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Low-Dose 5-Aza-2'-deoxycytidine Pretreatment Inhibits
Experimental Autoimmune Encephalomyelitis by Induction of

Regulatory T Cells
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Forkhead box P3 (Foxp3) is the major franscription factor controlling the development and function of regulatory T (Treg) cells.
Previous studies have indicated epigenetic regulation of Foxp3 expression. Here, we investigated whether the deoxyribonucleic
acid (DNA) methyltransferase inhibitor 5-aza-2'-deoxycytidine (6-Aza) applied peripherally could modulate central nervous sys-
tem (CNS) inflammation, by using a mouse experimental autoimmune encephalomyelitis (EAE) model. We found that disease ac-
fivity was inhibited in a myelin oligodendrocyte glycoprotein (MOG) peptide-induced EAE mouse briefly pretreated with low-dose
(0.15 mg/kg) 5-Aza, ameliorating significant CNS inflammatory responses, as indicated by greatly decreased proinflammatory cy-
tokines. On the contrary, control EAE mice expressed high levels of IFN-y and interleukin (IL)-17. In addition, 5-Aza treatment in vifro
increased GFP expression in CD4*GFP™ T cells isolated from GFP knock-in Foxp3 transgenic mice. Importantly, 5-Aza freatment in-
creased Treg cell numbers, in EAE mice, at both disease onset and peak. However, Treg inhibition assays showed 5-Aza treatment
did not enhance per-cell Treg inhibitory function, but did maintain a lower activation threshold for effector cells in EAE mice. In
conclusion, 5-Aza treatment prevented EAE development and suppressed CNS inflammation, by increasing the number of Treg
cells and inhibiting effector cells in the periphery.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic in-
flammatory, demyelinating, autoimmune
disease of the central nervous system
(CNS) that leads to progressive neurolog-
ical damage and disability (1). The
pathogenesis of MS is probably due to a
failure of immune tolerance triggered by
environmental factors in genetically sus-
ceptible individuals. The disease mecha-
nisms of the rodent model experimental

autoimmune encephalomyelitis (EAE)
are similar to the clinical, immunological
and histopathological characteristics of
MS (2,3). In this model, immunization
with neuroantigens leads to EAE with
characteristic inflammatory cell infiltra-
tion and demyelination of the CNS (4).
Induction of EAE leads to significant
CNS changes, including trafficking and
expansion of neuroantigen-specific Th1l
and Th17 cells, localized inflammation,

*MWYC and C-BC contributed equally to this work.

Address correspondence to Shu-Fen Wu, Institute of Molecular Biology, National Chung-
Cheng University, No. 168, University Road, Min-Hsiung, Chia-Yi, 62247, Taiwan. Phone: +886-
5-2720411, ext. 66509, Fax: +886-5-2722871,; E-mail: biosfw@ccu.edu.tw.

Submitted December 5, 2013, Accepted for publication May 21, 2014; Epub
(www.molmed.org) ahead of print May 22, 2014.

The Feinstein Institute Nerth
for Mediical Research  ShorellJ

Empowering Imagination. Pioneering Discovery.®

248 | CHAN ET AL. | MOL MED 20:248-256, 2014

demyelination and nerve cell damage.
Th1, Th2, Th17 and regulatory T (Treg)
cell subpopulations are highly correlated
with EAE disease onset, progression and
relapse (4-7).

Treg cells constitute about 1-2% of
human peripheral blood mononuclear
cells (PBMCs) and about 5-10% of CD4"
T lymphocytes (8). The bone marrow
produces naive T cells that then develop
into mature Treg cells in the thymus.
Treg cells can also be induced in the pe-
riphery by transforming growth factor
(TGF)-B, tolerogenic dendritic cells or
continuous stimulation with specific
antigens (9-11). In healthy individuals,
Treg cells are essential for the suppres-
sion of pathological responses to au-
toantigens, recovery from infection by
foreign pathogens and maintenance of
homeostasis. Treg cell-mediated sup-
pression, possibly due to direct cell con-
tact and/or induction of inhibitory cy-



tokines, decreases effector T-cell prolif-
eration and inflammatory cytokine re-
lease, leading to reduced inflammation
and the maintenance of self-tolerance
(12). Because several autoimmune dis-
eases are characterized by a decreased
population of Treg cells, and disruption
of Treg cell function, these processes
may be related to the breakdown of self-
tolerance and the pathogenesis of auto-
immune diseases (12). In EAE, an in-
crease in the population of in situ Treg
cells or the passive transfer of in vitro—
generated, antigen-specific Treg cells
can attenuate disease induction and pro-
gression (13).

