NEW MURINE MODEL OF POLYMYOSITIS

non-necrotic muscle fibers (2,3). These CD8 T cells
express cytotoxic effector molecules, known as perforins,
that are oriented toward target muscle fibers (4). Sur-
face expression of class I major histocompatibility com-
plex (MHC) molecules on muscle fibers is up-regulated
(5). In a study of T cells from patients with PM
compared with normal donors, CD8 T cell clones ex-
panded more frequently in the peripheral blood of
patients with PM (6,7). Moreover, some of these clones
could be found in muscle biopsy samples from the same
patients (6,7). All of these observations support the view
that PM is driven by cytotoxic CD8 T cells.

In rheumatoid arthritis (RA), another auto-
immune disease, biologic agents that block tumor necro-
sis factor @ (TNFa) have been introduced into clinical
use. TNFa blockade has an enormous effect in modu-
lating the clinical course of RA (8). Animal models of
arthritis serve to help identify therapeutic targets and to
test the effect of these therapeutic reagents (9-11). In
contrast, in PM, the lack of appropriate animal models
has hampered basic research studies and delayed the
development of new treatments.

Experimental autoimmune myositis (EAM), es-
tablished previously as an animal model of PM, is
inducible specifically in SJL/J mice by repeated admin-
istration of muscle homogenate or partially purified
myosin (12,13). This model is a complex representation
of disease, because SJL/J mice have a dysferlin gene
mutation that causes spontaneous muscle necrosis and
secondary muscle inflammation (14). Immunohisto-
chemical studies have shown that infiltrating T cells in
the muscle are dominated by CD4 T cells, suggesting
that the EAM disease model is mediated by CD4 T cells
(15).

We established a new murine model that can be
induced with a single injection of a recombinant skeletal
muscle fast-type C protein. This myosin-binding protein
is in the cross-bridge-bearing zone of A bands of
myofibrils (16,17). Biochemical purification studies
showed that C protein appears to be the main immuno-
pathogenic component of the crude skeletal-muscle my-
osin preparation used for the induction of experimental
myositis in Lewis rats (18,19). In this study, we used
recombinant protein fragments to confirm the immuno-
genicity of the C protein. This myositis, designated as C
protein-induced myositis (CIM), can be induced in
C57BL/6 (B6) mice and in other strains of mice. Its
histologic and immunohistochemical features mimic
those of PM. Functional studies have indicated that
cytotoxic CD8 T cells are primarily responsible for the
pathologic mechanisms of this disease.

Susceptibility to CIM in B6 mice has facilitated
studies of the immunologic components required to
induce myositis. In the present study, we were able to
show that the effects of immunoglobulins are not neces-
sary for the development of CIM, despite the presence
of B cells in the affected muscles and anti-C protein
antibodies in the sera. Although both interleukin-1
(IL-1)—positive and TNFa-positive cells infiltrated the
muscles of affected mice, only IL-1, not TNFa, was
crucial in the development of CIM. Interestingly, CIM
was suppressed by infusion of intravenous immuno-
globulins (IVIGs), which has been used as a last resort
for treatment of patients with PM who do not respond to
or tolerate immunosuppressive reagents. Thus, we show
that our new model is useful in investigating the patho-
logic mechanisms of autoimmune myositis and in devel-
oping new treatment strategies for this disease.

MATERIALS AND METHODS

Mice. B6, SIL/J, BALB/c, DBA/1, and C3H/He mice
were purchased from Charles River (Yokohama, Japan), NZB
and MRL/Mp+/+ mice were purchased from SLC (Shizuoka,
Japan). Mutant B6 mice rendered double-null for IL-la/B
were established previously (20), while Igu-null mutant B6
mice (21) and TNFa-null mutant mice (22) were kindly
provided by Drs. Karasuyama (Tokyo Medical and Dental
University) and Sekikawa (formerly at the National Institute of
Agrobiological Science), respectively. All experiments were
done under specific pathogen—free conditions in accordance
with the ethics and safety guidelines for animal experiments of
Tokyo Medical and Dental University and RIKEN.

Recombinant human skeletal C protein. Four comple-
mentary DNA (cDNA) fragments encoding overlapping
cDNA fragments 1, 2, 3, and 4 of human fast-type skeletal
muscle C protein were amplified from human skeletal muscle
cDNA using polymerase chain reaction. Primers used were
5'-GAGAGGTACCATGCCTGAGGCAAAACCAG CG-3'
and 5'-GAGAGTCGACTCAGAACCACTTGAGGGTCAG-
GTC-3' for fragment 1, 5'-GAGAGGATCCGACCTGACC-
CTCAAGTGGTTC-3' and 5'-GAGAAAGCTTTCACAGC-
CAGGTAGCGACGGGAGG-3' for fragment 2, 5-AGA-
GGATCCCCTCCCGTCGCTACCTGGCTG-3' and 5'-GA-
GAAAGCTTTCACCGGGGCTTTCCCTGGAAGGG-3' for
fragment 3, and 5'-AGAGGATCCCCCTTCAGGGAAAGC-
CCCGG-3' and 5'-GAGAAAGCTTTCACTGCGGCACTC-
GGACCTC-3' for fragment 4 (Qiagen, Hilden, Germany)
(underlining indicates the restriction enzyme recognition sites
for subcloning into the pQE30 expression vector). These
primers were introduced into the TOP10F' bacterial host
(Invitrogen, Carlsbad, CA) and were used to prepare recom-
binant C protein fragments according to the manufacturer’s
protocol. Soluble recombinant C proteins were dialyzed
against 0.5M arginine, 2 mM reduced glutathione, 0.2 mM
oxydized glutathione in phosphate buffered saline (PBS), pH
7.4 (fragments 1 and 2) or 25 mM glycine HCl, pH 3.0
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(fragments 3 and 4). Endotoxin was removed using Detoxi-Gel
Endotoxin Removal Gel (Pierce, Rockford, IL).

Induction of CIM. Female mice, ages 8-10 weeks, were
immunized intradermally with 200 ug of the C protein frag-
ments emulsified in Freund's complete adjuvant (CFA) con-
taining 100 pg of heat-killed Mycobacrerium butyricum (Difco,
Detroit, MI). The immunogens were injected at multiple sites
of the back and foot pads, and 2 pg of pertussis toxin (PT)
(Seikagaku Kogyo, Tokyo, Japan) in PBS was injected intra-
peritoneally at the same time, Hematoxylin and eosin-stained
10-pm sections of the proximal muscles (hamstrings and
quadriceps) were examined histologically for the presence of
mononuclear cell infiltration and necrosis of muscle fibers, The
histologic severity of inflammation in each muscle block was
graded as follows (18,19): grade 1 = involvement of a single
muscle fiber or <5 muscle fibers; grade 2 = a lesion involving
3-30 muscle fibers; grade 3 = a lesion involving a muscle
fasciculus; and grade 4 = diffuse, extensive lesions. When
multiple lesions with the same grade were found in a single
muscle block, 0.5 point was added to the grade.

