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Background: p38 signaling pathway plays a key role in inflammatory diseases.
Results:A single copy disruption of the p38� gene or a p38� inhibitormarkedly reduced the pathogenesis of EAE by decreasing
IL-17 production.
Conclusion: p38� regulates the pathogenesis of EAE through transcriptional regulation of IL-17 production.
Significance: Anti-p38� strategy achieves therapeutic benefit for the treatment of multiple sclerosis.

One of the mitogen-activated protein kinases, p38, has been
found to play a crucial role in various inflammatory responses.
In this study, we analyzed the roles of p38� inmultiple sclerosis,
using an animal model, experimental autoimmune encephalo-
myelitis (EAE). p38��/� mice (p38��/� showed embryonic
lethality) showed less severe neurological signs than WT mice.
Adoptive transfer of lymph node cells (LNC) from sensitized
WT mice with MOG(35–55) to naive WT-induced EAE was
muchmore severe compared with the case using LNC from sen-
sitized p38��/� mice. Comprehensive analysis of cytokines
from MOG(35–55)-challenged LNC by Western blot array
revealed that production of IL-17 was significantly reduced by a
single copy disruption of the p38� gene or a p38 inhibitor. Like-
wise, by a luciferase reporter assay, an electrophoresis mobility
shift assay, and characterization of the relationship between p38
activity and IL-17 mRNA expression, we confirmed that p38
positively regulates transcription of the Il17 gene. Furthermore,
oral administration of a highly specific p38� inhibitor (UR-
5269) toWTmice at the onset of EAE markedly suppressed the
progression of EAE compared with a vehicle group. These
results suggest that p38� participates in the pathogenesis of
EAE through IL-17 induction.

Multiple sclerosis (MS)2 is an inflammatory autoimmune
demyelinating disease of the central nervous system (CNS) that

causes progressive decline of motor and sensory function and
permanent disability (1). The mechanism ofMS has often been
studied using an animalmodel, EAE, that resembles the pathol-
ogy of human MS (2). It is thought to be mediated in part by
myelin-specific lymphocytes, and it shows infiltration of acti-
vated peripheral inflammatory cells into the CNS, attack of
myelin by the immune systemor cell death of oligodendrocytes,
and axonal damage (3–5). Hence, to better understand the
mechanism of the signs of EAE, EAE is characterized into two
phases, an immune-mediated process and a neurodegenerative
process (1). On the basis of this approach to EAE, various dif-
ferent classes of immunomodulatory agents have been discov-
ered and approved for MS treatment (6).
MS was initially considered a T helper (Th)1 cell-dependent

disease because of the correlation between disease severity and
the expression levels of Th1 cytokines such as IFN-� and IL-12
in peripheral blood mononuclear cells and cerebrospinal fluid
(7, 8). However, mice with IFN-� gene disruption develop EAE
to a greater degree comparedwithWTmice (9). There is recent
evidence that Th17 cells characterized by the production of
IL-17 are involved in various autoimmune diseases and that
IL-17 is the main mediator in EAE andMS (10, 11). Production
of IL-17 by T cells is known to be dependent on IL-23, a het-
erodimeric cytokine composed of an IL-23-specific p19 subunit
and a p40 subunit, shared with IL-12 (12, 13). p19- and p40-
deficient mice are both resistant to actively induced EAE (14).
In contrast, the lack of p35, an IL-12-specific subunit forming a
heterodimer with p40, causes worsening of EAE, although p35-
deficient mice show loss of function of IL-12 in inducing IFN-�
(15).
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It is known that mitogen-activated protein kinases (MAPKs)
transduce a variety of extracellular signals to the transcriptional
machinery via a cascade of protein phosphorylation. There are
three genetically distinct MAPKs in mammals, consisting of
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 MAPK. All three members are activated
by dual phosphorylation of the conserved TXY motif and then
phosphorylate their respective substrates on serine or threo-
nine residues (16).
There are four mammalian isoforms of p38 (�, �, �, and �).

p38� and -� are expressed ubiquitously in adult tissues (17),
whereas p38� is expressed predominantly in skeletal muscle
(18), and p38� has high levels of expression in the kidney and
lung (19). The p38 signaling pathway is related to various dis-
eases, including inflammatory diseases (20). Although p38�
gene deficiency results in lethality in homozygous embryonic
mice because of defects in erythropoiesis and placental organo-
genesis (21, 22), the p38��/�mouse is a useful tool for studying
the in vivo role of p38� in certain disease models (23–27). By
virtue of the p38��/�mouse, we have previously demonstrated
that p38� can participate in both delayed-type hypersensitivity
(23) and neurodegenerative disorder (27), suggesting the possi-
bility that p38� could regulate the pathogenesis of neuroin-
flammation like EAE. In fact, it has been recently reported that
inhibition of the p38 signaling pathway can affect IL-17 produc-
tion by CD4 T cells (28, 29). In addition, it has been demon-
strated that ASK1, one of the MAPK kinase kinases, regulates
the severity of EAE through p38 activation (30).
Here, we showed that p38� signaling plays a crucial role in

actively and passively induced EAE. Comprehensive analysis of
cytokines from antigen-challenged LNC revealed that produc-
tion of IL-17 is significantly reduced by a single copy disruption
of the p38� gene. Likewise, activation of p38 in T cells regulates
the production of IL-17 at the transcriptional level through the
cAMP-responsive element (CRE), which is known as the bind-
ing site for activating transcriptional factor (ATF) 2. We also
showed that oral administration of UR-5269, a p38 inhibitor
highly specific for p38�, to MOG(35–55)-immunized mice
showing clinical symptoms markedly suppresses the progres-
sion of EAE.