Forkhead box P3 (Foxp3) is a specific
cell marker that regulates T-cell function
by controlling the transcription of several
genes, including GITR (glucocorticoid-
induced TNFR family-related gene),
CTLA4 (cytotoxic T-lymphocyte antigen 4),
IL2 (interleukin 2) and IFNG (interferon
gamma) (11), that regulate the function
and fate of Treg cells (14). Whereas
transforming growth factor (TGF)-f
stimulation of peripheral CD4" T cells
transiently upregulates Foxp3, constitu-
tive Foxp3 expression is required for
the stable suppressive function of Treg
cells (15,16). Loss of Foxp3 can lead to
autoimmune diseases, such as the scurfy
phenotype in mice and immune dysreg-
ulation, polyendocrinopathy, enteropa-
thy and X-linked syndrome (IPEX) in
humans (17).

Epigenetic mechanisms, such as histone
modification and deoxyribonucleic acid
(DNA) methylation, are known to regu-
late Foxp3 gene expression (18,19). One
previous study demonstrated that
5-aza-2'-deoxycytidine (5-Aza), an in-
hibitor of DNA nucleotide methylation
transferase (DNMT) (20), blocks DNA
methylation over the 5-untranslated re-
gions of the Foxp3 promoter and increases
Foxp3 expression in CD4 Foxp3~ cells
(21). Other preclinical studies indicated
that in vitro 5-Aza administration in-
creases the population and immunosup-
pressive function of Foxp3* regulatory
T cells (22). The therapeutic potential of
demethylating agents for the treatment of

autoimmune diseases in vivo has also
been investigated recently. For example,
in mouse models of autoimmune diabetes
and colitis, 5-Aza treatment increased
Treg cell populations in vivo, decreased
autoimmune responses, modulated dis-
ease severity and prolonged survival
(23,24). However, the effect of 5-Aza on
demyelination, during the pathogenesis
of EAE, has not yet been investigated.
Previous studies indicated that in
vitro 5-Aza treatment converted
CD4CD25 Foxp3~ effector T cells into
CD4"CD25 Foxp3" regulatory T cells, thus
increasing their capacity to inhibit im-
mune responses (25). However, increased
expression of interleukin (IL)-17 in effec-
tor T cells, following in vitro treatment
with 5-Aza, was also reported (26). Be-
cause both Foxp3™ and IL-17-expressing
T cells have important roles in the patho-
genesis of EAE (5), we sought here to
evaluate the precise effect of 5-Aza on
the pathogenesis of EAE.

MATERIALS AND METHODS

Mice and Induction of EAE

C57BL/6 mice were purchased from
the National Laboratory Animal Center
in Taiwan, and C.Cg-FOXPS"”ZTCh /]
FOXP3-EGFP reporter mice in BALB/c
background were provided by Jau-Ling
Suen (Kaohsiung Medical University,
Kaohsiung, Taiwan). The Foxp3-EGFP re-
porter mice used in this study were gen-
erated by backcrossing Foxp3-EGFP
BALB/c reporter mice with C57BL/6
mice for at least 10 generations, to gener-
ate a background similar to wild-type
C57BL/6 mice. All mice were housed in
a specific pathogen-free facility in mi-
croisolator cages that contained sterilized
food, autoclaved bedding and water. An-
imal procedures and experimental proto-
cols were approved by the Institute of
Animal Care and Use Committee of the
National Chung Cheng University (Chi-
ayi, Taiwan).

EAE was induced as previously de-
scribed with some modifications (27).
On EAE d 0, 8- to 12-wk-old C57BL/6
female mice (n = 5/group) were subcu-
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taneously injected with 150 uL incom-
plete Freund adjuvant emulsion contain-
ing 100 ug of a myelin oligodendrocyte
glycoprotein (MOG) peptide, MOG35-55
(MEVGWYRSPFSRVVHLYRNGK), and
400 ug of Mycobacterium tuberculosis ex-
tract (H37Ra). On d 0 and d 2 after im-
munization, mice were given 250 ng
pertussis toxin in 150 uL phosphate-
buffered saline (PBS) by intraperitoneal
(IP) injection. Mice were monitored
daily and clinical signs of disease pro-
gression were recorded, as described
previously (27). Wild type C57BL/6 and
Foxp3-EGFP transgenic mice were given
IP 5-Aza in 0.1 mol/L DMSO at a dose
of 0.15 mg/kg/d, 5 d before EAE induc-
tion, for 10 d (Figure 1A). Control mice
were treated with 0.1 mol/L DMSO
alone for ten days.