Immunohistochemical analysis. Cryostat-frozen sec-
tions (6 jum) fixed in cold acetone were stained with anti-CD8a
(53-6.7; BD Biosciences PharMingen, San Diego, CA), anti-
CD4 (H129.19; BD Biosciences PharMingen), anti-B220
(RA3-6B2; BD Biosciences PharMingen), anti-CD11b (M1/70;
BD Biosciences PharMingen), anti-CD68 (FA-11; Serotec,
Oxford, UK), anti-IL-1a (40508; Genzyme/Techne, Minneap-
olis, MN), or anti-TNFa (MP6-XT22; BioLegend, San Dicgo,
CA) monoclonal antibodies (mAb). To stain perforin mole-
cules, air-dried sections were treated with 0.5% periodic acid
solution and then stained with antiperforin mAb (CB5.4;
Alexis Biochemicals, San Diego, CA). Nonspecific staining was
blocked with 4% Blockace (Dainippon, Osaka, Japan).

Bound antibodies were visualized with peroxidase-
labeled anti-rat IgG antibodies and associated substrates (Hist-
ofine Simple Stain Max PO; Nichirei, Tokyo, Japan). The
sections were also stained with biotinylated mouse anti-mouse
H-2K" mAb (AF6-88.5; BD Biosciences PharMingen) and with
biotinylated mouse anti-mouse I-A® mAb (AF6-120.1; BD
Biosciences PharMingen). They were then incubated with
peraxidase-conjugated streptavidin and its substrates (Chemi-
con, Temecula, CA). For double immunofluorescence staining,
the sections were preincubated with 5% heat-inactivated rat
serum and 1% bovine serum albumin, and were stained with
Alexa Fluor 647-conjugated anti-CDS8a mAb (53-6.7: BD
Biosciences PharMingen) and fluorescein isothiocyanate
(FITC)-conjugated anti-CD4 mAb (RM4-5; BD Biosciences
PharMingen).

The bound antibodies were visualized using SP2AOBS
confocal laser microscopy (Leica, Heidelberg, Germany),
Spleens or popliteal lymph nodes were stained as positive
controls. Isotype controls were used as negative control. The
stained sections were evaluated by 2 independent observers,
who reported results that were comparable.

Quantification of mononuclear cell subsets. The
method used to quantify stained cells in the immunohisto-
chemical analysis was based on a previously published method
(2). Briefly, 5 inflammatory mononuclear cell foci in the serial
sections from 4 mice with CIM were studied. At least 1 focus
from each mouse was evaluated. Stained mononuclear cells
infiltrating into the endomysial, perimysial, and perivascular
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sites of the foci were enumerated separately. The frequency of
cach subset was calculated in relation to the sum of all subsets.
The CD4:CD8 ratios were calculated on the basis of these
calculations, The CD4:CDS8 ratios in double immunofluores-
cence staining were calculated in the same manner as in the
immunohistochemical analyses. CD68-positive and CD11b-
positive cells in the serial sections were also enumerated in the
same manner, and the frequencies of CD68-positive cells were
calculated in relation to the number of CD11b-positive cells,

Rotarod test. Muscle function was evaluated with a
MK-630 rotarod device (Muromachi Kikai, Tokyo, Japan) as
described previously (23). The rotarod test was performed on
cach mouse by measuring the running time until the mouse fell
off the rod while the rod was turning at 20 revolutions per
minute for 200 seconds. The running ability of each mouse was
scored in 5 categories of running time: score 1 = 0-49 seconds,
score 2 = 50-99 seconds, score 3 = 100-149 seconds, score 4 =
150-200 seconds, score 5 = =200 seconds. Mice were initially
trained to accommodate them to the task, and then tested 2
days thereafter.

In vivo depletion of CD8 or CD4 T cells. For the
depletion of CD8 or CD4 T cells in B6 mice, the mice were
injected intraperitoneally with 1 mg of purified anti-CD8
(53.67.2) mAb (24), anti-CD4 (GK1.5) mAb (24), or purified
rat IgG (Sigma-Aldrich, St. Louis, MO) as a control, for 3
consecutive days. This treatment started 10 days before the
immunization. Injection of 500 of the same mAb was
repeated every other day for 14 days. Splenocytes and lymph
node cells from the treated mice were stained with phyco-
erythrin (PE)-conjugated anti-CDS mAb (53.67: BD Bio-
sciences PharMingen) or PE-conjugated anti-CD4 mAb
(H129.19; BD Biosciences PharMingen), together with FITC-
conjugated anti-CD3 mAb (145-2C11; BD Biosciences Phar-
Mingen). The cells were then analyzed with FACSCalibur
(Becton Dickinson, San Jose, CA).

IVIG treatment. A subgroup of the mice were treated
with IVIG. Human gamma immunoglobulins (Venoglobulin-
IH; Benesis, Osaka, Japan) (400 mg/kg/day) were injected
intravenously into the tail vein for 5 consecutive days, begin-
ning 3 days after immunization.

Statistical analysis. Histologic scores were compared
with the Mann-Whitney U test. P values less than or equal to
0.05 were considered significant.

RESULTS

Histologic features of CIM in immunized mice,
Recombinant human fast-type skeletal C protein frag-
ments were prepared using a prokaryotic expression
system. Because of the size of the C protein, 4 overlap-
ping protein fragments were generated: fragment 1
(amino acids 1-290), fragment 2 (amino acids 284-580),
fragment 3 (amino acids 567-877), and fragment 4
(amino acids 864-1142). B6 mice were immunized at
multiple sites of the back and foot pads with each
fragment emulsified in CFA. PT was also injected intra-
peritoneally. To compare the immunogenicity of the 4
fragments, 5 mice per group were immunized with each
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Figure 1. Muscle inflammation in C protein-induced myositis (CIM). C57BL/6 mice were immunized once with
recombinant human skeletal C protein fragment 2 to induce CIM. A and B, Mononuclear cell infiltration was
found predominantly in the endomysial site (boxed area) but also in the perimysial site (solid arrows) and
perivascular site (open arrows) (A), Many cells invaded non-necrotic muscle fibers (arrows), while necrotic fibers

were also present (B). Bar in A

100 pm; bar in B = 25 pm. C, Muscle function was evaluated with a rotarod

test 21 days after immunization. Six mice with CIM and 5 control mice treated with adjuvant alone were
examined. Running ahility was scored as described in Materials and Methods. Values are the mean and 512 score

« =P < 001,

fragment, and myositis was studied histologically 21 days
after the immunizaton.

