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Recent evidence suggests that interleukin-17-produc-
ing CD4™ T cells (Th17 cells) are the dominant patho-
genic cellular component in autoimmune inflamma-
tory diseases, including multiple sclerosis. It has
recently been demonstrated that all-trans retinoic
acid can suppress Th17 differentiation and promote the
generation of Foxp3™ regulatory T cells via retinoic acid
receptor signals. Here, we investigated the effects of
AMS80, a synthetic retinoid with enbaaced biological
properties to alltrans retinoic acid, on Th17 differenti-
ation and function and evaluated its therapeutic poten-
tial in experimental autoimmune encephalomyelitis
(EAE), an animal model of multiple sclerosis. AM80
treatment was more effective than all-4rans retinoic acid
in inhibiting Th17 differentiation in vitro. Oral admin-
istration of AM80 was protective for the early develop-
ment of EAE and the down-modulation of Th17 differ-
entiation and effector functions in vive. Moreover,
AMS0 inhibited interleukin-17 production by splenic
memory T cells, in vitro-differentiated Th17 cells, and
central nervous system-infiltrating effector T cells. Ac-
cordingly, AM80 was effective when administered ther-
apeutically after the onset of EAE. Continuous AMS80
treatment, however, was ineffective at inhibiting late
EAE symptoms despite the maintained suppression of
RORyt and interleukin-17 expression levels by central
nervous system-infiltrating T cells. We reveal that con-
tinuous AMS80 treatment also led to the suppression of
interleukin-10 production by a distinct T cell subset that
expressed both Foxp3 and RORyt. These findings sug-

2234

gest that retinoid signaling regulates both inflammatory
Th17 cells and Th17-like regulatory cells. (Am J Patbol
2009, 174:2234-2245; DOIL: 10.2353/aipath.2009.081084)

Multiple sclerosis (MS) is a chronic inflammatory autoim-
mune disease affecting the central nervous system
(CNS).! Previous studies of experimental autoimmune
encephalomyelitis (EAE), a murine model of MS,22 indi-
cated that autoimmune responses were initiated by a
subset of myelin-specific CD4™ T cells secreting the in-
flammatory cytokine interferon (IFN)-y, termed Thi
cells.*5 More recently, the identification of an additional
subset of differentiated inflammatory helper T cells se-
creting large amount of the cytokine interleukin (IL)-17
(Th17 cells) have allowed new insights into the pathology
of a range of inflammatory autoimmune diseases.®” In-
deed, the presence of such Th17 cells among CNS-
infiltrating leukocytes has been demonstrated in EAE an-
imals.” Furthermore, induction of EAE in IL-17-deficient
mice leads to less severe disease® and mice that lack
IL-23, a cytokine required for Th17 cell survival,® are
resistant to EAE.® Critically, increased levels of {L-17 are
detected in MS patients'® and the presence of IL-17-
secreting T cells has been shown to link with acute CNS
lesions in MS. 1!

Differentiation of naive T cells into Th17 cells in vitro
requires culture with a combination of IL-6, an inflammatory
eytokine elaborated by innate immune cells subsequent to
ligation of pathogen-associated molecular pattern recep-
tors, and transforming growth factor (TGF)-8,'27'% a cyto-
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kine classically regarded as anti-inflammatery and also as-
sociated with the differentiation of regulatory T cells.* The
requirement for IL-6 and TGF-B in Th17 differentiation has
also been demonstrated in vivo'?'® Phenotypically, Th17
cells express the retinoic acid (RA)-related orphan receptor
+ (ROR) in a Stat3-dependent manner, and produce high
levels of many inflammatory cytokines, including IL-17, IL-6,
tumor necrosis factor (TNF)-g, IL-21, and 1L-22.7177'° |nter-
estingly, naive T cells receiving TGF-8 signaling alone are
induced to become a CD4*CD25™ regulatory T cell popu-
lation (Treg cells).’® Treg cells are capable of suppressing
inflammation, mediating self-tolerance, and produce sup-
pressive cytokines such as TGF-B and/or IL-10%° The gen-
eration of Treg cells requires the forkheadiwinged-helix
transcription factor Foxp3 and its functional impairment
leads to autoimmunity.2'22 Foxp3™ Treg cells in the CNS
have been shown to ameliorate EAE via the production of
IL-10%% which has recently been associated with restraining
Th17-mediated pathology in EAE.2* Furthermore, IL-10-pro-
ducing RORyt"Foxp3™ T cells have been identified in vivo,
suggesting the existence of a regulatory Th17-like cell
type'25

RA, the active metabolite of vitamin A, has multiple
effects on cell differentiation and survival through ligation
to the two families receptors: retinoic acid receptors
(RAR) and retinoid X receptor (RXR), each of which has
multiple isoforms.2® Recently, al-trans retinoic acid
(ATRA) has been reported to suppress the differentiation
of Th17 cells through ligation to the RAR-a,2”?® accom-
panied by .a down-regulation of RORyt and reciprocal
induction of Treg: cells expressing Foxp3.27-2° Possible
mechanisms of action of ATRA for the suppression of
Th17 cell function have been reported to be a result of
reduced expression of IL-6 receptor and IL-23 receptor
as well as enhanced TGF-8 signaling in a Smad3-depen-
dent manner.*°

RA has been shown to ameliorate EAE.3'%2 But as
these studies were carried through before the discovery
of Th17 cells, the amelicration was attributed to suppres-
sion of Th1 cells. In addition, the therapeutic application
of RA to date has been limited by instability and poor
bicavailability of this compound as well as by its non-
selective binding to a broad range of retinoid recep-
tors, which conceivably leads to unexpected side ef-
fects.26:3334 T circumvent these potential problems in
the clinical use of RAR agonists, a variety of synthetic
RAR agonists with improved biological properties in vivo
have been developed. One of these synthetic retinoids,
AMB8O, is already available as medication under the trade
name Tamibarotene for human diseases such as acute
promyelocytic leukemia (APL) and psoriasis.*>7 AM80
is specific for the RARe/B and characterized by a higher
stability, fewer potential side effects, and superior bio-
availability compared with ATRA.35-38 Therefore, we may
open up new therapeutic avenues for treating Th17-me-
diated autoimmune diseases by testing AM80 in an im-
munoregulatory context.

In this study, we demonstrate for the first time that
AMB80 inhibits Th17 differentiation in vitro with a higher
potency than ATRA. Treatment with AM80 amelicrates
EAE and inhibits both the differentiation of Th17 cells and

Retinoid Suppression of Th17-Mediated EAE 2235
AJP June 2009, Vol. 174, No. G

the effector function of Th17 cells in vivo without generat-
ing general immunosuppression. In addition, AM80
proved to be effective in rescue from acute EAE when
administered after the onset of the disease. Interestingly,
continuous AMBO0 treatment failed to improve chronic
disease despite of apparent suppression of T cell expres-
sion of IL-17 and RORyt. We demonstrate that continuous
AMBO0 treatment results in the suppression of IL-10 pro-
duction by a unique subset of T cells, which is identified
as T cells that co-expresses RORyt and Foxp3. We con-
clude that treatment with the synthetic retinoid AM80 is a
considerable intervention strategy for the acute phase of
Th17-mediated autoimmune diseases such as MS.

Materials and Methods

Animals and EAE Induction

C57BL/6J (B6) mice (CLEA Laboratory Animal Corp.,
Tokyo, Japan) were maintained in specific pathogen-free
conditions in accordance with institutional guidelines
(National Institute of Neuroscience, NCNP, Tokyo, Ja-
pan). This study used female mice at 8 to 10 weeks of
age. For EAE induction mice were injected subcutane-
ously with 100 ug of myelin oligodendrocyte glycoprotein
(MOG) amino acids 35-55 (MOG5_gs peptide MEVGW-
YRSPFSRVVHLYRNGK)3® and 1 mg of heat-killed Myco-
bacterium tuberculosis H37RA emuisified in complete
Freund's adjuvant (Difco, Lawrence, K8). 200 ng of per-
tussis toxin (List Biological Laboratories} was injected
intraperitoneally on days O and 2 after immunization.
Some groups of mice also received 3 mg/kg AM8O in
0.5% carboxymethylcellulose (CMC) solution (WAKO
Chemicals, Osaka, Japan) by oral gavage.

EAE was clinically scored daily (0, no clinical signs; 1,
partial tail paralysis; 2, flaccid tail; 3, partial hindlimb parai-
ysis; 4, total hindlimb paralysis; 5, Hind- and foreleg paral-
ysis).?® Disease was also assessed using histological
examination of CNS tissue as previously described.*®
Briefly, animals were perfused with 20 ml of cold phos-
phate-buffered saline, and CNS tissue was excised and
fixed in formal saline. Paraffin-embedded sections were
prepared and stained with either Luxol fast blue or H&E
and photomicrographs acquired with a light microscope
(Eclipse E800M, Nikon, Japan).