Growth Medium, Buffers and Reagents
RPMI-1640-based medium supple-
mented with 1% L-glutamine, 1% penicil-
lin-streptomycin, 10% fetal bovine serum
(FBS), 10 mmol /L HEPES and 50 umol/L
B-mercaptoethanol was used to culture
T cells. The isolation buffer was PBS sup-
plemented with 2 mmol/L EDTA and 2%
FBS. The hypotonic red blood cell (RBC)
lysis buffer was 0.15 mol/L NH,Cl, 10
mmol/L KHCO, and 0.1 mmol/L
Na,EDTA (pH 7.2). Solutions were steril-
ized by passage through a 0.22-um filter
and were stored at room temperature.
5-Aza was purchased from Sigma (St.
Louis, MO, USA). A solution of 5-Aza
was prepared in dimethyl sulfoxide
(DMSO; Sigma) and stored at -80°C.

Flow Cytometry

Flow cytometry was performed with a
FACSCalibur flow cytometer by using
CellQuest software (BD Biosciences [BD,
Franklin Lakes, NJ, USA]). Cell staining
was performed with specific antibodies at
4°C for 30 min. Anti-mouse CD4 FITC
(clone GK1.5), anti-mouse CD25-PE Cy5
(clone PC61.5) and anti-mouse Foxp3-PE
(NRRF-30) were purchased from eBio-
science (San Diego, CA, USA). Anti-
mouse IFN-y-PE (XMG1.2), anti-mouse
IL-17A-PE (TC11-18H10), anti-mouse
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Figure 1. Treatment of mice with 5-Aza inhibits the development of experimental auto-
immune encephalomyelitis (EAE). (A) Low-dose 5-Aza (0.15 mg/kg/d) or control DMSO
freatments of C57BL/6 mice were administrated at 5 d before induction of EAE for a
total of 10 d. Each line represents an independent experiment. Two independent experi-
ments were performed (n = 5 mice/group). The time of disease onset and peak is also
indicated. (B) Spinal cords of mice treated with 5-Aza or DMSO were stained with H&E
at the peak of EAE pathogenesis (upper panels: 40x , lower panels: 100x); arrows show
inflasnmatory cell infiltration. Histology was performed in three different mice for each
freatment, and representative images are shown. (C) Luxol fast blue stain of spinal cords
at the peak of EAE in mice pretreated with 5-Aza or DMSO (40x). 5-Aza-treated tissue
showed intact myelin, whereas DMSO-treated mice showed aftacked myelin. Histology
was performed in three different mice for each treatment. Representative images are
shown.

CD3-PE (145-2C11), anti-mouse CD3-
PerCP (145-2C11), anti-mouse CD3-PE
Cy5 (145-2C11) and anti-mouse CD4 APC
(RM4-5) were purchased from BD.

Life Technologies, Carlsbad, CA, USA)

was used for amplification of cytokine

genes. Expression of each gene was de-
termined relative to that of B-actin.

RNA Isolation, cDNA Synthesis and
Real-Time Polymerase Chain Reaction
Total ribonucleic acid (RNA) was iso-
lated from spinal cords, and cDNA was
synthesized from 1 ug RNA by using
oligo dt. Real-time polymerase chain re-
action (PCR) with a SYBR Green on
StepOne cycler (Applied Biosystems/

Histopathology

Spinal cords were dissected from mice
after heparin-PBS perfusion and fixed in
10% paraformaldehyde overnight.
Paraffin-embedded sections (6-10 um
thickness) were then stained with hema-
toxylin and eosin (H&E) or Luxol Fast
Blue and examined by light microscopy.
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Isolation of CNS-Infiltrating
Lymphocytes

Mice were perfused with 30 mL he-
parinized PBS before isolation of infil-
trating mononuclear cells from pooled
spinal cord and brain tissues. Single-cell
suspensions were prepared and sub-
jected to Percoll gradient (70%/30%)
centrifugation. The isolated mononu-
clear cells were then stained with anti-
CD3, anti-CD4 or anti-CD25 antibodies
for 30 min at 4°C after blocking nonspe-
cific staining. Cells from GFP knock-in
mice were stained only with anti-CD3
and anti-CD4 antibodies. Data were ana-
lyzed by using CellQuest software (BD
Biosciences).

