

Although MS treatment reduces the frequency and length
of relapse periods, treatment methods are not effective in
all patients with MS [34]. MP treatment has been approved
by the Food and Drug Administration (FDA) for the
treatment of MS [35]. High dose MP (30-100 mg/kg)

assay, Caspase-Glo3/7 kit and Annexin V/PI assay in CD4 gate,
respectively. Columns, mean; bars, SD; RLU, relative light units.
#% p <001 compared to PBS treatment group; * p < 0.05,
" p <001 compared to MP treatment group; < p < 0.05,
&&p < 0.01 compared to BM-MSCs treatment group; One-way
ANOVA with LSD post hoc test. The results are representative of 3
independent experiments

therapy is widely used in MS and EAE [36-38]. Despite
MP usage in patients with MS, high dose or long-term
treatment with MP results in diverse side effects, such as
glaucoma, hypertrichosis, and edema [2, 39]. A combina-
tion of medications or existing therapies may more greatly
affect the disease relative to individual monotherapies and
mitigate the adverse events by allowing the use of low-dose
drugs [40]. In this regard, we demonstrated that combina-
tion treatment with low dose MP (20 mg/kg) and BM-
MSCs might improve the therapeutic effects in EAE.
Therefore, this method can enhance the safety for treatment
of patients with MS.

In general, treatment of patients with MS is initiated
after the development of clinical signs. Therefore, we
started all treatments on day 14 post-immunization, after
the onset of paralysis. Inflammation caused by lymphocyte
infiltration is considered to be a cause of tissue damage in
MS and EAE. Here, we demonstrated that the combination
treatment reduced the clinical score, inflammatory cell
infiltration, and demyelination in EAE. A decrease in
inflammatory infiltration was associated with a reduction in
demyelination and is important in reducing the progression
of EAE disease [41]. Moreover, apoptotic cell death in the
spinal cord was significantly decreased by combination
treatment with MP and BM-MSCs compared with single
treatments (Supplementary Fig. S1). Therefore, our results

@ Springer



192

Tissue Eng Regen Med (2018) 15(2):183-194

suggest that combination treatment may reduce the symp-
toms of EAE by decreasing inflammatory cell infiltration
and demyelination in the lumbar spinal cord.

The secretion of cytokines from Thl and Th2 cells is a
key determinant of susceptibility or resistance in MS [42].
The susceptibility to EAE is correlated with the expression
of the pro-inflammatory cytokines INF-y, TNF-a, and IL-
17 [43]. INF-y and TNF-a are secreted by Thl cells [44].
IL-17 is secreted by Th17 cells and plays a crucial role in
the pathogenesis of EAE [45]. IL-17 expression was shown
to be increased in the chronic lesions of patients with MS
and EAE [30]. Combination treatment with MP and BM-
MSCs decreased INF-y, TNF-a, and IL-17 secretion from
MOG-reactivated T cells in EAE. Anti-inflammatory
cytokines, such as IL-4 and IL-10, are known to regulate
the cell-mediated immune response and prevent EAE dis-
ease [43, 46]. Anti-inflammatory cytokines increase during
remission in patients with MS [47]. Similarly, combination
treatment increased IL-4 and IL-10 secretion by MOG-
reactivated T cells in EAE. Taken together, these results
suggest that the therapeutic effects of combination treat-
ment may alleviate the progression of EAE by modulating
Thl, Th17, and Th2 cells.

Auto-antigens recognizing myelin antigens exist in
patients with MS and healthy individuals [48]. Activation
of auto-antigens induces CNS inflammation and tissue
damage [27]. Activated CD4 and CD8 T cells are promi-
nently observed in active acute and chronic MS lesion
[49, 50]. In our study, we determined that combination
treatment decreases the populations of MOG-reactivated
CD4 and CDS8 T cells and increased the population of
MOG-reactivated CD4"CD25 Foxp3™ Treg cells in EAE.

Treg cells are a special subset of T cells and play a
crucial role in immune homeostasis by suppressing dele-
terious inflammatory responses [51]. Inflammation caused
by activated autoreactive T cells in autoimmune disease is
regulated by Treg cells [52]. Koutrolos et al. [53] have
demonstrated that Treg limit autoimmune inflammation by
controlling the effector T cells proliferation and motility
within the CNS. Our data showed the increase of Treg cell
percentage in spleen of EAE mouse (Fig. 6C, D). In
addition, combination treatment significantly increased the
apoptosis of CD4% T cells (Fig. 7B, C). Therefore, the
combination treatment may reduce the number of reacti-
vated CD4 and CDS8 T cells via increase in the population
of reactivated Treg cells.

In autoimmune disease, the generation of activated T
cells is important for the development of disease [54]. Our
results showed that the proliferation of MOG-reactivated T
cells was inhibited by combination treatment with MP and
BM-MSCs. Likewise, other studies have shown that a
decrease in activated T cells is associated with an
improvement in the symptoms of EAE [30, 55].

@ Springer

Additionally, apoptotic cell death has been primarily
observed in EAE [56]. Nguyen et al. [57] demonstrated that
dexamethasone (4 mg/mL), a glucocorticoid medication,
increased the level of T cell apoptosis in EAE. Similarly,
combination treatment with MP and BM-MSCs decreased
the MOG activated T cells through a caspase3/7 mediated
apoptotic pathway in the spleens of EAE mice. Taken
together, combination treatment might reduce disease
severity by regulating the proliferation and apoptosis of
activated T cells.

In summary, this study demonstrates that combination
therapy with low dose MP and BM-MSCs attenuates the
clinical score of EAE mice through several mechanisms.
Combination treatment has therapeutic effects by sup-
pressing inflammatory cell infiltration and demyelination.
These therapeutic effects are associated with the regulation
of cytokine production from MOG-reactivated lympho-
cytes. Furthermore, combination treatment results in a
decrease in activated T cells through increasing the popu-
lation of Treg cells and modulating the proliferation and
apoptotic pathways. These findings suggest that combina-
tion treatment with low dose MP and BM-MSCs can be
used as a promising therapeutic strategy for patients with
MS. Additional studies are needed to determine the
detailed mechanisms of the therapeutic effects provided by
MP and BM-MCSs in EAE.
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