Cell Isolation and Purification

CNS-infiltrating lymphocytes were isolated from spinal
cords and brains as previously described.®® Briefly, tis-
sue was cut into small pieces and digested for 40 min-
utes at 37°C in media (GIBCO, Auckland, New Zealand)
supplemented with 1.4 mg/mi collagenase H (Roche,
Mannheim, Germany) and 100 ug/ml DNase | (Roche).
Resulting tissue homogenates were forced through a
70-um cell strainer and leukocytes were enriched using a
discontinuous 40%/80% Percoll density gradient centrif-
ugation. Leukocytes were collected from the interface
and where indicated cell numbers for [eukocytes and/or T
cell subsets per mouse were counted with an improved
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Neubauer counting chamber and via flow cytometry with
reference to a cell number curve as previously de-
scribed.*’ T cells were purified from splenocytes, drain-
ing lymph nodes and CNS infiltrates using a pan T cell
MACS isolation kit with an AutoMACS separator ac-
cording to manufacturer's instructions (Miltenyi Bio-
tech, Bergisch Gladbach, Germany). Where required,
naive CD4*CD44~CD25-CD62L"9" T celis or memory
CD4*CD44*CD25"CDB2L""" T cells were further sorted
using a fluorescence-activated cell sorter ARIA (BD Cy-
tometry System, Franklin Lakes, NJ).

Cell Cufture

RPMI 1640 medium (GIBCO) supplemented with 10%
fetal calf serum, 2 mmol/L L-glutamine, 100 U/ml penicil-
lin-streptormycin, and 50 umol/L 2-mercaptosthanol (In-
vitrogen, Carlsbad, CA) was used for all cultures. Cells
were activated with immobilized anti-CD3 monoclonal
antibody (mAb) (2C-11; 2 png/mi) and soluble anti-CD28
mADb (BD PharMingen) or, when measuring recall re-
sponses of secondary lymphoid tissue 10 days after im-
munization, with MOGg35_55 peptide (0-100 wmol/L).
Where indicated, cells were cultured under Th17 polar-
izing conditions: 2 ng/ml TGF-8, 20 ng/ml IL-6 (Pepro-
Tech, London, UK), anti-IFN-y mAb (HB170; 10 pg/mt),
and anti-IL-4 mAb (HB188; 10 ug/ml). into some cultures
ATRA (Sigma-Aldrich, Steinheim, Germany) or AM80 dis-
solved in dimethyl sulfoxide (Sigma) was added at the
required concentrations. Supernatants were harvested at
72 or 96 hours for cytokine measurement and prolifera-
tion was determined by incubating with [3H]thymidine
(1 uCi/well) for the final 12 hours of culture assessing
incorporation of radioactivity with a beta 1205 counter
(Pharmacia Biotech, Freiburg, Germany). In some exper-
iments, to measure differentiation of T cells, after 96 hours
of activation cells were rested for 48 hours before re-
stimulation with anti-CD3 for a further 96 hours.

Cytokine Measurement

IL-17 was assessed via a mouse IL-17 DuoSet (R&D
Systems). All other cytokines were assessed by cytomet-
ric bead array using a mouse inflammation kit or a mouse
Th1/Th2 cytokine kit (BD Biosciences).

Intracellular Staining for Cytokines and
Transcription Factors

To stain cells for production of cytokines, cells were
restimulated with 50 ng/mi phorbol 12-myristate 13-ace-
tate and 500 ng/ml ionomycin (Sigma-Aldrich) for 4 to 6
hours before surface staining in the presence of monen-
sin-containing GolgiPlug (BD Biosciences). A LIVE/DEAD
fixable dead cell stain kit (Invitrogen) was used to ex-
clude dead cells. Intracellular staining was then per-
formed using a Cytofix/cytoperm kit (BD PharMingen),
according to manufacturer's instructions. To stain intra-
cellular transcription factors, we used an anti-mouse/rat

Foxp3 staining set (eBioscience, San Diego, CA) with
anti-RORyt antibody (BiolLegend, San Diego, CA) and
visualized with a secondary PE-conjugated goat anti-
rabbit antibody (Invitrogen).

RNA Extraction and Quantitative Reverse
Transcription-Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted from cell populations using an
RNeasy Mini Kit (Qiagen, Maryland) according to the man-
ufacturer's instructions. cDNA was prepared using a first-
strand cDNA Kit (Takara, Otsu, Shiga, Japan). Quantitative

real-time PCR was performed using a LightCycler-FastStart

DNA Master SYBR Green | kit (Roche Diagnostics) with a
LightCycler real-time PCR machine (Roche). Gene expres-
sion values were normalized to the expression of the
GAPDH housekeeping gene. Primers used in this study
were GAPDH fw: 5-AACGACCCCTTCATTGAC-3' rv: 5'-
TCCACATACTCAGCAC-3', RORc fw: 5-TGTCCTGGGC-
TACCCTACTG-3' rv: 5'-GTGCAGGAGTAGGCCACATT-3’,
mFOXP3 fw: 5'-TTCTCACAACAAGGCCACTTG-3' 1v:
5'-CCCAGGAAAGACAGCAACCCT-3', mT-bet fw: 5-GC-
CAGGGAACCGCTTATATG-3' rv: 5'-GACGATCATCTGG-
GTCACATTGT-3', mIL-10 fw: 5'-CATGGGTCTTGGGAA-
GAGAA-3' rv: 5'-CATTCCCAGAGGAATTGCAT-3'.

Statistics

EAE clinical scores for groups of mice are presented as
the mean group clinical score = SEM, and statistical
differences were analyzed by two-way analysis of vari-
ance (analysis of variance) for repeated measures and
significance calculated with a Bonferroni post-test. Cyto-
kine secretion data were analyzed with a two-tailed Stu-
dent's t-test or with one-way analysis of variance with
Bonferroni's multiple comparison test. Unless otherwise
stated, P < 0.05 was considered significant and indi-
cated on plots by asterisks.

Results

RAR Agonists AM80 Inhibit Th17 Cell
Differentiation in Vitro

The synthetic retinoid AM80 is already available as med-
ication for human diseases such as APL and psoriasis
and characterized by superior pharmacological proper-
ties compared with ATRA. As previous studies demon-
strated that Th17 cells are the dominant pathogenic cel-
lular component in autoimmune inflammatory diseases,
such as MS, and ATRA modulates Th17 differentia-
tion,27-2% we examined whether AM80 could be used to
treat autoimmune diseases. To this end, whole spleno-
cytes or purified naive T cells were stimulated under a
range of Th17-inducing conditions (ie, with either TGF-8
plus IL-6, or IL-23) with or without either AM80 or ATRA
and were assessed for their IL-17 production. Addition of
retinoids to the splenocyte culture significantly reduced
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Figure 1. AM80 is a potent inhibitor for Th17
cell differentiation in vitro. Whole splenocyles
were stimulated with soluble anti-CD3 with reti-
noids added at a mange of concentrations. A:
Cells were cultured in the presence of IL-23
(broken line), TGE-$ and IL-6 (solid line), or
without the addition of cytokines (closed trian-
gle) for 3 days and IL-17 production assessed by
enzyme-linked immunosorbent assay (ELISA).
. B: Intracellular cytokine staining of IL-17 and

N 4 16 100 1000
' RAR aganist {aM]
B . sohomcondd PRt S0 S ANED

08 4.08

0.48

309 .95 [FN-y among TcR*CD4* cells with or without
’ 10 nmol/L retinoid treatment assessed after 3
days of culure. Data depicted in A and B are
representative of three independent experi-
ments. In C, CD4"CD447CD25-CD62L™e"
naive T cells were stimulated under Th17-prim-
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ing conditions with retinoids at a range of con-
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the amount of IL-17 in supernatants (Figure 1A). Accu-
mulation of IL-17-producing T celis after restimulation of
the culture was also suppressed by AM80 or ATRA with
minimal effect on the development of IFN-y-producing T
cells (Figure 1B). Interestingly, AM80 appeared to be
more effective than ATRA at inhibiting IL-17 production
especially at low doses. Furthermore, both AM80 and
ATRA inhibited Th17 cell differentiation of naive T cells,
as revealed by the reductions in iL-17 secretion (Figure
1C). Importantly, the effect of retinoid treatment on naive
T cell differentiation is not merely due to a suppression of
T celi activation or an increase in cell death, as such
treatment did not reduce proliferation, or total live cell
number in the cultures (data not shown). Also, treatment
with AM80 or ATRA led to reduced expression of RORH,
akey Th17 cell-specific transcription factor, as compared
with untreated controls (Figure 1D). Such reductions in
Th17 phenotype were accompanied by the reciprocal
increase of Foxp3 expression, indicative of a regulatory T
cell phenotype (Figure 1D). AM80 was also more effec-
tive at modulating the transcription factors specific for
Th17 cells as compared with ATRA (Figure 1D). In addi-
tion, no up-regulation in T-bet and GATA-3 was ob-
served, indicating that the inhibition of Th17 differentia-
tion by retinoid treatment was not a resuft of an altered
Th1/Th2 phenotype. These results suggest that AM80 is a
superior modulator of in vitro Th17 differentiation as com-
pared with ATRA.