In Vitro 5-Aza Treatment of CD4*CD25"
T Cells

Spleens were gently ground into
single-cell suspensions between frosted
microscope slides, and RBCs were re-
moved by using a hypotonic RBC lysis
buffer. Splenocytes were enriched for
CD4" T cells by using a CD4" negative
selection kit (BD IMag™, BD Biosciences)
and were then enriched for CD4*'CD25"
T cells by using anti-mouse CD25-PE and
anti-PE magnetic particles (BD IMag).
Splenocytes isolated from GFP knock-in
mice were stained with APC anti-CD4
antibody (RM4-5; BD Biosciences).
CD4'GFP cells were sorted by using a
FACSAria™ III cell sorter (BD Bio-
sciences). Isolated CD4*CD25™ T cells (4.5
x 10°/mL) were activated for 2 d in the
presence of anti-CD3 monoclonal anti-
body (mAb) (1 ug/mL), anti-CD28 mAb
(0.2 ug/mL) and mouse IL-2 (10 ng/mL).
Cultured T cells were treated with 5-Aza
(1 umol/L) or DMSO only on d 0 and
then incubated for 1-4 d. T cells were
harvested and intracellular staining for
Foxp3 was performed by using a Foxp3
staining kit, according to the manufac-
turer’s guidelines (catalog no. 00-5523;
eBioscience).

In Vitro Assay for Treg Cell-Suppressive
Function

T cells were isolated by a selection kit
followed by FACSAria III cell sorting. Se-



Table 1. EAE clinical scores after 5-Aza treatment.

Group Incidence (%) Mean day of onset Mean maximum score
Aza 0 0+0 0+0
DMSO 90 11.81 £ 1.31 2.45 +0.35

lection was performed with a CD4" nega-
tive selection kit (BD IMag), followed by
staining with anti-mouse CD25-PE, be-
fore sorting or before using GFP as a se-
lection marker (if the mice were GFP
transgenic mice). CD25™ or GFP™ T cells
were used as responding effector cells,
and T cell-depleted splenocytes were
used as supporting cells after treatment
with mitomycin C (20 ug/mL) at 37°C
for 40 min. The supporting cells, effector
cells (CD4"CD257) and Treg cells
(CD4"CD25"%) were cultured at a ratio of
10:2:1 in the presence of anti-CD3 mAb
(1 pg/mL) for 4.5 d.

Statistical Analysis

The differences between experimental
and control groups were analyzed by un-
paired t test with Welch correction, except
for the comparison of EAE clinical scores,
which used the Mann-Whitney U test.
A p value <0.05 was considered statisti-
cally significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

5-Aza Pretreatment Inhibits MOG-
Induced EAE in B6 Mice

Multiple sclerosis (MS) is a Th1/Th17
CD4" T cell-mediated chronic autoim-
mune disease of the central nervous sys-
tem (28). Among helper T cells, regula-
tory T cells are pivotal in suppressing
overt immune responses and maintain-
ing homeostasis (28). Previous studies re-
vealed that 5-Aza, a DNA-demethylating
agent, upregulated regulatory T cell ex-
pression and benefited mouse models of
autoimmune diabetes and colitis (23, 24).
In this study, we tested whether 5-Aza
administration in peripheral areas could
modulate CNS inflammatory responses
in the EAE mouse model.

Five days before EAE induction (that
is, MOG inoculation), a 10-d regimen of
low-dose (0.15 mg/kg, intraperitoneally
administrated) 5-Aza was started (please
refer to Materials and Methods and Fig-
ure 1A). The results indicated a signifi-
cant reduction in EAE disease scores rel-
ative to DMSO-treated controls (n = 5)
(Figure 1A). In particular, there were no
symptoms of EAE in 5-Aza-treated mice
during the entire 35-d observation pe-
riod, whereas most control DMSO-
treated mice showed neurological symp-
toms (Figure 1A and Table 1).

To examine the effect of 5-Aza on CNS
inflammation, histological examination of
spinal cord tissues was performed on
each group. As expected, the spinal cords
of DMSO-treated control mice showed
significant leukocyte infiltration into the
CNS, whereas the 5-Aza-treated mice
showed no infiltrating cells (Figure 1B).
To explore the demyelination status of
these treated mice, luxol fast blue was
used to stain spinal cord myelin, showing
the myelin to be preserved with an intact
margin, while control DMSO-treated mice
showed demyelination, with vacuoles in
the myelin (Figure 1C). Thus, 5-Aza pre-
treatment strongly inhibited EAE devel-
opment and CNS inflammation.

5-Aza Decreases CNS-Infiltrating
Lymphocytes in EAE Mice

The above results showed that 5-Aza
significantly inhibited disease develop-
ment in EAE mice. To examine the modu-
latory effect of 5-Aza treatment on CNS
inflammation, CNS-infiltrating lympho-
cytes were isolated from mice treated
with 5-Aza or DMSO at EAE onset and at
disease peak. As shown in Figure 2,
5-Aza-treated mice had significantly
fewer infiltrating cells at both time points
(Figure 2A, P < 0.05). Moreover, the per-
centage of CD4"CD25" effector cells
among infiltrated cells was lower in

RESEARCH ARTICLE

5-Aza-treated mice than in control mice at
both time points (Figure 2B, CD4"'CD25"
upper left in dot plot), probably due to
lower inflammatory immune responses in
the CNS.