EXPERIMENTAL PROCEDURES

Experimental Animals—All animal procedures conformed
to the Japanese regulations for animal care and use, following
the Guidelines for Animal Experimentation of the Japanese
Association for Laboratory of Animal Science, and were
approved by the Animal Care and Use Committee of RIKEN
andChibaUniversity.Malemice heterozygous for targeted dis-
ruption of the p38� gene (22) were crossedwith C57BL/6Jmale
mice (Saitama Experimental Animal Supply Co.) to generate
p38��/� and p38��/� (wild type (WT)) mice. Offspring (�8
generations) were genotyped by PCR analysis of tail-derived
DNA.Multiplex PCRwith three primers per reaction was used.
The primers were as follows: A, 5�-CCCTATACTCCCTCTC-
TGTGTAACTTTTG-3�; B, 5�-CCCAAACCCCAGAAAGAA-
ATGATG-3�; and C, 5�-TTCAGTGACAACGTCGAGCA-
CAGCTG-3�. Using these primers for one cycle at 94 °C for 5
min followed by 35 cycles at 94 °C for 30 s, 55 °C for 30 s, and

72 °C for 1 min, with an extension step of 7 min at 72 °C at the
end of the last cycle, produced 800- and 450-bp fragments from
the mutant and WT alleles, respectively. WT and p38��/� lit-
termates aged 8–12 weeks were used for each experiment.
MOGPeptide—A synthetic peptide derived frommyelin-oli-

godendrocyte-glycoprotein sequence 35–55 (MEVGWYRSPF-
SRVVHLYRNGK, MOG(35–55)) was synthesized by TORAY
Research Center, Inc. (Tokyo).
Induction andAssessment of EAE—For the induction of EAE,

mice were immunized subcutaneously in the four flanks with
100 �g of MOG(35–55) emulsified 1:1 in complete Freund’s
adjuvant (Difco) supplemented with 500 �g ofMycobacterium
tuberculosis H37Ra on day 0. In addition, 120 ng of pertussis
toxin (PTX; List Biological Laboratories, Campbell, CA) was
injected intravenously on days 0 and 2. Mice were weighed and
observed for signs of EAE daily. Scoring was as follows: 0, no
disease; 0.5, partial tail paralysis; 1, complete tail paralysis; 1.5,
decline in righting reflex; 2, impairment of righting reflex; 2.5,
hindlimb weakness; 3, paralysis of one hindlimb; 3.5, paralysis
of both hindlimbs; 4, paralysis of one forelimb; 4.5, paralysis of
both forelimbs; 5; moribund or dead. To determine the effect of
a p38 inhibitor on actively induced EAE, UR-5269 (4-(2-
aminopyridin-4-yl)-3-(4-fluorophenyl)-1-(1,4,5,6-tetrahydro-
6-oxopyridazin-3-yl)-1H-pyrazole methanesulfonate, Interna-
tional Publication Number WO2004029043) was used. Each
mouse received daily oral administration of UR-5269 (30
mg/kg) just after showing partial tail paralysis (score, 0.5).
Histological Analysis—Mice were anesthetized with pento-

barbital and perfused with ice-cold phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde. The spinal cord (SC)
was dissected out and fixed in 4% paraformaldehyde. Paraffin-
embedded sections were stained by Kluver-Barrera’s method
(Luxol fast blue/Nissl staining) for visualization of demyelina-
tion and neuronal loss and hematoxylin-eosin (HE) for visual-
ization of inflammatory infiltrate. The degree of demyelination
was scored as follows: 0, no demyelination; 1, mild demyelina-
tion; 2, moderate demyelination; 3, severe demyelination. Leu-
kocytic infiltration was quantified as the percentage of the total
SC area usingMacromaxMVC-DU (GOKO,Kanagawa, Japan).
Induction of Passive EAE—Mice were immunized with

MOG(35–55) according to themethod used for EAE induction
without PTX injection. This procedure was used for prepara-
tion of LNC.A single cell suspension of LNCwas prepared from
mice at 10 days post-immunization (dpi) and stimulated with
20 �g/ml MOG(35–55) and 10 ng/ml mouse IL-23 (Biolegend,
San Diego) in RPMI 1640 medium (Sigma) supplemented with
10% FBS, 500 �M 2-mercaptoethanol, penicillin (100 units/ml),
and streptomycin (100 �g/ml) at 37 °C in a humidified atmo-
sphere (5%CO2).After 5 days of culture, the cellswere collected
and transferred intravenously into naiveWTmice (5� 107 cells
per mouse). In addition, 120 ng of PTX was also injected intra-
venously into themice on the day of transfer and on day 2.Mice
were weighed and observed for signs of EAE daily.
Cytokine Production Assay—LNC were harvested from axil-

lary, inguinal, and cervical lymph nodes of mice at 8 dpi. A
single cell suspension of LNC was stimulated with 20 �g/ml
MOG(35–55) or 2 �g/ml anti-mouse CD3 antibody (BD Bio-
sciences) plus anti-mouse CD28 antibody (Biolegend) for 72 h.

p38� in EAE

JULY 13, 2012 • VOLUME 287 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 24229



The resulting supernatants were subjected to Mouse Cytokine
Antibody Array 2 (RayBiotech Inc., Norcross, GA) detecting 32
cytokines and ELISA for IL-17 (Biolegend) according to each
manufacturer’s protocol. To detect the effect of a p38 inhibitor
on IL-17 production from WT-LNC, the cells were incubated
with MOG(35–55) or anti-mouse CD3 antibody plus anti-
mouse CD28 antibody in the presence of 0.3 �M SB203580 or
0.3 �MUR-5269 for 72 h. Then the resulting supernatants were
subjected to ELISA for IL-17.
Intracellular Cytokine Staining—A single cell suspension of