-

was measured in culture supematants after fur-
ther 96 hours of stimulation, *P < 0.001. RNA
from these cells was analyzed by quantitative
RT-PCR for the transcription factors RORyt and
Foxp3 (D). Data depicted in C and D are repre-
sentative of four similar experiments.
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AMB0 Treatment Ameliorates Acute
Autoimmune Inflammation

EAE, the murine model of MS 2 is an autoimmune disease
in which Th17 cells play an important pathogenic role.*?
At high doses ATRA can delay onset of this disease
putatively via mechanisms that affect the development of
Thi7 cell function.3® As AMBO is more effective in inhib-
iting Th17 development in vitro, we tested whether or not
administration of this compound could modulate EAE.
Thus, EAE was induced in B6 mice, and some groups of
mice received AMB0 orally every other day from the day
of immunization. The onset of clinical disease was de-
layed and maximal clinical score was significantly re-
duced in animals treated with AM80 as compared with
control mice treated with vehicle alone (Figure 2A). His-
tological examination of spinal cords at the peak of clin-
ical disease (day 15) showed that AM80 treatment led to
a marked reduction in cellular infiltrates into spinal cord
and maintained normal myelin structure (Figure 2B). Flow
cytometric analysis confirmed that AM8O treatment led to
reduced numbers of infiltrating cells in the brains and
spinal cords and this difference was particularly apparent
when T cell numbers were compared (Figure 2C). As
some T cell infiltration was still observed in the CNS of
AMB8O-treated mice, we examined the functional proper-
ties of such cells to ascertain whether or not AM80 mod-
ulated T cell differentiation in vivo. The expression of
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Figure 2. AMB80 treatment ameliorates EAE with reduction of IL-17 production 1 vivo. EAE was induced in B6 mice by immunization with MOG s ss. Groups
of mice received either CMC or 3 mg/kg AMB0 in CMC orally every other day from day 0. Mice were scored dally for clinical disease (A) analysis of variance for
repeated measures shows significant differences from day 11 to 18 (*2 < 0.001). On day 15 after immunization, groups of mice were sacrificed and spinal cords
were examined histologically. Representative sections are shown in B. H&E staining (upper panels), Luxol fast blue staining (lower panels), Scale bar = 200
pm. Leukocytes and T cells were purified from the CNS at day 15 after immunization and cell numbers evaluated by hemocytometer (C). Quantitative RT-PCR
was used (o measure an armay of transcription factors and cytokines (D, upper row) in which error bars represent duplicated PCR of the same samples, In the
lower row, CNS-infiltrating T cells were restimulated with immobilized anti-CD3 antibody and supernatants were measured after 72 hours for the presence of
a range of cytokines and chemokines using ELISA or CBA. Etror bars represent measurements from duplicate wells. Data are representative of at least two

independent experiments.

Th17-specific genes including ROR+t, IL-17 and IL-23
receptor in T cells isolated from CNS was reduced in the
group treated with AM80 (Figure 2D). In contrast, the
expression of Foxp3 and T-bet (specific for Treg cells
and Th1 cells respectively) were not elevated by AM80
treatment. Flow cytometric analysis confirmed that fewer
IL-17-producing cells but similar numbers of Foxp3-pos-
itive cells were present among the CNS infiltrating T cells
in AM80-treated mice as compared with vehicle treated
controls (data not shown). Also, we note that AM80 treat-
ment did not affect the expression of activation markers
(including CD62L, CD44 and CD25) by CNS-infiltrating T
cells (data not shown). Furthermore, on anti-CD3 mAb
stimulation, CNS-infiltrating T cells isolated from animals

treated with AM80 produced significantly reduced levels
of pro-inflammatory cytokines and chemokines (Figure
2D). Myeloid cell and T cell phenotyping via flow cyto-
metric analysis revealed no significant differences be-
tween treatment groups (data not shown). Taken to-
gether, these results indicate that AMB80 treatment
decreases the number of T cells infiltrating the CNS dur-
ing EAE and also lowers their IL-17 producing capacity.

We have performed adoptive transfer experiments to
determine whether AMB0 ameliorates EAE through a di-
rect effect on T cells or not. Draining lymph node cells
isolated from immunized mice with oral administration of
AMBO or vehicle were restimulated with MOG peptide
and cultured for one week without retinoid treatment.
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at day 10 and restimulated with MOG peptide at
various concentrations. After 72 hours, antigen-

specific I1.-17 production was assessed by ELISA
(A). In B, TNF- « and IFN-y production after
restimulation with 100 pmol/L MOG were as-
sessed by CBA. C: Iniracellular cytokine staining
of draining lymph node cells in the presence of
10 pmol/L MOGss 4 after 96 hours of culture
shows reduced percentages of [L-17* and IL-
17*/IFN-y* double producing cells. Plots are
gated on TCR*CD4" lymphocytes. D: Expres-

sion of ROR4t in T cells obtained from C was
assessed by quantitative RT-PCR. E: Cell prolif-
eration was assessed either by PPHlthymidine
incorporation or cell number evaluation by flu-
orescence-activated cell sorting. Data in A, B,
and E are representative of four independent
experiments with three to five mice per group
and € and D depict results from two experi-
ments with three mice per group.

AMED

0 H i 16 300
MOG3s55s [UMf

After transfer of MOG-reactive T cell blasts into naive
mice, AM80-treated T cells caused only minimal disease
compared with a significant disease development after
transfer of vehicle-treated T celis (see Supplemental Fig-
ure S1 at hitp://ajp.amjpathol.org). In addition, when en-
cephalitogenic T cells isolated from vehicle-treated ani-
mals were incubated ex vivo with AMBO0 for 2 hours before
adoptive transfer into naive mice, no disease developed
(see Supplemental Figure S1 at http./ajp.amjpathol.org).
Taken together, the suppressive capacity of AM8O0 is
attributed, at least in par, to a direct inhibitory effect on
encephalitogenic T cells in vivo.

AMB80 Suppresses Antigen-Specific IL-17
Production of T Cells

Since AM8O treatment suppressed the onset of clinical
EAE and also inhibited inflammatory cellular responses in
the target organ, we set out to elucidate the cellular and
molecular mechanism by which AM80 suppresses EAE
development by examining antigen-specific effector T
cells responses with or without AM80 treatment. MOG-
specific production of pro-inflammatory IL-17 by draining
lymph node cells was dramatically reduced after in vivo
treatment with AM80 (Figure 3A). In addition, production
of other proinflammatory cytokines such as IFN-y and
TNF-a was also significantly reduced (Figure 3B). The

10 100

OG5 55 {uM}

reduction in IL-17 secretion following retinoid treatment
could result from decreased frequency of IL-17 produc-
ing T cells, or decreased production of cytokines by each
T cell. Therefore, we examined cytokine production
among draining lymph node T cells on a per cell basis
using flow cytometric intracellular cytokine staining. Also,
Th17 differentiation was estimated by quantifying RORyt
expression among draining lymph node, using quantita-
tive RT-PCR. As shown in Figure 3C, the IL-17-positive
population in TCR*CD4* subset was reduced after treat-
ment with AM80, indicating that the treatment resulted in
a lower frequency of IL-17 producing T cells developing
in draining lymph node. In line with these findings, iso-
lated T cells from animals that had received AM80 treat-
ment expressed lower levels of ROR+t (Figure 3D). inter-
estingly, unlike the effect of AM80 in vitro, such reductions
in RORyt expression were not associated with an in-
crease in Foxp3 expression (data not shown).

it is conceivable that AM80 may protect from EAE by
generating systemic immunosuppression. Indeed, a pre-
vious study using relatively high doses of the broad spec-
trum RAR agonist ATRA to treat EAE was unable to rule
out this mechanism of action as administration of ATRA
resulted in a suppression of peripheral proliferative T cell
responses.?® With our treatment approach, however, cel-
{ular proliferation as measured by [®H]thymidine incorpo-
ration and increase in cell numbers determined by fluo-
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body for 4 days in the presence of 1L-23. Dose-
dependent decrease of 1L-17 production by RAR
agonists was shown in left panel. Intracelfular
cytokine staining of TCR*CD4™ cells shows de-
creased percentage of IL-17" memory T cells
after treatment with 100 nmol/L. AMSO (B).
Graphs are representative of two independent
experiments. C: CNS-infiltrating T cells from
nice with severe EAE (score 3—4) were isolated
and restimulated with immobilized anti-CD3 in
the presence of RAR agonists (100 nmol/L) for 3
days. Supematants were analyzed for IL-17 pro-
duction by ELISA and cells were subjected to
quantitative RT-PCR for RORyt expression. Data
are a representative of four similar experdments.
D: Clinical BEAE scores of animals treated daily
from day 13 on (arrow) either with vehicle
(CMC) or AM8U0. Displayed scores are represen-
tative of two experiments with n = 6.
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rescence-activated cell sorting following re-stimulation
with antigen did not differ between treated and control
groups (Figure 3E). Collectively, these data suggest
that rather acting as a systemic immunosuppressive
agent, AM80 acts as an immunomodulary agent for
antigen-specific T cell responses, primarily affecting
Th17 cell function in vivo.