We further evaluated cytokine expres-
sion by the CNS-infiltrating cells, includ-
ing IL-17 and IFN-y, by intracellular cy-
tokine staining. The cytokines expressed
by CNS-infiltrating cells in 5-Aza-treated
mice were significantly lower than those
in DMSO-treated mice (Figure 2C).
These data indicate that 5-Aza treatment
decreases CNS pathogenic effector cells
in EAE mice, thus inhibiting disease
progression. Overall, this suggests that
peripheral treatment with 5-Aza pre-
vents the development of EAE and de-
creases Th1 and Th17 cell populations in
the CNS.

5-Aza Increases Foxp3 Expression in
Splenocytes and GFP Expression in
CD4*GFPT Cells In Vitro

Previous studies have indicated that
DNA demethylation is involved in
the regulation of Foxp3 expression
(18,23,25,29-31). Reduced expression of
Foxp3 can affect both the number and
activity of Treg cells (32). To evaluate
the effect of the demethylating agent
5-Aza on the conversion of splenocytes
into Treg cells, we first treated spleno-
cytes with 5-Aza to assess its effect on
Foxp3 expression. As shown in Figure 3,
5-Aza significantly upregulated Foxp3
RNA, to a maximum level on d 2 (Fig-
ure 3A, p < 0.001). We also tested the ef-
fect of 5-Aza on splenocytes from
Foxp3-EGFP transgenic mice. In particu-
lar, CD3"GFP™ T cells were isolated from
mice treated with 5-Aza to examine pos-
sible conversion of conventional T cells
into Treg cells. Flow cytometry results
indicated an increased number of GFP*
cells after 5-Aza treatment (Figure 3B) in
vitro, in addition to an increased per-
centage of GFP" cells (Figure 3C, p <
0.05). In agreement with previous stud-
ies (33-35), our results indicate that
5-Aza can convert CD4"Foxp3~ conven-
tional T cells into Foxp3-expressing Treg
cells in vitro.
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Figure 2. 5-Aza tfreatment decreases the number of CNS-infiltrating lymphocytes in EAE
mice. Brains and spinal cords of MOG-induced EAE mice tfreated with 5-aza or DMSO
were harvested at EAE disease onset or peak, and CNS-infiltrating lymphocytes were iso-
lated by Percoll density gradient. Three independent experiments were performed.

(A) Total infiltrating cell numbers were analyzed affer Percoll gradient isolation. Open
bars indicate 5-Aza treatment and black bars show control DMSO-freated mice (each
group contained five mice, *p < 0.05). (B) CNS-infiltrating cells stained with CD3, CD4 and
CD25, and CD3* cells were gated to count CD4*CD25* T cells from 5-Aza-treated (6-Aza,
left panel) or DMSO-treated (DMSQO, right panel) control EAE mice during disease onset
(upper panel) and disease peak (lower panel). (C) Flow cytometry analysis of the ex-
pression of inflasnmatory cytokines (IFN-y: upper panel; IL-17: lower panel) in CNS-
infiltrating CD4* T cells. A representative profile is shown. Three independent experiments
were performed.

5-Aza Treatment Enlarges Spleen Size
and Increases Numbers of CD4*CD25*
Cells In Vivo

Having demonstrated that 5-Aza could
convert CD4"/GFP" cells into CD4"/ GFP*
cells in vitro, we then compared splenocyte

populations after 5-Aza treatment in vivo.
The size of the spleens in 5-Aza-treated
mice was initially smaller than those of
DMSO-treated mice at d 6 after MOG in-
duction. However, the spleens enlarged
until the peak of EAE in the 5-Aza-treated
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group, whereas the spleens in DMSO-
treated mice shrank both at EAE onset
(data not shown) and peak (Figure 4A).
A similar pattern was observed in the
number of splenocytes such that 5-Aza
treatment significant lowered the number
of cells, compared with control, at d 6.
This trend was reversed at disease onset
and peak (Figure 4B, p < 0.05).

Further investigation of different types
of splenocytes (Supplementary Figure S1)
revealed that 5-Aza treatment resulted in
a similar percentage of CD4"'CD25" cells
as the DMSO-treated mice at d 6 after
MOG induction (Figure 4C). However,
this phenomenon was reversed at disease
onset and peak (Figure 4C), a result that
may be attributed to the inflammatory re-
sponse in DMSO-treated EAE mice. How-
ever, 5-Aza-treated mice were found to
have significantly higher numbers of
CD4'CD25" cells than the DMSO-treated
EAE mice at both disease onset and peak
(Figure 4D), a possible explanation for
5-Aza suppression of MOG-induced EAE.