LNC from mice at 8 dpi was stimulated with 20 �g/ml
MOG(35–55) or 2 �g/ml anti-mouse CD3 antibody (BD Bio-
sciences) plus anti-mouse CD28 antibody (Biolegend) for 2
days. Monensin (2 �M, Sigma) was also added to the medium
6 h before collecting the cells. The resulting cells were stained
with allophycocyanin-conjugated CD4 antibody (Biolegend).
After fixing and permeabilizing (Fix/Perm buffer, Biolegend),
the cells were further stained with phycoerythrin-conjugated
anti-IL-17 antibody and FITC-conjugated anti-IFN-� antibody
(BD Biosciences). Analysis was performed with a FACSCalibur
flow cytometer (BD Biosciences) and FlowJo software (Tree
Star Inc., Ashland, OR).
Construction of Mouse Il17 Promoter in Luciferase Reporter

Vector—To amplify the mouse Il17 proximal promoter region
involving the cAMP-responsive element (CRE) (GenBankTM
accession number, NC_000067 REGION: 20720986–
20724577) and create an XhoI site and a BglII site at the 5� and
3� ends, respectively, two PCR primers were designed as fol-
lows: sense primer 5�-AAACTCGAGAAAGGGGTGGTTCT-
GTGCTG-3� and antisense primer 5�-AAAAGATCTCGTGT-
GAGGGTGGATGAAGAG-3�. Genomic DNA prepared from
the tail of a WT C57BL/6J mouse was used as a template for
PCR amplification with KOD FX (TOYOBO, Osaka, Japan).
The settings of the thermal cycler were 35 cycles of 15 s at 98 °C,
30 s at 55 °C, and 45 s at 68 °C. The amplified product (170 bp)
was purified and digested with XhoI and BglII. Then the puri-
fied fragment was subcloned into the XhoI/BglII site of the
pGV-B2 vector and sequenced. To createmutations in theCRE,
we elongated the sense PCR primer as follows, 5�-AAACTCG-
AGAAAGGGGTGGTTCTGTGCTAAACTCATTTGAG-3�.
With this modified sense primer and the antisense primer
described above, PCR amplification was performed, and its
product was subcloned into the XhoI/BglII site of the pGV-B2
vector and sequenced.
Luciferase Assay—The construct, pGV-B2-IL-17-prom. or

pGV-B2-IL-17-prom. mut., was transfected into Jurkat cells
with Amaxa Nucleofector II (Lonza AG, Basel, Switzerland)
according to the manufacturer’s instructions. To specifically
activate p38, a constitutive active form ofMKK6 (MAPK kinase
for p38) was expressed in the cells by co-transfection of
pcDNA3-MKK6c.a. with Amaxa Nucleofector II. As a negative
control for pcDNA3-MKK6c.a., mock-transfection was per-
formed with pcDNA3 empty vector. To determine the effect of
a p38 inhibitor, UR-5269 at concentrations of 1 and 10 �M was
applied to the cells just after transfection. After a 24-h incuba-
tion, the cells were lysed in lysis buffer (25 mM Tris-HCl (pH
8.0), 2 mMDTT, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 4
mMMgCl2, 4mMEGTA, 0.2mMPMSF). An aliquot of lysate (20

�l) was mixed with 50 �l of substrate solution (20 mM Tricine,
1.07 mM (MgCO3)4Mg(OH)2�5H2O, 2.67 mM MgSO4, 0.1 mM

EDTA, 33.3 mM DTT, 270 �M coenzyme A, 470 �M luciferin,
530 �M ATP). Luciferase activity was measured using a Wallac
1420 ARVOsx multilabel counter (PerkinElmer Life Sciences).
Luciferase activity was normalized for the amount of protein in
each lysate using the Bradford technique. In case of elucidating
the effect of p38� expression level on the Il17 promoter activity,
siRNA targeting for p38� (human MAPK14) or nontargeting
siRNA obtained from Thermo Scientific (Waltham, MA) was
transfected into Jurkat cells 48h before the co-transfection of
pGV-B2-IL-17-prom. and pcDNA3-MKK6c.a.
Electrophoresis Mobility Shift Assay (EMSA)—Nuclear

extracts were prepared from Jurkat cells transfected with or
without pcDNA3-MKK6c.a. In brief, the cells were suspended
in buffer A (10mMHEPES (pH 7.9), 10 mMKCl, 0.1 mM EGTA,
0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF and 1% protease
inhibitor mixture 2 (Sigma)) and left on ice for 15 min. Then
0.6%Nonidet P-40was added to each sample andmixedwell for
10 s by aVortexmixer. After centrifugation, precipitationswere
washed twice with buffer A. The resulting precipitations were
resuspended in buffer B (20mMHEPES (pH 7.9), 400mMNaCl,
1 mM EGTA, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and 1%
protease inhibitor mixture 2) and gently rotated at 4 °C for 30
min. After centrifugation, the supernatants were used as
nuclear extracts. EMSAs were performed according to the
manufacturer’s protocols of LightShift chemiluminescent
EMSA kit (Thermo Scientific). Biotin 3�-end-labeled forward
and reverse oligonucleotides of 5�-ctgtgcTGACCTCAtttgag-
3�, corresponding to the �126/�107 mouse Il17 promoter
sequence (the CRE is shown in capital letters), were annealed
and used as a probe. For competition experiments, nonlabeled
WTprobe ormutant probe (twomutations in the CRE as in the
case of luciferase assay) was added to the reaction. In case of
elucidating the effect of antibody forATF2 orCREBonprotein-
probe complex formation, nuclear extracts were preincubated
with rabbit anti-human ATF2 monoclonal antibody (Cell Sig-
naling Technology, Inc., Danvers, MA) or rabbit anti-human
CREB monoclonal antibody (Cell Signaling Technology, Inc.)
for 1 h at 20 °C. As a control, normal rabbit IgG was preincu-
bated with nuclear extracts.
Detection of IL-17 mRNA—LNC were harvested from axil-