AMS80 Treatment Ameliorates Ongoing
Inflammatory Responses by Suppressing IL-17
Production from Differentiated Th17 Effector
Cells

As we wished to evaluate the therapeutic potential of
AMBO for MS treatment, we tested whether or not AM80
had an inhibitory effect on Th17 effector function in ad-
dition to its effect on Th17 differentiation. To this end, we
stimulated memory cells in the presence of IL-23, a cy-
tokine that promotes Th17 memory cell function and sur-
vival,? and in the presence of increasing doses of AM80
or ATRA. AM80 and ATRA suppressed IL-17 production
by memory T cells responding to anti-CD3 mAb activa-
tion (Figure 4A). Intracellular cytokine staining also dem-
onstrated that those retinoids inhibit IL-17 production by
differentiated Th17 cells (AMB80, Figure 4B; ATRA, data
not shown). Furthermore, we also confirmed that IL-17
production by T cells differentiated in vitro by a combina-
tion of TGF-B and IL-6, was effectively inhibited in the
presence of AMBO after restimulation with immobilized
anti-CD3 mAb {data not shown). As Th17 cells are shown
to have an unstable phenotype when differentiated ex
vivo,*® we examined how retinoids affect the function of
Th17 cells that have stably differentiated in vivo. We stim-
ulated CNS-infiltrating T cells isolated from mice at peak

¢ 5 10 15 2
Days after immunization

EAE, which consist of a high proportion of Th17 cells,*? in
the presence of AM80 or ATRA. Both RAR agonists suc-
cessfully suppressed IL-17 production by those CNS
infiltrating T cells concomitant with significant reduction
of RORvt expression (Figure 4C). We further tested
whether or not this effect was sufficient to modulate es-
tablished EAE. Rescue treatment with AMB8O0 starting after
the onset of disease significantly suppressed the in-
crease of disease scores that was observed in control
vehicle-treated EAE mice (Figure 4D). The maximal dis-
ease score was reduced from 3.4 = 0.39 in untreated
EAE mice to 2.58 * 0.47 in AM80-treated animals. Taken
together, these data indicate the retinoid treatment is
effective at inhibiting the function of activated Th17 cells.

Continuous AM80 Treatment Alters Cytokine
Profile in the Chronic Phase of Disease

Our data have demonstrated that treatment with AM80
can both protect and rescue from EAE, associated with a
suppression of pathogenic Thi7 cell differentiation and
function. However, when observed at later time points
after EAE induction, the disease scores of both groups
became alike (Figures 2A and 4D). Accordingly at such
time points, there is no clear differences between treat-
ment groups in terms of cellular infiltrates in CNS tissue
as observed by histology (Figure 5A) or flow cytometry
(Figure 5B). We then investigated the effector properties
of CNS-infiltrating T celis derived from either vehicle-
treated or AM80-treated animals with equivalent disease
scores at day 25 after EAE induction. CNS-infiltrating T
cells derived from AMB8O-treated animals contained
strongly decreased levels of mRNA transcripts for ROR4,
IL-23 receptor and IL-17 (Figure 5C). In addition, CNS-
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Figure 5. Continuous AM80 treatment is less effective on EAE suppression with a differentially modulated cytokine profile. A: The H&E-stained sections and the
Luxol fast blue-stained sections in EAE mice treated with or without AMB0 are shown. The control animal (score 2) and AMB0-treated animal (score 2) at day 25
were subjected to histological examination. Scale bar = 200 pm. B: Total leukocyte numbers and isolated T cell numbers from spinal cords were evaluated in
animals that had received CMC or AM80 at day 25 after immunization. The upper row of C depicts purified T cells from B that were subjected to quantitative
RT-PCR. Error bars represent duplicated PCR of the same samples. In the lower row of C, CNS-infiltrating T cells were restimulated with immobilized anti-CD3
mAb and cytokine or chemokine production in culture supernatants were assessed by ELISA or CBA after 72 houts. Error bars represent measurements from
duplicate wells (*P < 0.001). D IL-10 production by stimulated CNS-infiltrating T cells derived from CMC-treated or AMB0-treated animals were assessed by either
quantitative RT-PCR or CBA. CNS-infiltrating T cells were isolated at day 15 or day 25 after EAE induction. B is a representative of four independent experiments;
A, C, and D of two with six animals per group.

infiltrating T cells of AMB0-treated animals produce sig-
nificantly lower amounts of proinflammatory cytokines (IL-
17, IFN-y, and IL-6) and chemokines {(CCL2) on
restimulation in vitro (Figure 5C). Furthermore, although
we have observed disease development until day 45,
there were no further differences between treatment
groups over this time period (data not shown). Collec-
tively, these data suggest that inhibition of Th17 cell
function alone is not sufficient to protect mice from later

onset of the disease. Foxp3 expression in CNS infiltrating
T by quantitative RT-PCR (Figure 5C) or intracellular
Foxp3 staining (data not shown) showed no apparent
differences between treatment groups, albeit a trend to-
ward lower levels of Foxp3 expression in brain infiltrating
T cells of AMBO treated animals could be observed. Next,
we investigated several regulatory cytokines and found
that levels of IL-10 were reduced in CNS-infiltrating T cell
of animals that had received AM80 (Figure 5D). Interest-
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Figure 6. Continuous AMS0) treatment jmpairs IL-10 production by T cells,
which are identified as ROR®*/FOXP3* population, A: Naive T cells were
cultired under neutral (no priming) or Th17-priming conditions in the presence
of retinoids (100 nmol/L). After 96 hours, expression of 1L-10 mRNA was
assessed by quantitative RT-PCR. For further analysis, cells were rested for 48

ingly, we observed a more profound inhibitory effect of
AMB80 on IL-10 production by CNS-infiltrating T cells at
the later time point after EAE induction (day 25) com-
pared with those in earlier phases of the disease (day
15). Despite simultaneous suppression of IL-17 produc-
tion, continuous AMBO0 treatment may deplete the host
immune system of its intrinsic T cell production of IL-10,
leading to a possible loss of the protective function of
retinoids.

Continuous Treatment with RAR Agonists
Abrogate IL-10 Production by T Cells, Which
Are Identified To Be RORvtFoxp3 Double

Positive

As continuous AMBO0 treatment suppressed the produc-
tion of IL-10 by CNS-infiltrating T cells, we further inves-
tigated the effect of AM80 on the production of {L-10 in
vitro. As shown in Figure 6A, we detected higher levels of
IL-10 transcripts among effector T cells activated under
Th17 priming conditions as compared with those primed
under neutral conditions, supporting a previous study in
which demonstrate increase IL-10 secretion in Th17 cul-
tures on TGF-B and IL-6 signaling.?* Addition of RAR
agonists during the primary culture confers reduced ex-
pression of IL-10 transcripts, even when cells underwent
a secondary stimulation in the absence of retinoids, pointing
toward a stable phenotype. To assess the effect of reti-
noids on differentiated Th17 cells, T cells were primed
under Th17 priming conditions without retinoids, but re-
stimulation in the presence of retinoids decreased the
expression of IL-10 (Figure 6B). In addition, ex vivo re-
stimulation of CNS-infiltrating T cells in the presence of
retinoids also reduced IL-10 expression (Figure 6C).
Taken together, treatment with either AM80 or ATRA in-
hibits the production of [L-10 by Th17 cells, which have
differentiated in vitro or in vivo.