5-Aza-Treated Mice Show a Lower
Activation Threshold of Effector T Cells
Next, we performed a Treg immune
suppression assay to determine whether
5-Aza enhances the immunosuppressive
activity of regulatory T cells in EAE
mice. Treg cells from 5-Aza- or DMSO-
treated EAE mice were isolated from the
spleen at EAE onset (Figure 5A, 5-Aza-
Treg, DMSO-Treg) and then cocultured
with CD4" effector T cells from naive B6
mice. Activation assays showed that
these effector T cells were functionally
intact (Supplementary Figure S2). Unex-
pectedly, however, Treg cells isolated
from 5-Aza mice showed suppressive
functions similar to those from the
DMSO control mice (Figure 5A).
Consequently, we wondered whether
the Treg-suppressive function in 5-Aza-
treated mice could inhibit effector T cells.
Treg-suppressive assays of effector cells
and Treg cells isolated and cocultured
from the same mice showed that Treg
cells from 5-Aza-treated mice signifi-
cantly inhibited the proliferation of car-
boxyfluorescein succinimidyl ester
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(B, C) CD3*GFP™ T cells were harvested from Foxp3-EGFP C57BL/6 transgenic mice
(C.Cg-FOXPS””QTC”/J) and isolated by a BD FACSAria Il cell sorter. The isolated CD3*GFP~
T cells were activated as above and then treafted with 1 umol/L 5-Aza or DMSO alone.
Flow cytometry was used to monitor GFP expression. A representative flow cytometry re-
sult is shown (B). Results are summarized from d O to d 4, with 5-Aza (solid circles) and
DMSO alone (open circles) (C) (*p < 0.05). All data are representative of three indepen-

dent experiments with triplicate culture wells.

(CFSE)-labeled effector cells from the
same mice (Figure 5B, upper right). Sur-
prisingly, this inhibitory effect was not
seen in cells isolated from DMSO-treated
mice (Figure 5B, upper left). Effector

T cells isolated from 5-Aza-treated (Fig-
ure 5B, lower right) or DMSO-treated
(Figure 5B, upper left) mice showed the
same proliferation pattern after stimula-
tion with anti-CD3 antibody, thus sug-
gesting they were functionally intact.
The above data indicate that regulatory
T cells could inhibit the proliferation of
effector T cells isolated from the same

5-Aza-treated mice, but not cells from
(DMSO-treated) EAE-diseased mice (Fig-
ures 5A, B).

Furthermore, Treg and effector cells
isolated from 5-Aza- or DMSO-treated
mice were cocultured with each other,
showing that Treg cells significantly in-
hibited the proliferation of CFSE-labeled
effector cells isolated from the same 5-Aza-
treated mice (Figure 5C, upper right).
Surprisingly, Treg cells isolated from
DMSO-treated EAE mice could also in-
hibit the proliferation of effector cells iso-
lated from 5-Aza-treated mice (Figure 5C,
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lower right). However, neither Treg cells
isolated from 5-Aza-treated mice nor
from DMSO-treated mice could inhibit
the proliferation of DMSO-treated mouse
effector cells (Figure 5C, left panel). These
results suggest that 5-Aza does not en-
hance Treg per-cell inhibitory function.
Finally, we wondered whether 5-Aza
treatment could attenuate the activity of
effector T cells. To test this hypothesis,
CD69 activation marker analysis was
performed to detect the activation status
of the cells. Indeed, CD4" T cells from
5-Aza-treated mice expressed less CD69
activation markers than DMSO-treated
mice (Figure 5D, upper panel). However,
both cells showed the same activation
ability, as demonstrated by in vitro treat-
ment with anti-CD3 antibody (Figure 5D,
lower panel), thus suggesting that 5-Aza
treatment maintains a lower activation
threshold for the effector CD4 T cells.

DISCUSSION

In this study, we found that peripherally
administrated low-dose (0.15 mg/kg/d),
10-d 5-Aza could prevent autoimmune
disease in the CNS of a murine EAE
model (Figure 1A). In fact, none of the
short-term 5-Aza-pretreated MOG-
induced mice developed EAE during our
observation period (Figure 1A). More-
over, 5-Aza treatment increased both
Foxp3 RNA and protein expression in
vitro and in vivo and also upregulated the
number of regulatory T cells in vivo.
These results are consistent with previ-
ous studies of experimental autoimmune
diabetes and colitis (23,25). Although the
per-cell inhibitory function of Treg cells
was not enhanced, 5-Aza treatment did
lower the activation threshold of effector
cells (Figure 5D).