None of the mice treated with adjuvant alone or
immunized without PT developed myositis. We found
that a single immunization of fragments 2 or 4 induced
myositis consistently, and the mean = SD histologic
scores were 2.8 = 0.2 and 1.0 = 0.3, respectively.
Fragments 1 and 3 induced milder myositis at a lower
incidence, and the mean = SD histologic scores were
0.2 = 0.3 and 0.1 = 0.2, respectively. Because fragment
2 induced the most severe myositis, it was used as an
immunogen in subsequent experiments.

Histologic analysis of the muscles affected by
CIM showed that mononuclear cells infiltrated predom-
inantly the endomysial site, but also the perimysial and

perivascular sites of the muscle tissue (Figure 1A). Many
mononuclear cells invaded non-necrotic muscle fibers
(Figure 1B). No abnormality in cardiac muscle and other
tissues, including lung and joint tissues, was observed.
Muscle function was assessed clinically with a rotarod
device on day 21. Consistent with the histologic findings
in the muscle tissue, mice with CIM ran for a shorter
time than did control mice, indicating a reduction in
motor function (Figure 1C).

Inflammation is acute and regresses spontane-
ously in most animal models of autoimmune diseases. To
study the course of CIM in mice, muscle sections from 4
or S mice were examined at various time points after the
immunization. A small number of mononuclear cells
appeared in 30% of the muscle samples on day 7
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Figure 2. Immunohistochemical findings in muscles of mice with C protein-induced myositis. A and B, Expression of CD4 (green, fluorescein
isothiocyanate) and CD8 (red, Alexa Fluor 647) was examined. Infiltrating cells in the endomy: ial site (arrows) (A) and in the perimysial site
(arrows) and perivascular site (arrowheads) (B) were individually enumerated for calculating CD4:CD8 ratios. C-H, Expression of CD11b (C and
D), perforin (E), class [ major histocompatibility complex (F), interleukin-la (IL-1a) (G}, and tumor necrosis factor a (TNFa) (H) was examine
immunoperoxidase staining. CD11b-positive cells diffusely infiltrated the endomysial site (arrows) (C) and both the perimysial (arrows) and perivascular
sites (arrowheads) (D). Perforin-positive cells infiltrated around non-necrotic muscle fibers at the endomysial sites (arrows) (E). Muscle fibers reacted to

d with

anti-H2K® monoclonal antibodies (arrows) (F). IL-1a and TNFa were expressed on infiltrating mononuclear cells in muscles (G and H). Bars = 50 pm.
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were 1,385, 506, and 543, respectively.

(incidence 50%, mean = SD histologic score 0.6 = 0.7).
Inflammation of the muscle tissue peaked on days 14
and 21 after the immunization (incidence 100%, histo-
logic scores 2.6 = 0.3 and 2.8 = 0.2, respectively) and
started to resolve after day 28 (incidence 100%, histo-
logic score 1.4 = 0.6). On day 49, mononuclear cell
infiltration was absent from most skeletal muscles. On
days 35, 49, and 63, the histologic scores were (.5 + (0.6,
0.1 + 0.2, and 0.0 * 0.0, respectively, and the incidences
of CIM were 38%, 10%, and 0%, respectively.

Other strains of mice were immunized with frag-
ment 2 of the C protein in the same manner as in B6
mice, and the muscles were examined histologically.
Studies of 4 or 5 mice per strain showed that myositis
developed in NZB and SJI/J mice with an incidence
similar to that in B6 mice. However, the mononuclear
cell infiltration was less intense. The mean = 5D histo-
logic scores were 1.8 = 0.6 and 1.3 = 0.3 in NZB and
SIL/J mice, respectively. No inflammation was observed
in the muscles from BALB/c, DBA/1, C3H/He, or
MRL/Mp+/+ mice immunized with C protein frag-
ments.

Immunochistochemical findings in muscles of
mice with CIM. Localization of CD4 and CD8 T cells
was studied with double immnunofluorescence labeling
or immunochistochemical staining of muscle sections.
CD4 cells diffusely infiltrated the endomysial, perimy-
sial, and perivascular sites. In contrast, CD8 cells infil-
trated preferentially the endomysial site (Figures 2A and
B), which was reflected equally well in the CD4:CD8 cell

cell foci. The total mononuclear cell counts in the endomysial, perimysial, and perivascular sites

ratios. Double immnunofluorescence staining of CD4
and CD8 cells showed that the mean = SD CD4:CD8
ratios in the endomysium, perimysium, and perivascular
site were 1.0 * 0.1, 3.3 = 0.3, and 3.5 + 0.4, respectively,
which was consistent with the ratios derived from immu-
nohistochemical staining (Figure 3). The frequency of
CDS8-positive cells in endomysial sites was higher than
that in perimysial and perivascular sites, whereas the
frequencies of CD4-positive T cells were similar among
the 3 sites (Figure 3).

B cells and macrophages were identified by stain-
ing with B220 and CDI11b antibodies, respectively.
CD11b-positive cells were most abundant among the
infiltrating cells in all 3 sites (Figures 2C and D and
Figure 3). Although natural killer cells are also CD11b
positive, our analysis of CD68 and CD11b expression in
serial sections showed that 93.4 + 4.3% (mean * SD) of
CD11b-positive cells were CD68-positive cells, indicat-
ing that the majority of CD1lb-positive cells were
macrophages.

B cells were sparse in the muscle tissue, especially
in the endomysial and perimysial sites (Figure 3).
Perforin-positive cells were present mostly (82%)
around non-necrotic muscle fibers at the endomysial site
(Figure 2E) and were sparse in the perimysial and
perivascular sites (results not shown). Thus, the distri-
bution of perforin-positive cells corresponded well to
that of CD8-positive cells. When muscle fibers were
stained with anti-H2K® (class T MHC) and anti-1-A®
(class I MHC) mAb, they reacted to the anti—class I
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MHC mAb (Figure 2F) but not to the anti—class [ MHC
mAb (results not shown).

Pathologic role of CD8 and CD4 T cells in CIM.
Histologic studies have demonstrated that CD8 T cells
function as effector cells in injury of muscle fibers. To
establish the pathologic role of CD8 T cells, B6 mice
were pretreated by removal of circulating CD8 T cells
using specific mAb. Ten days after injection of the
antibodies for 3 consecutive days, CD8 T cells in the
spleens were depleted to fewer than 2%. The mice were
then immunized with C protein and treated with the
same antibodies every other day for 14 days. The
muscles were examined histologically 14 days after
the immunization, when the frequency of CD8 T cells in
the spleens and lymph nodes was still less than 2%. The
number of CD4 T cells in the spleens and lymph nodes
was maintained in the CDB-depleted mice.

Significantly fewer CD8-depleted mice developed
myositis compared with control mice, with a 33% inci-
dence of disease compared with 100% in controls (Table
1). The histologic scores of the treated mice were
significantly lower than that of the controls. It is known
that CD4 T cells help CD8 T cells develop into mature
cytotoxic T lymphocytes. They also have the potential to
injure muscle fibers. Therefore, CD4 T cells were re-
moved with specific mAb in the same manner as de-
scribed above for CD8 T cells. The pretreated mice
exhibited fewer than 2% of circulating CD4 T cells, and
were then immunized for CIM induction. They also
developed a milder myositis compared with control mice
(Table 1).