Regulatory T cells have previcusly been indicated as
main source of IL-10-producing T cell subsets.** In Fig-
ure 6D, we confirm that Foxp3* cells are the source of
IL-10 in whole splenocyte stimulated in the presence of

and restimulated with anti-CD3 antibody for another 96 houss and
examined for expression of IL-10 transcript. B: Naive T cells stimulated
under Thl7 priming conditions without RAR agonists were then
restimulated as described above. RAR agonists (100 nmol/L) were
added during the secondary stimulation and assessed for their expression
of IL-10 mRNA by quantitative RT-PCR. Results are representative of two
independent experiments. C: CNS-infiltrating T cells were isolated {rom
EAE animals (score 3) and restimulated with immobilized anti-CD3 mAb in
the presence of AM8Q or ATRA (100 amol/L) for 72 houss. The amount of
[L-10 in culture supernatants was examined by ELISA. D: Whole
splenocytes were cultured for 96 hours with TGF-8 and IL-6 and RAR
agonists (10 nmol/L) and CBA analysis were performed for analyzing the
levels of IL-10 production in the cultuire supematants. Cells were then
subjected to intracellular cytokine staining by fluorescence-activated cell
sorting, The histogram gated on CD45"8"TCR*CD4* lymphocytes displays
the comparative population of IL-10* cells by Foxp3™ (black line) and
Foxp3™ (gray line) cell populations. Broken line represents the data
stained with isotype control antibody. E: CD4sMEPTCRYCD4* lymphocytes
derived from D were analyzed for their expression of RORyt and Foxp3.
Comparative dot plots were shown with or without AM80) treatment (10
nmol/L). Addition of AMB0 decreased the number of RORpt* cells,
including the RORYt*FOXP3* cells, F: The levels of IL-10 producing cells
from the quadrants labeled in E are shown.



TGF-8 and IL-6. Interestingly, addition of retinoids ex-
panded the number of Foxp3™ cells (data not shown), but
abolished their production of IL-10 (Figure 6D). Recently,
a further subset of IL-10 producing regulatory T cells that
express of ROR+t and Foxp3 simultaneously have been
highlighted.?® Therefore, we hypothesized that such cells
represent the major population of IL-10-secreting T cells in
Th17 differentiation cultures and thus-it is these cells
on which retinoids act to abolish IL-10 production. In fact,
Foxp3™* cells could be successfully divided into RORyt™
and RORyt ~ populations (Figure 6E). Addition of AM80
to cultures reduced the proportion of RORvt* and
RORyt*Foxp3™ double positive cells, but increased the
proportion of Foxp3*RORw™ cells (Figure 6E), at the
same time as abolishing (L-10 production (Figure 6D).
intracellular  IL-10  staining revealed that the
ROR¢1t* Foxp3™ double positive population was the pre-
dominant source of IL-10 (Figure 8F). Taken together,
these data suggests that retinoid treatment reduces the
production of {L-10 by inhibiting the effector function of a
distinct RORyt "Foxp3™* population, which might serve as
a regulatory T cell subset.

Discussion

ATRA, the physiologically active metabolite of vitamin A,
inhibits the differentiation of Th17 cells and reciprocally
promotes the generation of Treg cells in vitro.27-22 in this
study, we demonstrate for the first time that the synthetic
RAR agonist AM8O inhibits the differentiation and effector
function of Th17 cells more effectively than ATRA. Oral
administration of AM80 attenuates antigen-specific Th17
cell differentiation, thus such treatment is able to reduce
disease in the acute phase of EAE.

ATRA suppresses Th17 differentiation and effector
function via RAR« signaling,?”2® but ATRA can also bind
to RARB and RARy, which can form a variety of homo-
and heterodimers with three RXR receptors.?®3% Non-
selective receptor binding is thought to be a major cause
of the side effects associated with the administration of
ATRA and other pan-RAR agonists in the clinic. AM80 is
a synthetic RAR agonist that has high affinity to the
RARq/B and is currently available as medication for hu-
man diseases such as APL and psoriasis.?*%7%5 |n ad-
dition to greater specificity for RARa, AM8BO offers several
other advantages over ATRA as a therapeutic agent: it
has a lower toxicity, higher stability, fewer potential side
effects, and a superior bioavailability. Also, we demon-
strate that a lower dose of AM80 is required to inhibit
IL-17 production by T cells than similar treatment with
ATRA. Interestingly, at very low doses, AM80 treatment
reduced IL-17 production dramatically, while RORyt ex-
pression was only slightly reduced. Although RORyt ex-
pression is a pre-requisite for Th17 development,*” re-
cent studies have demonstrated that Foxp3 can
physically interact with RORvt inhibiting IL-17 production
when both are co-expressed.?>4647 |tis conceivable that
the disconnection between RORyt expression and IL-17
secretion following low dose AMB80 treatment we ob-
served may result from concomitant Foxp3 up-regulation.
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However, at higher doses of AM80, the inhibition of IL-17
production was associated with a reduction in RORyt
expression; thus there may be multiple mechanisms of
action in operation.

A recent study demonstrated that intraperitoneal injec-
tion of high doses of ATRA protected animals from EAE
induction and that this protection was associated with
reduced IL-17 and IFN-y production.®® However, such
treatment was also found to reduce proliferative T cells
responses following antigen restimulation ex vivo,3° sug-
gesting that, in this study, ATRA may ameliorate EAE by
generating systemic immune-suppression. We have ob-
served similar immunosuppression by ATRA and other
retinoids at a high dose (data not shown). in our study,
we treated with AM80 at a dose 5-10 times lower than
the dose that ATRA has been previously tested at and
we were able to administer the retinoid orally. Our
treatment regimen also suppressed Th17 cell differen-
tiation and IL-17 production, but antigen-specific T cell
proliferation was not aitered. Thus, we were able to
target pathogenic Th17 cells specifically, without in-
ducing general immunosuppression.

We and others have found that there is no induction of
regulatory T cells when treating inflammatory diseases
with RAR agonists,?®3° and it has been speculated that
this may be due to a lack of TGF-Bin vivo.2® An alternative
hypothesis is that Treg generation is inhibited by the
strong induction of inflammatory cytokines, including
IL-6, TNF- &, and iL-1.3° Thus, under both of these sug-
gestions, it is likely that AM80 suppresses EAE by inhib-
iting the generation and activity of Th17 cells.

AMBO treatment inhibited acute EAE in mice, but con-
tinuous administration of AM80 did not suppress chronic
inflammation. Interestingly, T cells isolated from the CNS
tissue of AM80-treated mice during the chronic phase of
the disease continued to express only low levels of
ROR4t, 1L-23 receptor, and IL-17. This was in marked
contrast to vehicle-treated control mice, which, despite
analogous clinical disease scores, had CNS-infiltrating T
cells that expressed high levels of Th17-related factors.
Thus, we suggest that inhibition of Th17 cell function
alone is not sufficient to protect mice from chronic CNS
inflammation.

In fact, we found that treatment with BAR-agonists
suppressed T cell production of IL-10 at late stage dis-
ease. Recently, a unique T cell subset that co-expresses
RORyt and Foxp3, and predominantly secretes regula-
tory 1L-10 has been identified in vivo.?® Intriguingly, we
show that RAR agonists not only suppress pathogenic
Th17 cells, but also suppress IL-10 production by these
RORyt+Foxp3+ T cells. Korn et af propose a model of
sequential infiltration by different subsets of differentiated
CD4* T cells during organ-specific autoimmunities such
as EAE. In this model, Th17 cells mediate the acute
phase of disease, while Th1 cells are more prominent in
the chronic phase, and at much later phase of disease,
there is a moderate up-regulation of IL-10 produc-
tion.*34° In addition, previous studies indicate that IL-10
is a key cytokine for the suppression of T cell-mediated
autoimmune inflammation in the CNS.234° Therefore, the
residual expression of IL-17 or IFN-vy at later time points
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with continuous AMBO treatment may cause moderate
progression of EAE development under the condition with
reduced IL-10 production in vivo. We have little informa-
tion about how those two subsets of IL-17-producing
inflammatory RORvt+ T cells and IL-10-producing immu-
noregulatory RORyt+Foxp3+ T celis developed during
immunological responses. Although we demonstrate
here that the suppressive effect of AM8B0 on EAE is most
likely through modulation of T cell production of both
IL-17 and IL-10 in vivo, we don't exclude the possible
involvement other factors, as EAE/MS are complex dis-
eases that do not depend only on a IL-17 versus IL-10
dichotomy. For example, ongoing neurodegeneration®®
may also contribute significantly to the observed pheno-
type especially at the later phase of disease. As Th1 cells
also play a significant role in the induction or EAE/MS, we
should also point out that retinoic acid has been previ-
ously shown to exert direct effects on T cells, suppress-
ing Th1 development and enhancing Th2 development
via retinoic acid receptors.®! This indicates that AM80
has multiple beneficial effects for disease protection
through oral administration. The immunomodulatory ef-
fect of RAR agonists on those Th17-like regulatory T celis
in inflammatory autoimmune diseases is to be considered
if conducting in vivo attenuation of Th17 cells for treatment
of autoimmune diseases with retinoids. At this point in
time, we advocate that the use of AM80 on inflammatory
autoimmune diseases should target the acute phases of
Th17-mediated pathogenesis.