Th17 cells and their cytokine, IL-17,
play important roles in the pathogenesis
of EAE. Our results showed that 5-Aza-
treated mice had much lower expression
of proinflammatory CNS cytokines com-
pared with control mice. In particular, the
expression of EAE-associated proinflam-
matory cytokines, such as IL-17 and IFN-y,
were lower at both EAE onset and peak
in 5-Aza-treated mice (Figure 2C). A pre-
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Figure 4. Treatment of mice with 5-Aza induces distinct changes in spleen morphology
and spenocyte populations during EAE progression. Mice pretreated with 5-Aza or DMSO
were MOG-induced for EAE, as described in Figure 1 (n = 3-5 mice/ group, two indepen-
dent experiments were performed). (A) Spleens were harvested from 5-Aza-treated (left
panel) or DMSO-treated (right panel) EAE mice at d 6 and 10 and disease peak after
MOG induction. Each interval between bars represents 1 cm. (B) Total cell numbers of
splenocytes were counted at the indicated time points (*p < 0.05, **p < 0.01; white bar:
5-Azq, black bar: DMSO). (C) Splenocytes stained with CD3, CD4 and CD25, and CD3*
cells, were gated to analyze the percentage of CD4*CD25* T cells from 5-Aza-treated
(white bars) or DMSO-treated (black bars) EAE mice at the indicated time points (left
panel). Representative results from flow cytometry are also shown (right panel) (*p < 0.05).
(D) The total number of CD4*CD25" T cells in splenocytes from 5-Aza-treated (white bars)
or DMSO-treated (black bars) EAE mice were counted at the indicated time points (*p <
0.05, **p < 0.01).

vious study showed that the Th17-specific
cytokine gene II17a, which contains six
CpG dinucleotides in its 200-bp highly
conserved promoter region, is regulated

by promoter methylation (36). In an in
vitro culture system, CD4" cells cultured
with 5-Aza expressed more IL-17A than
cells grown without 5-Aza (26). However,
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it was also reported that in vivo IL-17A
deficiency or neutralization mitigates
EAE, but does not completely abrogate
all symptoms (37,38). On the other hand,
it has also been reported that neither
T-cell-driven overexpression of IL-17A
and IL-17F, nor their complete loss, had a
major impact on the development of EAE
(37). In particular, it has been shown that
autoimmune demyelinating disease can
be driven by multiple myelin-specific

T cells of distinct lineages, with different
extents of cell—cell interactions and de-
pendence on cytokine production to
achieve their pathogenic effects (38). Ac-
cording to our results, pretreatment with
5-Aza can prevent the onset of such dis-
eases (for example, EAE).

Foxp3 is a master regulator of Treg
cells. In this study, we found that both in
vivo and in vitro 5-Aza treatment signifi-
cantly elevated Foxp3 expression in
T cells. Short-term treatment with 5-Aza
significantly increased the percentage of
regulatory T cells and also converted con-
ventional T cells into Treg cells in vitro.
These results are consistent with previous
reports that 5-Aza treatment can convert
Foxp3~ cells into Foxp3* cells (23,25), at
least partly because of demethylation of
the Foxp3 promoter. Thus, even if 5-Aza
treatment upregulated both Foxp3 and
IL17, its induction of Foxp3 might be
more robust than that of IL-17. Moreover,
the increased Treg cell population might
also block the differentiation of patho-
genic Th17 cells.

On the other hand, it was demonstrated
that gene promoter hypermethylation was
more prominent in cell-free DNA isolated
from relapsing remitting MS patients than
from healthy individuals (39). This result
suggests that MS might be an epigenetic
disease, and reversing epigenetic repres-
sion of the Foxp3 methylated promoter by
demethylating agents may have therapeu-
tic potential for the treatment of this auto-
immune disease.

Together, these results show that short-
term (10-d) low-dose 5-Aza treatment
ameliorated the development of EAE and
inhibited proinflammatory responses in
the CNS, effects that could be fully attrib-
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Figure 5. Regulatory T cells have similar suppressive function, but effector T cells have a