Investigation of essential immunologic mediators
in mutant mice. Mice with CIM developed serum anti-
bodies directed to C protein. They also developed
low-titer autoantibodies with a cytoplasmic pattern or
homogeneous and speckled nuclear patterns on Hep-2
staining, which proved to be nonreactive to PM-
associated autoantigens (results not shown). However,
the contribution of these autoantibodies to myositis was
unclear.

The susceptibility of B6 mice to CIM allowed us
to study the contribution of different immune mediators
to myositis using genetic mutant mice. lgu-null mutant
mice developed CIM with features and a frequency
comparable with those in control wild-type (WT) mice
(Table 1). These findings indicate that the functions of B
cells and immunoglobulins are not necessary for the
development of CIM.

Inflammatory cytokines such as IL-1 and TNFa
are known to be expressed in mononuclear cells infil-
trating the muscles of mice with PM (25,26). Our
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Table 1. Studies of the pathologic features of C protein-induced
polymyositis (CIM) and effects of treatment with intravenous immu-
noglobulin (TVIG)*

Experiment, mouse  Incidence of Muscle blocks Histologic score,

group CIM, %  involved, %t  mean = SD

CD8§ depletion

CDB-depleted 3 25 0.6 = 1.0¢

Rat IgG-injected 100 100 1.9 =06
CD4 depletion

CD4-depleted 60 50 0.7%07¢

Rat IgG-injected 100 100 20x04
Igp-null

Tgu™"" 100 95 1.7=0.6

wT 100 100 21 =07
TL-1-null

IL-la/B™"" 14 7 0.1 02§

wT 100 100 21x05
TNFa-null

TNFa™" 50 80 1.9 1.0

WT 100 90 23x06
VIG

1VIG-injected 43 36 0.6 =1.1%

Saline-injected 100 100 23+10

* Mice were immunized with 200 pg of the recombinant C protein
fragments and then cxamined histologically 14 or 21 days after
immunization. For in vivo depletion of CD8 or CD4 T cells, 5 or 6 B6
mice were treated intraperitoneally with anti-CD8 or anti-CD4 mono-
clonal antibodies, while 5 or 6 control mice were treated with purified
rat IgG. To demonstrate the requirement for humoral immunity, the
presence of interleukin-1 (IL-1), and the f e of tumor i
factor o (TNFa) for the development of CIM, 5 Igu-null mutant mice,
7 1L-la/B-null mutant mice, 5 TNFa-null mutant mice, and 5 wild-
type (WT) B6 mice were studied. IVIG was administered at a dosage
of 400 mg/kg/day intravenously into the tail vein for 5 consecutive days,
from day 3 after immunization. Seven mice were treated with IVIG
and 6 with control saline,

t Calculated as the number of muscle blocks showing myositis divided
by the total number of blocks.

t P < 0.05 versus control group.

§ P < (.01 versus control group.

immunohistochemical analyses showed that these in-
flammatory cytokines were also found in mice with CIM
(Figures 2G and H). We then studied whether the
presence of IL-1 and TNFa is required for the develop-
ment of CIM, using 1L-1a/B double-null mutant and
TNFo-null mutant B6 mice. Most IL-1a/B-null mutant
mice did not develop myositis, and those that did have
myositis developed a mild form (Table 1). The rotarod
score of 7 for the TL-1a/B-null mutant mice was signif-
icantly higher than that for the 6 WT mice (mean = SD
score 4.7 = 0.5 versus 1.3 = 0.5; P < 0.01). In contrast,
TNFa-null mutant mice were as susceptible to CIM as
the control mice, and the TNFa-null mice had a similar
incidence and severity of myositis (Table 1). These
results indicate the differential requirements for the
roles of IL-1 and TNFa in the development of CIM.
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Effects of high-dose IVIG treatment. Infusion of
high-dose IVIG is effective treatment of inflammatory
myopathies that are refractory to conventional immuno-
suppressants (27-29). Although several mechanisms of
action for IVIG have been proposed, they have not been
fully characterized. One possibility is that IVIG acts via
suppression of pathogenic immunoglobulins and B cells,
Thus, whether this treatment improves CIM, which does
not depend on humoral immunity for tissue injury, is of
special interest. When mice with CIM were treated with
high-dose [VIG (400 mg/kg) for 5 consecutive days,
beginning 3 days after immunization, the incidence and
histologic severity of CIM were suppressed significantly
compared with that in control, saline-injected mice
(Table 1).

DISCUSSION

CIM was established as a simple murine model of
PM. A single injection of mice with recombinant human
muscle protein induced severe and clinically significant
inflammation of the skeletal muscles. CD8 T cells were
enriched in the endomysial site (the site of muscle
injury) as compared with their distribution in other sites
of the mouse muscle. CD8 cells expressed perforins
preferentially at the endomysial site, Class [ MHC
expression was up-regulated on the muscle fibers. Re-
moval of CD8 T cells significantly suppressed myositis.
Thus, muscle injury in CIM appears to be driven,
primarily, by cytotoxic CD8 T cells, as is assumed in
human PM. In this regard, the new model provides a
clear contrast to the previous EAM model, which ap-
pears to be driven by CD4 T cells. Induction of EAM
requires repeated immunization with a specific mouse
strain having a dysferlin gene mutation that induces
spontaneous muscular degeneration and inflammation.
Sensitivity of B6 mice to CIM prompted the initiation of
genetic studies of the pathologic mechanisms of auto-
immune myositis, which would provide information for
the development of new treatments.

Muscle tissues from mice with CIM contained
more CD4 T cells and macrophages than are found in
patients with PM, which may reflect the acute discase
course of CIM. Although we observed critical participa-
tion by CD8 T cells, CD4 T cells were also important in
the development of CIM. In this regard, it has been
shown that the actions of CD4 T cells are essential for
full differentiation of cytotoxic CD8 T cells (30,31).
Alternatively, CD4 T cells may also injure muscle tissues
directly. This issue should be addressed further in future
experiments.
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Severe inflammation was found consistently in
the proximal muscles of the lower extremities, but not in
other sites. Although injection of CFA alone did not
induce myositis, we assume that activation of local
innate immunity by injection of the foot pad with CFA
would contribute to induction of severe myositis. Unlike
inflammation in human PM, inflammation in other
myositis models, such as EAM and cardiac myosin—
induced myocarditis, is transient (32,33). Because lipo-
polysaccharide injection in the recovery phase of exper-
imental myocarditis can induce a relapse of
inflammation (33), unknown factors might perpetuate
the chronic disease in humans.