lary, inguinal, and cervical lymph nodes ofWTmice at 8 dpi. A
single cell suspension of LNC was stimulated with 20 �g/ml
MOG(35–55) in the absence or presence of 1�MSB203580 or 1
�M UR-5269 for 24 h. Total RNA was prepared from the cells
using ISOGEN (Wako Chemicals, Tokyo) according to the
manufacturer’s instructions. Each RNA sample (20 ng) was
subjected to a duplex real time RT-PCR using QuantiFast
probe assays with detection kits for mouse IL-17A (Mm_
Il17a_2_FAM) and mouse �-actin (Mm_Actb-_2_MAX)
obtained from Qiagen (Hilden). For each sample, the differ-
ences in threshold cycles between mRNA levels of Il17a and
Actb genes (�Ct) were detected, and a calibrated �Ct value
(��Ct) was analyzed. The obtained relative values were then
expressed as fold induction over the negative control.
Effect of p38 on IL-17 mRNA Stability—LNC were harvested

from axillary, inguinal, and cervical lymph nodes of naive WT
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mice. A single cell suspension of LNC was subjected to collec-
tion of CD4� T cells according to the manufacturer’s protocol
(Miltenyi Biotec., Bergisch Gladbach). The cells were trans-
ferred onto a plate precoated with 5 �g/ml anti-mouse CD3
antibody (BD Biosciences) and incubated with 2 �g/ml anti-
mouseCD28 (Biolegend), 10�g/ml anti-mouse IFN-� (BDBio-
sciences), 10 �g/ml anti-mouse IL-4 (BD Biosciences), 30
ng/ml IL-6, 20 ng/ml IL-23, and 1ng/mlTGF-� for 4 days. After
stimulating the cells with 5 ng/ml phorbol 12-myristate 13-ac-
etate (Sigma) and 250 ng/ml ionomycin (Sigma) in the presence
or absence of 1�MUR-5269 for 30min, 5�g/ml actinomycinD
was applied to the cells. Total RNAwas prepared from the cells
30 min and 1 and 2 h after the treatment with actinomycin D.
The expression level of IL-17 mRNA was determined as
described under “Detection of IL-17 mRNA.”
Statistics—Data are expressed as means � S.E. Statistical

analysis was conducted using the software GraphPad Prism
(Version 4.0: GraphPad Software Inc., San Diego). Statistical
significance was determined by Student’s t test or analysis of
variance (ANOVA) followed by Student’s t test, and p values �
0.05 were considered significant.

RESULTS AND DISCUSSION

p38��/�MiceAreResistant to EAE—Numerous studies have
demonstrated that p38 is possibly related to various pathophys-
iological processes such as inflammatory diseases and neurode-
generative diseases (31), suggesting a possible regulatory role of
p38 in neuroinflammatory diseases. Recently, several groups
reported a possible role of p38 in the pathogenesis of EAE as
follows: a TLR-ASK1-p38 pathway in glial cells leads to chemo-
kine release affecting leukocytic infiltration accompanied by
severe EAE (30); activation of p38 in CD4 T cells contributes to
EAE progression by controlling IL-17 production (32); p38� in
concert with p38� participates in T cell receptor-mediated T
cell proliferation, and its activity affects EAE progression (33).
However, there is no evidence regarding a functional role of
p38� in EAE. For instance, in rheumatoid arthritis, p38 iso-
forms show differential profiles of expression and activation,
suggesting that each p38 isoform may share functions in the
progression of rheumatoid arthritis (34). Likewise, inverse
actions of p38� and -� have been suggested in cardiac hyper-
trophy under pressure overload (35). Besides p38� with its pre-
dominant expression, p38� and -� also exist in T cells (19).
Then in this study, we used the p38��/� mouse to determine
the in vivo role of p38� in EAE, because it is a useful tool for
analyzing the in vivo role of p38 in disease models (23–27).WT
and p38��/� mice were immunized with MOG(35–55) and
monitored up to day 40. As shown in Fig. 1A, p38��/� mice
showed less severe neurological signs than did WT mice at all
time points. Clinical parameters in this and other experiments
are summarized in Table 1. The mean maximum score of
p38��/� mice was significantly lower than that of WT mice,
although there was no difference in themean date of EAE onset
between the two genotypes. Remarkably, the incidence of the
disease in p38��/� mice (40%) was much lower than that in
WT mice (91%). This difference in incidence between the two
genotypes closely reflected the clinical score. Even though it is
limited to individuals showing neurological signs, the mean

maximum clinical score of p38��/� mice (2.9 � 0.3) was sig-
nificantly lower than that of WT mice (4.1 � 0.2). We next
examined histopathological features of SC with EAE. WT and
p38��/� mice showing neurological signs were subjected to
histopathological analysis at 20 and 50 dpi as the acute phase