In addition, we found that T cells that had infiltrated the
spinal cord produced much lower amounts of CCL2
(MCP-1) as compared with brain-infiltrating T cells. CCL2
plays a crucial role in the progression of EAE®25% and
previously we have shown that human Th17 cells express
the corresponding receptor, CCR2.5¢ Our data showing
reductions in CCL2 in the spinal cord may represent
previously reported differences in inflammatory cell pop-
ulations at different CNS sites.5®

In summary, we demonstrate that oral treatment with
AMB8O effectively inhibits IL-17 production without gener-
ating systemic immunosuppression. In addition, AM80
treatment protected mice from the development of acute
EAE and rescued mice with established EAE from acute
autoimmune inflammation. Collectively, these data advo-
cate AMB0 as a potent therapeutic agent against acute
Th17-mediated autoimmune diseases including MS.
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Suppression of Experimental Autoimmune Encephalomyelitis
by Ghrelin'
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Ghrelin is a recently identified gastric hormone that displays strong growth hormone-releasing activity mediated by the growth
hormone secretagogue receptor. While this unique endogenous peptide participates in the regulation of energy homeostasis,
increases food intake, and decreases energy expenditure, its ability to inhibit the production of proinflammatory cytokines in vitro
indicates its role in the regulation of inflammatory process in vivo. Here we examine the effect of exogenous ghrelin on the
development of experimental autoimmune encephalomyelitis (EAE), a fepresentative model of multiple sclerosis. In the C57BL/6
mouse model of EAE induced by sensitization to myelin oligodendrocyte glycoprotein 35-55 peptide, we found that alternate-day
s.c. injections of ghrelin (§ pg/kg/day) from day 1 to 35 significantly reduced the clinical severity of EAE. The suppression of EAE
was accompanied by reduced mRNA levels of proinflammatory cytokines such as TNF-a, IL-18, and IL-6 in the spinal cord
cellular infiltrates and microglia from ghrelin-treated mice at the peak of disease, suggesting the role of ghrelin as an antiinflam-
matory hormone, Consistently, ghrelin significantly suppressed the production of proinflammatory cytokines in LPS-stimulated
microglia in vitro. These results shed light on the new role of ghrelin in the regulation of inflammation with possible implications

for management of human diseases, The Journal of Immunology, 2009, 183: 2859-2866.

mall synthetic compounds, referred to as growth hormone

(GH)? secretagogues (GHS), have been known to stimu-

late GH release, working through a G protein-coupled re-
ceptor called GHS receptor (GHS-R) (1-3). It is now established
that a new endogenous peptide, ghrelin, discovered in rat gastric
extracts, is an endogenous ligand for GHS-R and is involved in the
regulation of GH release. Ghrelin is a 28-aa polypeptide with an
essential n-octanoyl modification on serine at position 3 (4). Al-
though ghrelin is predominantly secreted from mucosal endocrine
cells of stomach, it is widely distributed in various organs, includ-
ing lymphoid tissues (5, 6). Furthermore, it is measurable in the
systemic circulation, indicating its hormonal nature (7).
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Ghrelin does not only stimulate GH release, but it also increases
food intake, regulates energy homeostasis, and decreases energy
expenditure by lowering the catabolism of fat (4, 8, 9). Because of
its orexigenic and adipogenic character, ghrelin may be potentially
useful for the treatment of anorexia and cachexia (10, 11). Al-
though the precise mechanisms remain to be clarified, the orexi-
genic activities of ghrelin may be mediated by another feeding
regulatory hormone neuropeptide Y (NPY) via stimulation of Y1
and Y5 receptors (12). Furthermore, the antagonistic effect of gh-
relin on leptin-induced decrease of food intake seems to be medi-
ated by ghrelin-induced release of NPY and subsequent stimula-
tion of the Y1 receptor (13).

Ghrelin has been shown to exhibit antiinflammatory functions
against T cells and macrophages in vitro (14—16). The potential
activity of ghrelin as antiinflammatory reagent in vivo was shown
in several animal models, including bowel disease (17), arthritis
(16, 18), sepsis, and endotoxemia (16, 19, 20). Here we report
that s.c. injections of ghrelin could significantly attenuate the
clinical severity of the representative model of experimental
autoimmune encephalomyelitis (EAE) induced in CS7BL/6 (B6)
mice by sensitization against myelin oligodendrocyte glycoprotein
(MOG),5_s5 peptide. Furthermore, we demonstrate that in vivo
treatment with ghrelin significantly suppressed the mRNA levels
of the proinflammatory cytokines TNF-q, IL-1p, and IL-6 in mi-
croglia and infiltrating T cells derived from the spinal cords of
ghrelin-treated mice. Finally, we confirm that LPS-stimulated mi-
croglia and monocytes produced lower amounts of proinflamma-
tory cytokines when they were pretreated with ghrelin in vitro. In
conclusion, the present study indicates the potential use of ghrelin
as an antiinflammatory drug to control human CNS pathology.

Materials and Methods

Mice and reagents

We used female B6 mice (CLEA Japan) between 6 and 10 wk of age in
specific pathogen-free conditions. Animal care and use were in accordance
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Table 1. Amino acid sequence of mouse ghrelin and des-acyl ghrelin

Peptide Amino Acid Sequence” Ser® acylation Reference
Ghrelin GSSFLSPEHQKAQQRKESKKPPAKLQPR n-Octanoicacid 4)
Des-acy! ghrelin GSSFLSPEHQOKAQQRKESKKPPAKLQPR ()]

2 The underlined letter S represents the third serine (Ser®).

with institutional guidelines. Animal experiments were approved by our
institutional review committee. Rat MOGas 55 (amino acid sequence
MEVGWYRSPFSRVVHLYRNGK) was synthesized at Toray Research
Center (Tokyo, Japan). Ghrelin and des-acy! ghrelin (Table 1) were syn-
thesized as previously described (4, 7).

Immunization and clinical assessment of EAE

We immunized mice (# = 5—15 per group) s.c. in the tail base with 100 pg
of MOG;;_ss-peptide dissolved in 0.1 ml of PBS and 0.1 ml of CFA con-
taining 1 mg of M. tuberculosis H37Ra (Difco). Shortly after inmunization
and 48 h later, the mice were injected i.p. with 200 ng of pertussis toxin
(List Biological Laboratories). Clinical scores of EAE were daily assigned
as follows: 0, normal; 1, weakness of the tail and/or paralysis of the distal
half of the tail; 2, loss of tail tonicity; 3, partial hind limb paralysis; 4,
complete hind limb paralysis; 5, forelimb paralysis or moribund; 6, death,
The cumulative scores were calculated for individual mice by summing up
the daily scores.

Administration of ghrelin and des-acyl ghrelin

For BAE treatment, we s.c. injected ghrelin and des-acyl ghrelin diluted in
0.9% saline. In the first series of experiments, mice were injected with
ghrelin or des-acyl ghrelin at doses of 0.5, 5, or 50 ug/kg every other day
for 35 days. Sham-treated animals were injected with 0,9% saline (standard
protocol). In the next experiment, we injected the mice with 5 ug/kg gh-
relin every day from day 1 to 10 (induction phase treatment) or from day
11 to 20 (effector phase treatment) and in-between with 0.9% saline. The
controls were injected every day from day 1 to 20 with 0.9% saline (al-
temative protocol).

Assessment of histological EAE

To evaluate the histological manifestations of EAE, we treated mice with
5 ug/kg gheelin or 0.9% saline following the standard protocol and sacri-
ficed them on day 17 postimmunization. The spinal cords were removed
and fixed in buffered formalin. They were embedded in paraffin, sectioned,
and stained with H&E and Luxol fast blue for histopathological analysis.

Flow cytometry and isolation of mononuclear cells from the
CNS§

B6 mice were challenged for EAE, treated following the standard protocol
with 5 ug/kg ghrelin or 0.9% saline and sacrificed on day 17 postimmu-
nization. We removed spleen, lymph nodes (LN), and thymus as well as
spinal cord from the ghrelin- and saline-treated mice for flow cytometer
analysis. Single-cell suspensions were prepared according to standard
methods. The spinal cord cell suspensions were centrifuged at 200 X g for
10 min and resuspended in 4 ml of 70% isotonic Percoll (Amersham Bio-
sciences)/PBS and overlaid by equal volumes of 37% and 30% isotonic
Percoll. The gradient was centrifuged at 500 X g for 15 min and the
mononuclear cells were harvested from the 37%-70% interface,
washed, and counted. The cells were stained for 5 min with anti-FcRy
I/l mAb (BD Pharmingen), washed, and labeled with the following
mAbs for surface phenotype analysis: FITC-CD4 mAb, FITC-CD19
mAb, PE-CD8a mAb, PE-NK1.1 mAb, PE-CD25 mAb, allophycocya-
nin-FOXP3, and PerCP-Cy5.5-CD3e mAb (BD Pharmingen) and FITC-
F4/80 mAb (Dainihon Seiyaku). The cytofluorometric analysis was per-
formed using a FACSCalibur operated by CellQuest software (BD
Biosciences).