An elevation in the levels of creatine kinase (CK)
was found in the mice with CIM. However, since some
mice, including healthy animals, have unexpectedly high
levels of CK, this elevation could be attributed to
uncontrollable hemolysis. Lung involvement in some
patients is characteristic of PM and also of dermatomy-
ositis (DM), However, no abnormality in the lungs was
observed in the mice with CIM. Considering the fre-
quency of lung disease in PM (34), we may have to
undertake extensive studies of this issue using a large
number of animals.

Recombinant C protein was used to confirm its
immunogenicity, as suggested in a rat myositis model
induced by biochemically purified C protein (19). Large-
scale production of recombinant C protein fragments in
the prokaryotic expression system facilitated multiple
experiments to optimize an immunization protocol and
to analyze the pathologic features of myositis. Since at
least 200 pg of the immunogen had to be injected to
induce CIM consistently, we needed to use the back and
foot pads of the mice for immunization.

The rotarod test was useful to assess muscle
function in the mice with CIM at a single time point.
Analysis by Spearman’s rank correlation coefficient
showed that the rotarod score correlated well with the
histologic score (P < 0.001). However, this test was less
useful in evaluating the disease course in these mice,
because the mice could learn how to run for a longer
period of time when the test was repeated. We believe
that the device should be improved so that muscle
function or weakness can be evaluated in an easier way.

Unlike in the EAM model, many strains of mice,
including SJL/J mice, were susceptible to CIM. This fact
confirms the immunogenicity of the C protein and
suggests that mouse strains may have their own hierar-
chy of susceptibility to myositis.

Our observations of CIM induced in the B6 mice
with mutations in inflammatory cytokine genes demon-
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strated the importance of IL-1, but not TNFa, in the
development of myositis. Previous histologic studies of
PM muscle tissue showed that IL-1 and other proinflam-
matory cytokines, including TNFa, IL-6, and
interferon-y, are expressed by mononuclear cells in the
affected muscle tissue (25). IL-1 expression by mono-
nuclear cells accompanies expression of class I MHC
molecules on the muscle fibers and expression of adhe-
sion molecules, such as intercellular adhesion molecule
1 and vascular cell adhesion molecule 1, on endothehal
cells in muscle (35). Thus, we assume that IL-1 expres-
sion of activated macrophages up-regulates expression
of the class | MHC molecules, as well as that of adhesion
molecules and chemokines, on muscle fibers, endothelial
cells, and inflammatory cells. All of these molecules can
trigger CD8-mediated muscle damage. Other studies
have shown that antigen-specific T cell responses are
impaired in [L-1¢/g double-null mutant mice (36,37). In
the autoimmune myocarditis model, IL-1 is important
for efficient activation of dendritic cells (DCs) and
priming of CD4 T cells (38). IL-1 may also contribute to
activation of DCs and interacting T lymphocytes.

Similar to IL-1, TNFe« induces expression of class
I MHC molecules on muscle fibers and expression of
adhesion molecules on endothelial cells (39,40). The
results of one report suggested that TNFa released from
infiltrating CD8 T cells in PM muscles was responsible
for the muscle damage (26). However, we found that
CDS8 T cells can induce typical myositis without TNFa.
In this regard, experimental myocarditis is suppressed in
both IL-1 receptor- and TNFa receptor-null mutant
mice (38,41), and this model is mediated by pathogenic
CD4 T cells (33,38). Thus, it is important to note the
differences between the 2 murine myositis models.

Our results do not necessarily refute the idea that
TNFa is a therapeutic target in PM. Clinical findings
from sporadic reports suggest that some patients with
PM respond to systemic delivery of anti-TNFa mAb
(42). This fact and our results are similar to the findings
in collagen-induced arthritis (CLA), which is an animal
model of RA. TNFa-null mutant mice are susceptible to
CIA (43), but inhibition of TNFa can improve the
disease (9). Development of arthritis is suppressed in
[L-1a/B double-null mutant mice (37). Studies are in
progress to investigate the therapeutic effects of IL-1 or
TNFa blockade in CIM.

A high dose of IVIGs, pooled from the plasma of
healthy donors, is commonly administered as treatment
in patients with autoimmune disorders (44). After an
initial study showing that a patient with refractory PM
was successfully treated with IVIG (29), the efficacy has

SUGIHARA ET AL

been confirmed by a number of studies of patients with
PM and DM (27,28). Currently, IVIG therapy is the only
treatment that does not induce general immune suppres-
sion. The same treatment exerted a minor therapeutic
effect in SJL/J mice in the myositis model (45). Although
immunoglobulins are derived from human sera, the
effect was not due to nonspecific immunomodulation by
a xenogenic protein.

We found that IVIG treatment was markedly
effective in CIM, suggesting its relevance as a model for
human PM. When the treatment was started 8 days after
immunization of the mice, the therapeutic effect ap-
peared milder (results not shown). The mode of action
of IVIGs could vary, and all of the mechanisms have not
been fully characterized (46-48). Modulation of crystal-
lizable fragment Fey receptor 1Ib on phagocytes appears
to be the primary mechanism for an increase in platelet
counts in patients with immune thrombocytopenia (49).
Theoretically, the treatment could also down-regulate
activating Fcy receptors, increase 1gG catabolism, neu-
tralize autoantibodies and inflammatory cytokines, at-
tenuate complement-mediated tissue damage, and mod-
ulate cytokine production by B cells and monocytes.
Because development of CIM does not depend on B
cells or antibodies, the efficacy of IVIG treatment for
this model suggests that down-regulation of B cells or
autoantibody-mediated processes are not a prerequisite
to achieve improvement of PM. Further evaluation
should lead to identification of key molecules for the
effect of IVIG and development of new treatments that
target defined molecules.

Our new model mimics human PM and provides
a useful tool to investigate its pathologic mechanisms. It
holds promise for identification of specific targets that
will lead to the development of new therapeutic ap-
proaches in the treatment of PM, and will also be useful
for confirming the efficacy of these treatments.
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Abstract

Activated microglia and astrocytes have been implicated in the course of multiple sclerosis (MS) and its animal model: experimental
autoimmune encephalomyelitis (EAE). MW01-5-188WH is a novel drug that selectively inhibits glial activation in the central nervous system
(CNS). We report here that MW01-5-188WH is effective to ameliorate the severity of myelin oligodendrocyte glycoprotein (MOG)-induced EAE.
Daily oral administration of MWO01-5-188WH at 5 mg/kg body weight reduced the clinical scores of EAE mice while having no influence on the
disease incidence or animal mortality. Pathological examination revealed reduced numbers of microglia and astrocytes in the spinal cord of MWO1-
5-188WH-treated EAE mice. Moreover, MW01-5-188WH suppressed the release of key chemokines, which are involved in MS pathology, from
cultured microglia and astrocytes. Taken together, our results indicate that treatments that suppress the activation of microglia and astrocytes

should be pursued in future research for their potential as avenues for the treatment of MS.
© 2007 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Astrocytes; Ct ki Experi 1

encephalomyelitis; Glial activation; Microglia; Mouse; MWOI1-5-188WH; Spinal cord