FIGURE 1. Actively induced EAE. A, clinical score of mice with MOG(35–55)-
induced EAE. WT (open circle) and p38��/� (filled circle) mice were immunized
for EAE with MOG(35–55) emulsified in complete Freund’s adjuvant and intra-
venously injected with PTX on days 0 and 2. They were monitored daily until
day 40, and scoring was as described under “Experimental Procedures.” Data
represent mean � S.E. The difference between the two groups at each time
point was statistically significant (*, p � 0.05) as determined by Student’s t test
for unpaired values. B, histopathological findings in SC sections. Thoracic SC
of WT (panels a– c) and p38��/� mice (panels e– g) with sham-operation (pan-
els a and e) or at 20 dpi (panels b, c, f, and g) were stained by Kluver-Barrera’s
method (panels a, b, e, and f) and with HE (panels c and g). Thoracic SC of WT
(panel d) and p38��/� mice (panel h) at 50 dpi were stained by Kluver-Barre-
ra’s method. The anterior funiculus area is shown at a higher magnification
(panels c, d, g, and h). Arrowheads represent severe demyelination and vacu-
olation. C, leukocyte infiltration into SC of WT (white bars) and p38��/� (black
bars) mice. Data are shown as mean � S.E. of six sections. The difference
between the two groups was statistically significant (*, p � 0.05) as deter-
mined by Student’s t test for unpaired values. D, demyelination score of WT
(white bars) and p38��/� (black bars) mice. Demyelination in the anterior,
posterior, and both lateral funiculi (four areas) of each section was scored as
described under “Experimental Procedures,” and the scores were added
together (maximum score 	 12). Data are shown as mean � S.E. of six sec-
tions. The difference between the two groups was statistically significant (*,
p � 0.05) as determined by Student’s t test for unpaired values.
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and the chronic phase, respectively. In the acute phase, sections
of the SC from WT mice revealed severe demyelination and
vacuolation, which was reduced in the SC from p38��/� mice
(Fig. 1B, panels a, b, e, and f). The number of CNS inflammatory
foci was decreased in p38��/� mice compared with that inWT
mice (Fig. 1B, panels c and g). Accordingly, in the chronic phase,
demyelination and vacuolation were still apparent in the SC
from WT mice compared with that in p38��/� mice (Fig. 1B,
panels d and h). Accordingly, the ratio of the leukocyte infiltra-
tion area to the whole SC area in the acute phase was signifi-
cantly reduced in p38��/� mice compared with that in WT
mice (Fig. 1C). Semi-quantitative scoring of histological fea-
tures revealed that the degree of demyelination in p38��/�

mice was significantly less than that inWTmice in the chronic
phase (Fig. 1D). These findings clearly show that p38��/� mice
could be more resistant to MOG(35–55)-induced EAE com-
pared with WT mice.
To elucidate the mechanisms underlying the attenuated

signs of EAE in p38��/� mice, differences in the potency of the
immune responses toMOG(35–55) between p38��/� andWT
mice were examined in passively induced EAE. LNC from
MOG(35–55)-immunized WT or p38��/� mice were stimu-
latedwithMOG(35–55) and IL-23 for 5 days in vitro, and adop-
tively transferred into recipient naive mice with the same
genetic background. As shown in Fig. 2, the development of
EAE in mice receiving p38��/� LNC was significantly reduced
compared with that in those receiving WT LNC. Clinical
parameters in this and other experiments are summarized in
Table 2. The mean maximum score of mice receiving p38��/�

LNC was significantly lower than that of mice receiving WT
LNC, and there is a difference in incidence between them.
These results suggest that p38� in lymphocytes may at least
contribute to the pathogenesis of EAE.Then the involvement of
p38� in the production of key molecules for EAE from
MOG(35–55)-immunized lymphocytes was investigated.
LNC-derived Cytokines Involved in EAE—Western blot array

analysis of cytokine production in MOG(35–55)-stimulated
LNC showed different expression patterns of several cytokines
between the two genotypes (Fig. 3A). The correct location of
each cytokine in the membrane is shown in supplemental Fig.
S1. In LNC fromMOG(35–55)-immunizedWTmice, re-stim-
ulation with MOG(35–55) induced IL-17, IFN-�, and IL-3
expression and reduced MCP-1 expression compared with
control. However, in LNC from MOG(35–55)-immunized
p38��/� mice, re-stimulation with MOG(35–55) induced
IFN-� expression and reduced MCP-1 expression. These
results indicate that MOG(35–55)-induced IL-17 and IL-3
expressions were sensitive to p38�. Although little concerning
the participation of IL-3 in EAE is known, a change in produc-

tion of IL-3 in MOG-specific CD4 T cells is reported (36, 37).
The induction ratio of signal to control revealed thatMOG(35–
55)-induced IL-17 expression was markedly suppressed in
p38��/� LNC compared withWTLNC. The induction ratio of
IFN-� by MOG(35–55) was not as high as that of IL-17 and
showed no difference between the two genotypes (Fig. 3B). The
quantitative detection of IL-17 by enzyme-linked immunosor-
bent assay (ELISA) was consistent with the results of Western
blot array. However, the production of IL-17 from anti-CD3/
CD28 Ab-activated LNC was not different between the two
genotypes (Fig. 3C). These results suggest that p38� contrib-
utes to IL-17 production from antigen-specific effector T cells
but not from T cells expanded through the antigen-presenting
cell-free system. This notion was supported by flow cytometric
analysis of intracellular IL-17 in CD4 T cells. Consistent with
ELISA for IL-17, the frequency of CD4 T cells producing IL-17
in p38��/� LNCwas lower than that inWT LNC in the case of
stimulation with MOG(35–55) but not anti-CD3/CD28 Abs
(Fig. 3D). We also confirmed that the proliferation of antigen-
specific LNC was consistent between the two genotypes, indi-
cating that there is no impairment of activation of antigen-
specific cells (data not shown).
Inhibitors of p38 have been actively developed as anti-in-

flammatory drugs (20, 31). UR-5269 is a newly discovered orally
active compound that is highly specific for p38� (supplemental
Fig. S2). Although SB203580 is occasionally used as a relative
p38�-specific inhibitor (38), the specificity of UR-5269 for
p38� versus -� is about two times higher than that of SB203580.