Cytokine and cell proliferation assay

MOG;;_ss-immunized B6 mice were treated s.c. with 5 pg/kg/day of gh-
relin or 0.9% saline every day from day 1 to 10. The LN cells were col-
lected on day 11 after immunization and suspended in our standard lym-
phocyte culture medium (RPMI 1640 supplemented with 5 X 107 M
2-ME, 2 mM L-glutamine, 100 U/ml penicillin/streptomycin) added with
1% syngeneic mouse serum. The cells were cultured in 96-well round-
bottorn plates at 1 X 10%well for 72 h in the presence of 100 ug/mi

MOGs_ss. Levels of IFN-v, IL-17, and IL-4 in the supernatant were de-
termined by using a sandwich ELISA. Proliferative responses were mea-
sured using a Beta-1205 counter (Pharmacia) to detect the incorporation of
[SH]thymidine (1 uCi/well) for the final 16 h of culture.

Evaluation of encephalitogenic T cell induction in B6 mice
treated with ghrelin

To evaluate whether in vivo ghrelin treatment may affect the induction of
encephalitogenic T cells after immunization with MOG;; g5, we evaluated
the ability of the lymphoid cells from ghrelin- or saline-treated mice to
passively transfer EAE into naive recipients. Donor B6 mice were immu-
nized with MOG,;_ss and treated every day from day 1to 10 with 5 ug/
kg/day of ghrelin or 0.9% saline. We removed spleens and LN from the
donor mice on day 11 and prepared lymphoid cell suspensions. The lym-
phoid cells were stimulated with MOGj;s_ss (33 pg/ml) in the standard
medium added with FCS (10%) for 96 h and then we isolated the CD4* T
cells for cell transfer by depletion of CD8*, CD19™, and NK1.1* cells. In
brief, the MOG,5_ss-stimulated total Iymphoid cells were labeled with PE-
CD8a mAb, PE-NK1.1 mAb, and PE-CD19 mAb (BD Pharmingen) for 30
min, washed, and incubated with anti-PE microbeads (Miltenyi Biotec) for
15 min. Using autoMACS (Miltenyi Biotec), we isolated CD4™ T cells
(CD8™, CD197, and NKI1.1™ fraction) as a pass-through and suspended
the cells in PBS. We injected 1.0 X 107 of the cells into the peritoneal
cavity of syngeneic recipient mice that had been X-imradiated (550 rad)
shortly before. We also injected 200 ng of pertussis toxin i.p. on the same
day and 48 h later.

Reverse transcription and real-time PCR

To analyze the mechanism of ghrelin effects in vivo, we extracted total
RNA from spinal cord, spleen, thymus, and LN samples using the RNeasy
Mini Kit (Qiagen). The RNA was subjected to reverse transcription with
the Advantage RT-for-PCR kit (BD Biosciences). Real-time PCR was con-
ducted in the LightCycler quantitative PCR system (Roche Molecular Bio-
chemicals) by using the LightCycler-FastStart DNS Master SYBR Green |
kit (Roche Molecular Biochemicals). We followed the manufacturer’s
specification using 4 mM MgCl, and 1 pM primers. The primers used are
as follows: TNF-a, CTGTGAAGGGAATGGGTGTT (sense) and GGT
CACTGTCCCAGCATCTIT (antisense); IL-18, TGAAATGCCACCTTT
TGACA (sense) and GTAGCTGCCACAGCTTCTCC (antisense); IL-6,
TTCCATCCAGTTGCCTT-CIT (sense) and CAGAATTGCCATTGC
ACAAC (antisense); TGF-B8, TGCGCTTGCAGA-GATTAAAA (sense)
and GCTGAATCGAAAGCCCTGTA (antisense); and HPRT, GTTGGA-
TACAGGCCAGACTTTGTTG (sense) and GAGGGTAGGCTGGCCT
ATAGGCT (antisense), Values are presented as the relative amount of
transcript of each sample normalized to the housekeeping gene hypoxan-
thine phosphoribosylitransferase (HPRT).

In vitro effect of ghrelin on RAW 264.7 monocytes treated with
LPS

To examine the effect of ghrelin on monocytes, RAW 264.7 monocytes
(American Type Culture Collection) were suspended in the standard cul-
ture medium supplemented with 10% FCS and cultured in 96-well flat
bottom plates at 1 X 10%/well overnight. Various concentrations of ghrelin
(1075 M, 1078 M, 1071 M) were added to the culture and 1 h later the
cells were stimulated with LPS (Sigma-Aldrich) at various doses (0.1, 1, 10
ug/ml). After 2 h of incubation at 37°C, supematants were collected and
the levels of TNF-a and IL-6 were detected by using a sandwich ELISA.

Isolation of microglial cells from the CNS

The spinal cords were incubated with 35 mg/ml Liberase Blendzyme 3
(Roche Molecular Biochemicals) and 0.1 mg/mt DNasel (Roche Molecular
Biochemicals) in RPMI 1640 medium at 37°C for 30 min. Mononuclear
cells were isolated on 30%—80% discontinuous Percoll gradients and were
stained with FITC-CD11b mAb, PE-CD45 mAb, and allophycocyanin-
CD3 mAb (BD Pharmingen). CD11bM#"CD45Mer macrophage cells,
CD11b"'CD45™™ microglial cells, and CD3* T cells were isolated using
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FIGURE 1. Effect of ghrelin on actively induced EAE. EAE was induced in female B6 mice (n = 8 in each group of the three experiments) by
immunization with MOG,s_ss. A, The mice were treated every other day statting at the day of immunization with 5 ug/kg ghrelin, while controls were
administrated with the vehicle, 0.9% saline, alone. B, The mice were injected from day 1 every other day with 5 ug/kg des-acyl ghrelin, whereas controls
were subjected to 0.9% saline injections. C, Following an altemative protocol, mice were treated from days 1-10 (induction phase treatment) or from days
11-20 (effector phase treatment) with 5 ug/kg ghrelin and in-between with 0.9% saline, while controls were treated every day with 0.9% saline injections.
Data represent mean * SEM. *, Significant differences between the groups (p < 0.05; Mann-Whitney U test).

FACSAria (BD Biosciences). The total RNA was extracted from the iso-
lated cells and was subjected to reverse transcription and real-time PCR.

In vitro effect of ghrelin on microglia cells treated with LPS

Mononuclear cells were prepared from brains of untreated non-EAE mice
incubated with Liberase Blendzyme 3 and DNase [ as described above and
were isolated on 40%-80% discontinuous Percoll gradients. Isolated cells
were suspended in DMEM supplemented with 10% FCS and cultured in
96-well flat bottom plates at 2 X 10%/well in the presence of ghrelin (107°
M) ovemight and later stimulated with LPS at different doses (0.01, 0.1
wg/ml). After 5 h of incubation at 37°C, supernatants were collected and
the levels of TNF-a were detected by using a sandwich ELISA.

Statistical analysis

The differences in the clinical score between ghrelin-, des-acyl ghrelin-,
and sham-treated groups were analyzed by the nonparametric Mann-Whit-
ney U test. FACS analysis, real-time PCR, ELISA, and proliferation data
were subjected to two-way ANOVA. In case of significant differences, a
Fisher post hoc test was applied. Probability values of <0.05 were con-
sidered as statistically significant,

Results
Ghrelin inhibits EAE

To explore the modulatory effects of ghrelin on inflammatory de-
myelinating diseases, we employed a model of EAE actively in-
duced in B6 mice with MOG,;_ss. Although classical forms of
EAE are typically characterized by acute paralysis followed by
complete recovery, this EAE model shows persistent paralysis
with partial recovery as a reflection of persistent inflammatory
demyelination in the CNS (21, 22). In the first series of exper-
iments, we injected 0.5, 5, or 50 ug/kg ghrelin to the mice every
other day from day 1 to 35 postimmunization, while the control
mice were injected with 0.9% saline. The results showed that
the continuous injections of 5 wg/kg ghrelin suppressed most
efficiently the clinical signs of EAE (Fig. 14), whereas a lower
(0.5 pg/kg) or a higher dose (50 ug/kg) showed only a marginal
effect (data not shown). The treatment with 5 ug/kg ghrelin did
not significantly alter either the onset or peak score of EAE.
However, significant differences were noted in mean clinical
score after day 25 postimmunization between the ghrelin-
treated and the control mice (Fig. 14).