1. Introduction

Multiple sclerosis (MS) and its animal model, experimental
autoimmune encephalomyelitis (EAE), are inflammatory dis-
cases of the central nervous system (CNS) characterized by
localized areas of demyelination. The current pathophysiological
concept of MS includes genetic and environmental factors as
well as a dysfunction in immune regulation. Recent studies have
shown the importance of the local environment, especially the
activation of glial cells during MS (Ponomarev et al., 2005;
Tanuma et al., 2006; Farina et al., 2007). For example, in the gray
matter of spinal cord in EAE mice, there are activated astrocytes
with increased expression of glial fibrillary acidic protein
(GFAP; Liedike et al., 1998) and activated microglia with
increased expression of membrane attack complex-1 (Mac-1;
Aharoni et al., 2005). These activated glia produce nitric oxide

* Corresponding author. Tel.; +81 42 325 3881; fax: +81 42 321 B678.
E-mail address: harada@tmin.ac.jp (T. Harada),

(NO), proinflammatory cytokines [interferon-y (IFN-y), tumor
necrosis factor-@ (TNF-a), etc.] and chemokines thal may
contribute to disease progression and related oligodendrocyte
cell death (Hisahara et al., 2001; Tanuma et al., 2006; Xu and
Drew, 2006). Several chemokines regulated on activation, such
as normal T cell expressed and secreted proteins (RANTES),
interferon—y-inducible protein of 10 kDa (IP-10) and monocyte
chemoattractant protein (MCP-1), are reported to be upregulated
in both MS (Balashov et al., 1999; Van Der Voom et al., 1999) and
EAE (Godiska et al., 1995; Glabinski et al., 1997; Juedes et al.,
2000). Consistently, these key chemokines have been linked to
the clinical severity of MS and EAE (Godiska et al., 1995;
Glabinski et al., 1997; Karpus and Kennedy, 1997; Miyagishi
et al., 1997; Balashov et al., 1999; Van Der Voo et al., 1999;
Juedes et al., 2000). Thus, chemokine production can be used asa
marker for microglia/astrocyte activation during MS or EAE.
MWO01-5-188WH, an orally bioavailable and brain-pene-
trating small molecule compound that is a novel CNS
experimental therapeutic that targets glial activation (Ralay
Ranaivo et al, 2006). MWO01-5-188WH suppressed the

0168-0102/$ — see front matter © 2007 Elsevier Ireland Lid and the Japan Neuroscience Society. All rights reserved.
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lipopolysaccharide (LPS)-induced increase of proinflammatory
cytokines, IL-18 and TNF-a, in BV-2 microglia cell line. In
addition, MWO01-5-188WH effectively suppressed human
amyloid-B-induced glial activation and the increased produc-
tion of proinflammatory cytokines in the hippocampus in vivo,
with a resultant attenuation of synaptic dysfunction and
improvement in hippocampus dependent behavioral deficits
(Ralay Ranaivo et al., 2006). Previous studies have shown that
other drugs with mechanisms of action that are different from
MWO01-5-188WH, such as indomethacin and minocycline, also
inhibit microglial activation and restore or increase hippo-
campal neurogenesis (Ekdahl et al., 2003; Monje et al., 2003).
However, to our knowledge, there was no report demonstrating
an effect on EAE of a drug that inhibits glial activation.
Considering the fact that activation of microglia and astrocyte is
implicated in the pathogenesis of MS and EAE (Liedtke et al.,
1998; Aharoni et al., 2005; Tanuma et al., 2006), it would be of
great interest to know whether MWO01-5-188WH or future
refined analogs of this new class of compounds might be
effective for MS. To determine this possibility, we examined the
effect of MW01-5-188WH on myelin oligodendrocyte glyco-
protein (MOG)-induced EAE mice. Our data showed that
MWO1-5-188WH ameliorated the severity of EAE by
inhibiting the activation of glial cells.

2. Materials and methods

2.1. Mice

Female C57TBL/6) mice were obtained from the CLEA Japan (Tokyo, Japan)
and maintained at the animal facilities of the Tokyo Metropolitan Institute for

diethylether and perfused transcardially with saline, followed by 4% paraf-
ormaldehyde in 0.1 M phosphate buffer containing 0.5% picric acid. The
lumbar spinal cords (L.1-1.3) were removed and postfixed in the same fixative
for2hatd “Candi iin 30% in 66 mM phosphate buffer (PB:
pH 7.4). Then the spinal cords were embedded in optimal cutting temperature
(OCT) compound (Tissue-Tek, Tokyo, Japan) and frozen on dry ice. Cryostat
sections (10 pm) were cut coronally and collected on MAS-coated slides
(Matsunami, Osaka, Japan). For pathological study, sections were stained
with Luxol fast blue (LFB) followed by hematoxylin and eosin (H&E).
Immunchistochemistry was performed as previously described (Harada
et al., 2006), Briefly, the sections were blocked with phosphate-buffered
saline (PBS; pH 7.4) containing 1% normal horse serum and 0.4% Triton-X
100 for 1 h at room temperature. They were incubated overnight at 4 °C with
the following primary antibodies: rabbit anti-ibal (1.0 pg/ml; Harada et al.,
2002), rabbit anti-GSTw (2.0 pg/ml; Medical and Biology Lab, Nagoya,
]npnn} and mouse antl-GFﬁP (50 pg/ml; Progen, Heidelberg, Germany),
for dendrocytes and astrocyles, respectively. The
sections were then mt.uh;ued with Cy-2-conjugated donkey anti-mouse 1gG
(Jackson ImmunoResearch, West Grove, PA), Cy-2-conjugated donkey anti-
rabbit IgG (Jackson ImmunoResearch) or DAKO EnVision (DAKO,
Glosu'u'p. Denmark) and DAB substme kit (DAKO). In some experiments,
ining was perfi d using Hoechst 33342 (10 pM; Invitrogen,

Carlsbad, CA)

2.4. Microscopy and quantification

Stained sections were examined with a microscope (BXS51; Olympus,
Tokyo, Japan) equipped with Plan Fluor objectives connected to a DP70 camera
(Olympus). To quantify immunostaining results, three sections from the spinal
cord L1-1.3 of each mouse were examined, with three mice per experimental
group, for a tolal of nine sections per experimental group. Digital images from a
same area (0,143 mm?) of the middle region of the ventral horn were captured,
and ibal+, GFAP+, GSTm/Hoechst 33342 double-stained cells in each group
were counted from the images. The counting results for each group were
averaged and expressed as mean percentage changes compared with age-

Neuroscience. All mice were 6 weeks of age at the time of immunization.
Animal were perfi d in accord, with the Tokyo Metropolitan
Insti for N i Guidelines for the Care and Use of Animals,