TABLE 1
Clinical parameters of MOG(35–55)-induced EAE in WT and p38��/�

mice

Genotype Incidence
Onset day

� S.E.
Maximum clinical score �
S.E. (individuals with onset)

WT 10/11 14.8 � 1.1 3.7 � 0.4 (4.1 � 0.2)

p38��/� 4/10 16.0 � 1.2 1.2 � 0.5a (2.9 � 0.3a)
a p � 0.05, significantly different fromWT group by Student’s t test. Data repre-
sent mean � S.E.

FIGURE 2. Passively induced EAE. The clinical score of naive WT mice after
adoptive transfer of MOG(35–55)-stimulated LNC from WT (white circles) or
p38��/� (black circles) mice at 10 dpi. A single cell suspension of LNC from WT
or p38��/� mice at 10 dpi was stimulated in vitro with MOG(35–55) plus
mouse IL-23. LNC with each genotype (5 � 107 cells/mouse) were adoptively
transferred into naive WT mice intravenously, and mice were then injected
with PTX on days 0 and 2 intravenously. The difference between the two
groups was statistically significant (*, p � 0.05) as determined by Student’s t
test for unpaired values.

TABLE 2
Clinical parameters of passive EAE induced by LNC from MOG(35–55)-
immunized WT and p38��/� mice

Genotype
of LNC Incidence

Onset day
� S.E.

Maximum clinical
score � S.E.

WT 6/6 15.7 � 2.4 3.8 � 0.3

p38��/� 3/6 15.3 � 2.3 1.6 � 0.7a
a p � 0.05, significantly different fromWT group by Student’s t test. Data repre-
sent mean � S.E.
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FIGURE 3. Up-regulation of IL-17 in antigen-specific LNC mediated by p38�. A, Western blot array analysis of cytokines from cultured LNC stimulated with
MOG(35–55). LNC from WT and p38��/� mice at 8 dpi were stimulated in vitro with MOG(35–55) as an antigen-specific response. The supernatants were
subjected to Mouse Cytokine Antibody Array 2. Compared with the unstimulated control, MOG(35–55)-induced and -reduced molecules are indicated by a
double-line and a single-line square, respectively. Each number on the membrane represents the following: 1, IL-17; 2, IFN-�; 3, IL-3; and 4, MCP-1. Positive and
negative controls on the membrane in the reaction are indicated by a dotted square. B, change in expression of IL-17 and IFN-� observed in Western blot array
analyzed by densitometer. Each bar (WT, white bars; p38��/�, black bars) is expressed as a percentage of the individual control signal without MOG(35–55)
stimulation. Data are shown as mean � S.E. (n 	 6). The difference between the two groups was statistically significant (*, p � 0.05) as determined by Student’s
t test for unpaired values. C, MOG(35–55)-induced IL-17 in LNC. LNC from WT (white bars) and p38��/� (black bars) mice at 8 dpi were stimulated in vitro with
MOG(35–55) as an antigen-specific response or anti-CD3/CD28 antibodies as an APC-free response. The resulting supernatants were subjected to ELISA for
IL-17. Data are shown as means � S.E. (n 	 4). The difference between the two groups was statistically significant (*, p � 0.05) as determined by Student’s t test
for unpaired values. D, detection of IL-17-producing CD4 T cells by FACScan. LNC from WT (white bars) and p38��/� (black bars) mice at 8 dpi were stimulated
in vitro with MOG(35–55) or anti-CD3/CD28 antibodies and subjected to surface staining for CD4 and intracellular staining for IL-17 and IFN-�. Quantification
of CD4�IL-17�IFN-�� T cells was performed with FlowJo software. Data are shown as mean � S.E. (n 	 4). The difference between the two groups was
statistically significant (*, p � 0.05) as determined by Student’s t test for unpaired values. E, effects of p38 inhibitors on IL-17 production in LNC. LNC from WT
mice at 8 dpi were stimulated in vitro with MOG(35–55) or anti-CD3/CD28 antibodies in the absence or presence of p38 inhibitor (SB203580 (SB), shaded bars;
UR-5269 (UR), black bars). The resulting supernatants were subjected to ELISA for IL-17. Data are shown as mean � S.E. (n 	 3). *, p � 0.05, significantly different
from the value without p38 inhibitors (white bars) (ANOVA with Bonferroni method).
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Then, to further evaluate whether p38� contributes to IL-17
production from antigen-specific LNC, the effect of UR-5269
and SB203580 on MOG(35–55)-induced IL-17 production
from WT LNC was determined. As expected, MOG(35–55)-
induced IL-17 production was significantly inhibited by both
SB203580 and UR-5269. However, anti-CD3/CD28 Ab-in-
duced IL-17 production was reduced by SB203580 but not
UR-5269 (Fig. 3E). Hence, at least for IL-17 production from
LNC, the effect of UR-5269 mimicked the case with a single
disruption of the p38� gene. Taking these results together,
p38� can regulate IL-17 production in T cells.
IL-17 plays a key proinflammatory cytokine in a variety of