Moreover, the effect of ghrelin on EAE was specific as des-acyl
ghrelin, an acyl-modified ghrelin, which lacks the n-octanoic acid
on the third serine, and consequently its binding ability to GHS-R
(7) (Table I) had no modulatory effect on EAE at any concentration
examined (Fig. 1B and Table II). Thus, the discrepant results ob-
tained with ghrelin and des-acyl ghrelin indicate that ghrelin treat-

ment would ameliorate the clinical course of EAE via activation of
the GHS-R.

To further characterize the effects of ghrelin on EAE, we next
examined if treatment lasting for a shorter duration may also be
immunomodulatory in vivo, We injected 5 ug/kg ghrelin every
day from day 1 to 10 postimmunization (roughly corresponding to
the induction phase) or from day 11 to 20 (roughly corresponding
to the effector phase). As shown in Fig. 1C, both protocols showed
similar levels of disease suppression, although it was less notable
than the continuous treatment from day 1 to 35 (Table II).

Ghrelin does not influence cellular infiltration into CNS

In the previous results on prophylactic or therapeutic treatment of
EAE, clinical suppression of EAE was generally associated with a
significant reduction of cellular infiltration in the CNS (23). To
clarify if histological manifestation of EAE is also suppressed by
ghrelin treatment, we treated MOG,4_ss-immunized B6 mice with
5 ng/kg ghrelin or 0.9% saline every other day and prepared sec-
tions of spinal cords at the peak of disease (day 17 after immuni-
zation) (Fig. 2). Clinical signs were milder in the ghrelin-treated
mice compared with saline-treated ones. However, histology of the
spinal cord sections with H&E staining revealed equivalent levels
of cellular infiltration in ghrelin- and saline-treated mice. To con-
firm this, we isolated mononuclear cells from spinal cords of the

Table IL.  Clinical scores of EAE treated with ghrelin or des-acyl
ghrelin following different treatment protocols”®

Mean Mean
Mean Day of  Maximal Cumulative
Treatment Incidence Onset = SEM Score = SEM Score = SEM
Vehicle® 8/8 1638 = 1.13 375033 S544 714
Ghrelin® 78 17.86 = 130 329+ 033 36712999
Vehicle® 6/8 18.83 £ 255 3.67 040 4933 21299
Des-acyl ghrelin®  6/8 18.00 £ 0.71 3.80 = 044 49.05 + B.09
Vehicle® 778 15.14 = 051 443 +007 5043 :3.10
Ghrelin (1-10)° 6/8 1600 £ 073 317+ 0.53 3400725
Ghrelin (11-20)° 78 1629 + 125 330045 3872879

2 The table shows the results of three separate experiments (n = 8 mice in each
group of the three experiments).

® After induction of EAE with MOG;;_s5, mice were treated in two different
experiments following the standard protocol of every other day s.c. treatment with 5
pug/kg ghrelin or 5 pg/kg des-acyl ghrelin. The controls were injected with 0.9%
saline (vehicle).

¢ Following an alternative protocol, we treated the mice from days 1-10 (induction
phase treatment) or from days 11--20 (effector phase treatment) with 5 ug/kg ghrelin
and in-between with 0.9 % saline, while controls were injected every day with 0.9%
saline only. Data represent mean = SEM,
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FIGURE 2. Histopathological assessment of the spinal cord of EAE
mice. Spinal cords from EAE mice (n = 5/group) were removed on day 17
postimmunization as described in Material and Methods. The spinal cord
sections from sham- (A and B) and ghrelin-treated (C and D) mice were
stained in with H&E in the upper panels or Luxol fast blue in the lower
ones. Representative sections are shown.

mice at the peak of disease and enumerated the number of the
lymphoid cells. Notably, the total cell number was slightly ele-
vated in the ghrelin-treated mice (1.40 X 10%mouse) compared
with the saline-treated mice (1.05 X 10%mouse). To further ana-
lyze the effects of ghrelin on the formation of CNS inflammation,
we evaluated the cellular composition of the CNS-derived lym-
phocytes by using FACS. Although there was a trend that CD4™
and CD8™ T cell numbers are increased in the lesions of ghrelin-
treated mice as compared with saline-treated mice (Fig. 34), it
did not reach the level of statistic significance. It was also noted
that ghrelin treatment did not alter the number of NK cells
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FIGURE 3. Quantification of spinal cord cellular infiltrates by flow cy-
tometry. A, The cells were isolated from spinal cords of ghrelin- and sham-
treated mice on day 17 postimmunization and subjected to flow cytometer
analysis as described in Materials and Methods. Data are representative of
two independent experiments and presented as absolute cell number (n =
8 mice/group in each experiment). B, The proportion of CD25*FOXP3™*
cells in the CD4* T cell population isolated from spinal cord mononuclear
cells was analyzed by flow cytometry 20 days after immunization. Data
represent two independent experiments (# = 5).

GHRELIN INHIBITS EAE

Table IIl. Cytokine production and proliferation of MOG;s_ss-specific
T cells after ghrelin treatment”

Cytokine Production (pg/mi)

Treatment CPM = SBEM INF-y = SEM 1L-17 + SEM IL-4 = SEM
Vehicle 47,590 = 10,988 2,087 = 487 820 * 211 ND
Ghrelin 36,663 + 9,058 2,883 615 674 + 148 ND

% Mice were immunized with MOG,5_s; and treated with 5 ug/kg ghrelin or 0.9%
saline everyday from day 1 to 10 {n = 3/group). Popliteal and inguinal LN cells were
harvested on day 11 after i jzation and stimulated with 10 ug/ml MOG,5_ss.
CPM marks the proliferative response to MOG,s_gs. The cytokines were measured in
the supernatant by sandwich ELISA after 72 h of stimulation. Data represent mean
SEM of duplicate samples from one out of three independent experiments. ND, Not
detectable.

(NK1.17CD37), NKT cells (NK1.1¥CD3™), B cells (CD197), or
macrophages (F4/80™) in the spinal cord lesions. The proportions
of CD25"FOXP3™ cells in the CD4™ T cell population isolated
from spinal cords were not altered in ghrelin-treated mice (Fig.
3B). In parallel, we also examined the composition of lymphoid
cells obtained from spleen, LN, and thymus. Again, we could not
reveal any significant change in the subsets of lymphocytes in
ghrelin-treated mice (data not shown). Concordant with the histo-
logical findings, these data imply that ghrelin did not ameliorate
clinical EAE by reducing the numbers of inflammatory cells in the
CNS, but rather by regulating the inflammatory potential of the
CNS infiltrates.

Ghrelin does not inhibit the induction of MOG ;5_ss-reactive
T cells

To elucidate the immunomodulatory mechanism of ghrelin, we
examined the cytokine production and proliferative response of
draining LN cells to MOG;5_ss that were obtained from MOG,5_ss-
sensitized mice treated for 10 days every day with ghrelin or sa-
line. The LN cells were collected on day 11 after immunization
and stimulated with MOG,;_s5 in vitro. Accordingly, we harvested
the supernatant and measured the levels of [FN-vy, IL-17, and IL.-4
by using ELISA. Although the IL-4 concentration was under
the detection level, IFN-vy and IL-17 could be detected in the
MOG;s_ss-stimulated culture supernatant (Table III). There was
no significant difference in the level of IFN-y and IL-17 when we
compared ghrelin-treated and saline-treated groups. Furthermore,
ghrelin-treated mice did not differ from saline-treated mice in the
proliferative response of the draining LN cells to MOG;;5_s5. We
also examined the frequency of CD4+CD25™ FOXP3" regulatory
T cells in the lymph nodes and spleens using flow cytometry and
did not find significant differences between ghrelin-treated and sa-
line-treated mice (data not shown). These results indicate that in
vivo ghrelin treatment did not inhibit the induction of MOG,4_ss-
reactive T cells.

Ghrelin does not affect induction of pathogenic autoimmune
T cells

To further confirm that MOG;,_ss-reactive T cells are normally
induced in ghrelin-treated mice, we evaluated if the ability of the
MOG,;_ss-sensitized lymphoid cells, obtained from MOG;5_gs-
immunized mice, to transfer EAE into naive mice could be affected
by in vivo ghrelin treatment. To this aim, we immmunized donor
mice with MOG;s 55 and treated them every day with ghrelin or
saline from immunization up to day 10. Next day, we pooled lym-
phocytes from spleen and LN and cultured them in the presence of
MOG,s_ss. Three days later, CD4™ T cells were purified and in-
jected into recipient mice as described in Materials and Methods.
It was theoretically possible that in vivo ghrelin treatment does not
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