lower activation threshold in 5-Aza-treated mice (A) Effector T cells isolated from naive B6
mice were cocultured with Treg cells isolated from 5-Aza-treated (5-Aza Treg) or DMSO-
freated (DMSO Tre@) EAE mice at disease onset and peak. Treg inhibition assays were then
performed by CFSE-labeling. (B) Effector T cells isolated from EAE mice freated with DMSO
(DMSQO, left panel) or 5-Aza (5-Aza, right panel) were cocultured with Treg cells isolated
from 5-Aza-tfreated mice for Treg inhibition assay (upper panel). For control experiments, ef-
fector T cells were stimulated with anti-CD3 antibody only (lower panel). (C) CFSE-labeled
CD4*CD25" effector T cells isolated from DMSO-treated (Effector -DMSQO) or 5-Aza-treated
(Effector T-Aza) EAE mice were cocultured with regulatory T cells isolated from 5-Aza-
freated (Treg-Aza) or DMSO-treated (Treg-DMSO) EAE mice for 5 d, and CFSE signals were

detected by flow cytometry. A representative CFSE profile is shown. Three independent
experiments were performed with similar trends. (D) CD4*CD25™ T cells isolated from
DMSO- or 5-Aza-treated EAE mice were stained with CD69 activation marker before
(upper panel) or after (lower panel) stimulation with anti-CD3. Data are representative of
three independent experiments with similar results.

uted to 5-Aza-mediated DNA demethyla-
tion. Together with the results of a previ-
ous study (23), we strongly suggest that
epigenetic regulation is involved in the de-
velopment of Treg cells and that 5-Aza has
the potential to modulate abnormal im-
mune responses in autoimmune diseases.
We also examined the effect of 5-Aza
pretreatment on populations of spleno-

cytes from MOG-induced EAE mice at
different time points. Treatment with 5-Aza
showed a similar percentage of CD4"CD25"
cells as the DMSO-treated mice at d 6
after MOG induction (Figure 4C). How-
ever, this similarity was reversed at dis-
ease onset and peak (Figure 4C). These re-
sults might be explained by the vigorous
inflammatory response in DMSO-treated
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mice against the MOG antigen. In other
words, DMSO-treated mice need more
Treg cells to inhibit pathogenic lympho-
cytes (for example, Th17" cells) to prevent
EAE. The amelioration of EAE develop-
ment by early induction of Treg cell popu-
lations in 5-Aza-treated mice induced less
proinflammatory response and less antiin-
flammatory resolution response at the
time point of disease onset or peak, as
mediated by the Treg cell population.
Although the percentage of CD4'CD25"

T cells was smaller in 5-Aza-treated mice,
compared with control EAE mice, the total
cell number of CD4'CD25" T cells was sig-
nificantly higher in 5-Aza-treated EAE
mice (Figure 4C), thus suppressing MOG-
induced EAE.

A previous study demonstrated not
only an increased number of Treg cells in
5-Aza-treated mice, but also an increased
Treg-mediated immune suppression.
However, the 5-Aza-enhanced Treg im-
munosuppressive function was found
only in thymic, but not splenic, Treg cells.
In our study, we found enhanced im-
munosuppressive activity of Treg cells, in-
hibiting the proliferative responses of ef-
fector cells isolated from 5-Aza-treated
mice. However, when compared with
DMSO-treated mice, the suppressive
function of 5-Aza-treated Treg cells was
equivalent using effector cells isolated
from naive B6 mice (Figure 5A). These re-
sults indicate that the effect was not due
to an increased per-cell suppressive func-
tion of Treg cells, but rather decreased ac-
tivity of effector cells in 5-Aza-treated
mice. Observation of 5-Aza effects on the
activation state of effector T cells in
mouse splenocytes showed that effector
cells had lower CD69 (activation marker)
expression, at disease onset, than DMSO-
treated mice; however, the two groups had
similar CD69 expression after 2 d of stim-
ulation by anti-CD3 antibody (Figure 5D).
These results indicate that 5-Aza treat-
ment lowered the activation threshold of
effector cells in vivo, but these cells could
still be activated in vitro. This lower acti-
vation threshold may be attributed to an
increased number of Treg cells, which
elicits a greater suppressive effect on the
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effector cells through increased cell—cell
contact, secretion of inhibitory cytokines
such as TGF-$ and indirectly through in-
creased inhibition of APC (40). Thus, the
increased population of Treg cells, to-
gether with lower activation potential of
effector cells, was presumably responsible
for the hindered EAE development and
reduced CNS inflammation. This result
was further confirmed by a recent finding
from Kehrmann et al. (41) that 5-Aza treat-
ment of human CD4" T cells could only
induce hypomethylation of Foxp3 and ex-
pression of Treg-specific genes, but could
not induce suppressive function (41).

CONCLUSION

Our study indicates that short-term
5-Aza pretreatment mitigates the devel-
opment of EAE symptoms in MOG-
induced mice. However, we only tested
the effect of 5-Aza given for 10 d before
induction of EAE. Future studies are
needed to establish whether even better
efficacy can be achieved by different du-
rations of 5-Aza administration before or
after the onset of EAE symptoms.
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