inflammatory diseases (39). Correlation between induction of
IL-17 and MS has been demonstrated in peripheral blood and
the CNS (40, 41). Indeed, IL-17�/� mice show reduced clinical
signs of EAE (10). Thus, p38�-regulated IL-17 production at
least partly explains themechanisms underlying the attenuated
signs of EAE in p38��/� mice.
p38� Transcriptionally Regulates IL-17 Production—p38

phosphorylates and activates specific transcription factors such
as ATF2, which forms homodimers as well as heterodimers
with c-Jun or CREB and binds to the CRE (42–44). ATF2 can
exhibit not only nuclear function but also cytoplasmic function,
leading to a variety of regulatory roles in physiological and
pathophysiological processes (45, 46). Especially in T lympho-
cytes, once stimulated with anti-CD3 antibody, CREB
homodimer in the resting state is switched to form the CREB-
ATF2 complex, which can strongly bind to CRE, indicating that
ATF2 plays an important role during T lymphocyte activation
and differentiation following engagement of the antigen recep-
tor (47).
It has been clearly demonstrated that transactivation of the

IL17 promoter by the Tax protein, a trans-acting factor derived
from human T cell leukemia virus type I, might be dependent
on the CREB/ATF pathway and furthermore that the proximal
promoter region of the IL17 gene could be crucial in this step
(48). We confirmed that the sequence of CRE (TGACCTCA
corresponding to �119 to �112) is found in the promoter
region of the mouse Il17 gene (GenBankTM accession number
NC_000067; Region 20720986–20724577) and that the
sequence is conserved in various species (human, 48; rat,
NC_005108, Region, 19454979–19458467; pig, NC_010449,
Region, 52463736–52467313; cow, NC_007324, Region,
24931468–24934993). This element is not a typical palin-
dromic consensus CRE (TGACGTCA) but is capable of bind-
ing toCREB/ATFproteins (49). Thenwe hypothesized that this
region would be regulated by the p38/ATF2-signaling loop. To
examine this hypothesis, we investigated the effect of p38 acti-
vation on luciferase reporter activity controlled by the Il17 pro-
moter in Jurkat cells. The sequence of the proximal promoter
region ofmouse Il17 and sites ofmutation produced in CRE are
described in Fig. 4A. As shown in Fig. 4B, overexpression of a
constitutively active mutant of MKK6 (MKK6c.a.) that specifi-
cally activates p38 significantly enhanced the reporter activity.
This enhancement was significantly inhibited by treatment of
the host cells with UR-5269 or by knockdown of p38� in the
host cells. Likewise,mutation of theCREB/ATF-responsive ele-
ment abolished the sensitivity of reporter activity to MKK6c.a.

Under these experimental events, p38 possibly functions
through regulating the activity of ATF2 andCREB (supplemen-
tal Fig. S3). The findings in the luciferase assay were supported
by the results of EMSA. As shown in Fig. 4C, activation of p38
by the overexpression of MKK6c.a. induced the interaction
between the proximal Il17 promoter probe (�126/�107) and
nuclear proteins as determined by the shifted band. This for-
mation of the shifted band was inhibited by competition with
excessive cold WT probe but not with excessive cold mutant
probe possessing mutation of the CREB/ATF-responsive ele-
ment. Moreover, preincubation of nuclear extracts with anti-
body for ATF2 or CREB abolished the formation of the same
band. Thus, these results suggest that p38� up-regulates IL-17
production at the transcriptional level through the activation of
ATF2/CREB binding to CRE in the Il17 promoter region.
Recently, it has been demonstrated that p38 regulates IL-17

synthesis in CD4 T cells at a transcription-independent level
through activation of the eukaryotic translation initiation fac-
tor 4E/MAPK interacting kinase (eIF-4E/MNK) pathway. In
addition, IL-17 mRNA content was consistent in Th17-polar-
izing condition with or without SB203580 (32). However, this
study clearly demonstrated that the transcriptional regulation
of Il17 by p38 might contribute to the pathogenesis of EAE.
This finding probably reflects the induction of IL-17 mRNA
under p38 activation in Th17-polarizing condition. Then we
further elucidated this possibility. As we expected, the
MOG(35–55)-induced IL-17 mRNA expression in LNC was
markedly inhibited by both UR-5269 and SB203580 (Fig. 4D),
indicating that the induction of IL-17 mRNA was regulated by
p38. The post-transcriptional processes also regulate the
expression level of mRNA. In fact, it is well known that p38
positively regulates the mRNA stability of cytokines (50). Then
we also estimated whether p38 affects the stability of IL-17
mRNA. As shown in Fig. 4E, the half-life of IL-17 mRNA in
Th17 cells was not decreased but rather increased by UR-5269.
These results suggest that p38� might not up-regulate IL-17
mRNA through the induction of IL-17 mRNA stability.
We used MKK6c.a. to activate p38 for determination of the

transcriptional regulation of IL-17 production. Activation of
p38 byMKK is commonly recognized as the canonical pathway.
As an alternative and stress-free pathway for activation of p38,
phosphorylation on Tyr-323 by Zap70 has been identified in T
cells (51). However, this ZAP70-mediated p38 activation path-
way affects Th17 differentiation rather than IL-17 production
fromCD4T cells in the pathogenesis of EAE (33). Hence, it is of
interest that the manner of p38 activation in CD4 T cells has
functional diversity. Also, our present study suggests that an
anti-p38� strategy may have therapeutic benefit in MS. Then
we elucidated the effect of UR-5269 on EAE susceptibility and
severity.
UR-5269 Ameliorates EAE Progression—WT mice were