2.2. EAE induction, MWO1-5-188WH administration and clinical
scoring

EAE was induced by immunization with rat MOG;,_,, pe'pudc {l\{E\"G—
WYRSPFSRVVHLYRNGEK) synthesized by an
(model PSSM-8; Shimazu, Kyoto, Japan). Mice were m]u:ted !nhu:utmnuusly
at one side of the flanks with 200 pg of rat MOG in complete Freund’s adj
(Difco Laboratories, Detroit, MI) and 500 pg of Mycobacterium tuberculosis
H37 RA (Difco). An identical booster was given at the other flank 1 week later,
Mice also received intraperitoneal injections of 500 ng pertussis toxin (Seika-
gaku, Tokyo, Japan) in 200 ! PBS immediately after the first MOG injection
and 48 h later. MOG-i ized mice were admini d by oral gavage either
MWO01-5-188WH (5 mg/kg, treated group) or diluent (10% DMSO, vehicle
group) in a 5% acacia suspension once daily according to the following

hedules: 1, solely in the induction phase (d0-d12); 2
treatment solely in the effector phase (d13-d30); 3, teatment throughout the
whole period of the experiment (d0-d30).

Mice were scored daily for signs of EAE on a scale of 0-9 using the
following criteria: 0, no clinical signs; 1, partial tail paralysis; 2, complete tail

hed normal group.

2.5, Cell culture

Primary astrocyte and microglia cells were obtained as previously reported
(Ohsawa et al., 2007), Cerebral cortices from |- to 3-day-old C57BL/6 mice
were excised, meninges i and i d into small pieces.
Subsequently, the tissue was dissociated by incubation with 0.25% trypsin at
37 °C for 15 min, and the lissue suspension was tri d to yield a
single cell suspension. The cells was centrifuged for 5 min at 800 rpm and
seeded on a 75 cm? tissve culture flask in Dulbecco'’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS), Complete confluence was
reached in 7-10 days at 37 *C/5% CO;. Flasks were then shaken 2 h (150 rpm at
37°C) in a temperature-controlled shaker to loosen microglia and oligoden-
drocytes from the more adk ytes. These less adh cells were
plated for 2 h and then lightly shaken to separate oligodendrocytes from the
more  adherent  microglia. ia were secded in 96-well plates
(2.5 % 10* cells/well) and incubated 2 h at 37 “C/5% €O, before stimulation.
After shaking to remove microglia and oligodendrocytes, astrocytes were
recovered by trypsinization, seeded in 96-well plates (3 x 10° cells/well)
and cultured for 2 days. The above microglia and astrocytes were treated in
serum-free media for 16 h either with no stimulus or one of the following three
stimuli: LPS (2500 ng/ml), IFN-vy (250 ng/ml) and TNF-x (250 ng/ml), in the

paralysis; 3, impairment of righting reflex; 4, partial hind limb paralysis; 5,
complete hind limb paralysis; 6, partial body paralysis; 7, partial forelimb

r of diluent or MWO1-5-188WH (7.5 and 75 pM for microglia and
astrocyte, respectively). Stock solutions (20 mM) of MWO1-5-188WHWH are

paralysis; 8, complete forelimb paralysis or moribund; 9, death.

2.3. Spinal cord pathology and immunohistochemisiry

On day 30 after immunization, age i normal non-i ized mice
(normal group), vehicle group and treated group mice were anesthetized with

d in DMSO. Solutions for cell were prepared by dilution of
stock solutions into serum-free media immediately before adding to the cells.
Finally, tissue culture supernatants were collected and § d for enzy
linked immunosorbent assay (ELISA) assays. Control wells contained the same
final concentration of DMSO as the compound-containing wells, and the cell
viability after was determined by Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan).
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Fig. 1. Effect of MWO1-5-188WH on the severity of MOG-induced EAE mice, Mice were orally administrated with MWO01-5-188WH (5 mg/kg) or vehicle (10%
DMSO in DW) in a 5% acacia suspension in three time frames: the whole experiment period (d0—d30; A), the induction phase (d0-d12; B) and the effector phase
(d13—d30; C), and daily mean clinical courses of EAE in mice were shown. When mice were treated for the whole experiment period (A), significant difference in
clinical scores between the treated group and vehicle group was found from d20 to d30. When mice were treated only in the induction period (B) or the effector period
(C), although no significant differences were found for both two treatments, a tendency of lower scores was found in the effector phase treatment (C). d, days after
immunization. “p < 0.05.

2.6. Quantitative real-time PCR analysis of chemokines in vivo
O Vehicle
A quantitative reverse transcription-polymerase chain reaction assay (qRT-
PCR) was performed to measure the expression levels of three chemoking
mRNA transcripts (MCP-1, RANTES and TP-10) in the spinal cord as pre-
viously reported (Namekata et al., 2006). Total RNA of lumbar spinal cords
(L1-L3) freshly dissected from normal, vehicle and MWO01-5-188WH-treated
EAE mice, which were sacrificed on day 30 after immunization, was extracted
with Isogen (Nippon Gene, Tokyo, Japan) according to manufacture's protocol.
Resultant RNA was treated with DNase (RQ1 RNase-free DNase, Promega,
Madison, WI) and reverse-transcribed with Revertra ace (Toyobo, Osaka,
Japan) to obtain ¢cDNA. Quantitative RT-PCR was performed with the ABI
7500 fast real-time PCR system (Applid! Bimyslcau. Fmt:r City, CA) \mh
SYBR Green PCR Master Mix (Applied Biosy g to
turer’s protocol. Thermocycling of each reaction was pcrformed with each
primer at a concentration of 100 nM (RANTES: forward primer 5-GCC CAC
GTC AAG GAG TAT TT-3, reverse primer 5-TGA CAA ACA CGA CTG
CAA GA-3"; IP-10: forward primer 5'-GCT GCA ACT GCATCC ATATC-3,
reverse primer 5-TTT CAT CGT GGC AAT GAT CT-3'; MCP-1: forward

B MW01-5-188WH

cpm

primer 5'-AAC TGC ATC TGC CCT AAG GT-3', reverse primer §'-ACG GGT
CAA CTT CAC ATT CA-3'). The following protocol was used: denaturation
program (95 °C for 3 min), followed by the amplification and quantification
program (935 °C for 15 s and 60 °C for 30 s) repeated for 50 cycles. The PCR
quality and specificity were verified by melling curve analysis. A standard curve
of cycle thresholds using serial dilutions of cDNA samples were used to calculate
the relative abundance. The differcace in lhcmhalammo{uulmbawm

] 1 L J

0 10 kL] 100

MOG34 (mg/mi)
Fig. 2. Effect of MWD1-5-188WH on proliferative responses of MOG-specific

T cells. Proliferative mpocms of lymph node cells (3 x 10° celle/well) to
MOGnthemdnmd were d 12 days after MOG

the samples was normalized in every assay using a glyceraldehyde-3-phosp

ization. No s:gniﬁmn.'( difference was found between the two groups.
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dehydrogenase (G3PDH) gene expression as an internal standard (forward primer
5-TGC ACC ACC AACTGC TTA G-3', reverse primer 5'-GGATGC AGG GAT
GAT GTT C-3).