immunized withMOG(35–55), and the onset of EAEwasmon-
itored. After determining the onset in each mouse (clinical
score, 0.5), mice were randomly divided into two groups. One
group received daily oral administration of UR-5269, and the
control group received daily oral administration of vehicle (dis-
tilled water). Up to day 40, clinical signs and body weight were
monitored. As shown in Fig. 5A, the cumulative clinical score of
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FIGURE 4. Transcriptional regulation of IL-17 production by p38 pathway. A, nucleotide sequence of 5�-flanking proximal region of mouse Il17a gene. CRE-
and C/EBP-binding site are enclosed by a double-line and a single-line square, respectively. The TATA box (underline), initiation codon (double underline), probe
sequence used in C (dotted underline), and transcriptional start site are indicated. The mutation sites produced in CRE are described. The region (�138/�14) of
mouse Il17a gene was subcloned into pGV-B2 luciferase reporter vector. B, luciferase assay for p38 signal-dependent regulation of Il17a gene. Jurkat cells were
transfected with the indicated expression plasmids. siRNAs were introduced into the cells 48 h before the transfection of plasmids. Cell lysates were subjected
to luciferase assay 24 h after incubation. To determine the effect of UR-5269, incubation was performed in the presence of 1 or 10 �M UR-5269. Data are shown
as mean � S.E. (n 	 6). *, p � 0.05, significantly different from stimulation value determined as co-transfection of pGV-B2-IL-17 and pcDNA3-MKK6c.a. (ANOVA
with Bonferroni method). C, EMSA for p38-induced protein-probe complexes. Nuclear extracts were prepared from Jurkat cells transfected with
pcDNA3-MKK6c.a. and subjected to interaction with labeled WT probe (dotted underline in A). Competition assays were performed by further adding 20- and
200-fold molar excess of unlabeled WT probe or 200-fold molar excess of unlabeled Mut. probe (mutation sites in the CRE as described in A). A left-directed
arrowhead indicates specific band showing the protein complexes bound to the CRE in proximal promoter of Il17 gene. A right-directed arrowhead indicates a
disappeared band in EMSA when nuclear extracts were preincubated with either anti-ATF2 antibody or anti-CREB antibody. Similar results were obtained from
three independent experiments. D, effect of p38 inhibitors on MOG(35–55)-induced IL-17 mRNA expression in LNC. LNC from WT mice at 8 dpi were stimulated
in vitro with MOG(35–55) for 24 h in the absence or presence of p38 inhibitor (UR-5269 (UR), black bars; SB203580 (SB), shaded bars). Total RNA was subjected
to a real time RT-PCR for IL-17. Signal values were normalized by the expression of �-actin and expressed as fold induction over the negative control (NC). Data
are shown as mean � S.E. (n 	 6). *, p � 0.05, significantly different from stimulation value (ANOVA with Bonferroni method). E, effect of p38 on IL-17 mRNA
stability. Th17 cells differentiated in vitro were stimulated with phorbol 12-myristate 13-acetate and ionomycin in the presence (closed circle) or absence (open
circle) of 1 �M UR-5269 for 30 min, and then actinomycin D (5 �g/ml) was added for 0.5, 1, and 2 h. Total RNA was subjected to a real time RT-PCR for IL-17. Results
are expressed as percentage of IL-17 mRNA remaining after normalized to �-actin. Means from two independent experiments are presented.
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mice with UR-5269 treatment was markedly reduced at all
times compared with that in control mice. Likewise, a signifi-
cant beneficial effect of UR-5269 was observed 2 days after
administration. Accordingly, body weight of mice with
UR-5269 treatment tended to recover 5 days after onset. In
contrast, bodyweight of controlmice showed the lowest level at
13 days after onset and was thereafter maintained (Fig. 5B).
These results suggest that inhibition of p38� by UR-5269 can
ameliorate the progression of EAE even after its onset. We also
evaluated the effect of another p38 inhibitor, SB239063, on
actively induced EAE. It has been reported that SB239063, a
second generation p38 inhibitor, has improved kinase selectiv-
ity and a potentiated anti-inflammatory effect compared with
SB235080. In particular, SB239063 was found to effectively
protect against CNS disorders such as brain injury (52). As
expected, MOG(35–55)-immunized mice with oral daily
administration of SB239063 just after showing partial tail paral-
ysis (clinical score, 0.5) showed less severe development of EAE

compared with the vehicle group (supplemental Fig. S4). How-
ever, its inhibitory effect was not as strong as that of UR-5269.
Manifestation of a significant beneficial effect of SB239063
required a longer period of time compared with UR-5269.
We utilized p38��/� mice and a highly p38�-specific inhib-

itor to elucidate how p38� regulates the pathogenesis of EAE.
Both tools could bring the role of p38� in EAE into sharp relief.
As one of the mechanisms of p38�-mediated EAE, transcrip-
tional regulation of IL-17 production by p38� in antigen-spe-
cific T cells was demonstrated. Very recently, it has been dem-
onstrated that p38� in dendritic cells but notmacrophages or T
cells can mediate the pathogenesis of EAE (53). However, an in
vitro reconstitution model using CD4� T cells and CD11c�

dendritic cells from the two genotypes suggests that the
potency of MOG(35–55)-stimulated IL-17 production was
attributed to the activity of p38�not inCD11c�dendritic but in
CD4�Tcells (supplemental Fig. S5). Although a possible expla-
nation for the discrepancy is difficult, there may be a different
output between the conditional knock-out system and the sin-
gle disruption of the p38� gene. In this study, we also propose
that an orally active and highly p38�-specific inhibitor,
UR-5269, may have therapeutic benefits for the treatment of
MS.
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