2.7. ELISA

Chemokine (RANTES, MCP-1, IP-10) levels in cell culture media were
determined by ELISA according to the manufacturer’s instructions (BioSource,
Camarillo, CA; R&D Systems, Minneapolis, MN). Optical densities were
measured using a Model 550 microplate reader (Bio-Rad, Hercules, CA) at

LFB &
HE

Hoechst

v ehlde

450 nm. Chemokine concentrations in media were calculated from standards
containing known concentrations of the proteins.

2.8. Proliferaiion assay

Proliferative responses of lymph node (LN) cells from vehicle and MW01-
5-188WH-treated mice were assayed in microtiter wells by uptake of [*H]thy-
midine in accord with the procedure reported elsewhere (Arimoto et al., 2000).
After washing with PBS, LN cells (3 x 10° cells/well) were cultured with given
concentrations of MOGis_ss for 3 days, with the last 18 h in the presence of

MW01-5-188WH
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Fig. 3. Effect of MWO1-5-188WH on the extent of dem ion and oligodend

vehicle

MWOI-5-188WH

yte cell death in EAE mice. (A-C) Representative LFB- and H&E-stained region

of lateral funiculus of spinal cords from non-EAE normal (A), vehicle {B] and MWO1-5-188WH (C)-treated EAE mice. (D-F) GST and Hoechst33342 double-
stained region of gray matter of spinal cords from non-EAE normal (D), vehicle (E)- and MWO01-5-188WH (F)-treated EAE mice. (G) Quantification of
oligodendrocytes presented as percentage of normal. Results of three independent animals are presented as mean + 5. E.M. Note the increased oligodendrocyte
number after MWO01-5-188WH treatment. Scale bar: 100 pm in (A-C) and 70 pm in (D-F). "p < 0.05
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0.5 uCi [*H]thymidine (GE Healthcare Bioscience, Tokyo, Japan). The cells
were harvested on glass-fiber filters, and the label uptake was determined using
standard liquid scintillation technigues

2.9, Statistics

Data are presented as mean + S EM. except otherwise noted. Student’s (-
lest was used to estimate the significance of difference in results. Statistical
significance was accepted at p < 0.05.

3. Results
3.1. Effect of MWO0I-5-188WH on clinical course of EAE

We examined the effect of MWO01-5-188WH by daily oral
administration from 0 to 30 days after the disease induction
(d0—d30). Clinical signs of EAE in vehicle and MWO1-5-
188WH-treated groups developed 13.5+0.8 (n=15) and
12.6 + 0.4 (n = 17) days after the first MOG immunization, and
no significant difference was found between the groups
(p=0.168, Fig. 1A). On the other hand, the daily mean
clinical scores were lower in the MWO1-5-188WH-treated
group compared to the vehicle group, but significant differences
were first detected at d20 ( p = 0.009). The mean clinical scores
of the vehicle and treated groups on d30 were 5.2 +0.4 and
3.6 £+ 0.5, respectively (p=0.012).

The initial immunopathological event of EAE starts when
auto-reactive T cells in the systemic immune compartment are
activated through the recognition of their specific antigen
(induction phase), which finally leads to a stimulation of
microglia/astrocytes in the central nervous system (effector
phase) (Magnus and Rao, 2005). So, we next examined the
effect of MWO01-5-188WH on the antigen-specific T cell
proliferation and representative data from one mouse of each
group was shown in Fig. 2. Freshly isolated T cells from the
drug- and vehicle-treated mice both responded to MOG at any
of the concentrations tested, but no significant difference was
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found between the two groups. This result indicates that
MWO01-5-188WH does not modulate the immune response in
EAE mice at a dose that alters clinical presentation.

We also examined the effect of MWO01-5-188WH in two
different time frames, namely in the induction phase (d0-d12)
and in the effector phase (d13-d30). When EAE mice were
treated solely in the induction phase, no significant difference
of clinical scores was found in vehicle and MWO01-5-188WH-
treated groups (Fig. 1B). When mice were treated in the effector
period, although no significant differences was detected, a
tendency of lower scores was found in the MWO01-5-188WH-
treated group (Fig. 1C). These results suggest that MWO01-5-
188WH ameliorates the severity of MOG-induced EAE by
mainly inhibiting the glial activation in the effector phase.

2. Effect of MWO0I1-5-188WH on pathology of EAE

We next examined the histological basis of MWOI-5-
188WH’s protective effect on the EAE clinical score. LFB and
H&E staining showed that MOG immunization induced
inflammation and demyelination in the mouse spinal cord
(Fig. 3A-C). Numerous inflammatory cell infiltrates were
observed in the white matter of the spinal cord in the vehicle
group (purple dots in Fig. 3B) relative to that in the normal
group (Fig. 3A). And areas containing myelin were decreased
in the vehicle group compared with that in the normal group
(blue areas in Fig. 3A and B). MWO01-5-188WH treatment
significantly reduced inflammation and demyelination
(Fig. 3C). In addition, this improvement was accompanied
by an increased survival rate of oligodendrocytes in the treated
group (Fig. 3F) compared with the vehicle group (Fig. 3E).
Quantitative analysis revealed that the percentage of surviving
GSTw-positive oligodendrocytes increased from 39 + 7% in
the vehicle group to 60 + 3% in the treated group (p < 0.05,
Fig. 3G). These results suggest that MWOI1-5-188WH
improved pathology of MOG-induced EAE by suppressing
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Fig. 4, Effect of MWO01-5-188WH on glial activation in EAE mice. Representative ibal (A-C)- and GFAP (D—F)-stained region of gray matter of spinal cords from
non-EAE normal (A and D), vehicle (B and E)- and MWO1-5-188WH (C and F)-reated EAE mice. Scale bar: 50 pm.
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inflammation, demyelination and depletion of oligodendro-
cyles.

3.3. Effect of MWOI-5-188WH on the activity of microglia
and astrocytes in EAE

Microglia and astrocytes in the spinal cord are activated
upon EAE induction (Liedtke et al., 1998; Aharoni et al.,
2005). We determined these phenomena in our EAE model,
and found that the number of ibal-positive microglia was
increased (Fig. 4B) compared with the normal group
(Fig. 4A). Since MWO1-5-188WH selectively inhibits the
activation of glial cells (Ralay Ranaivo et al., 2006), we next
examined its effect on microglial activation in our EAE
model. Daily oral administration of MWO0I1-5-188WH
decreased the number of microglia from 650 £ 7% in the
vehicle group to 340 + 13% (p = 0.003, Fig. 5A). Activated
form of microglia was also decreased by this treatment
(Fig. 4C). Similarly, the number of GFAP-positive astrocytes
was increased upon EAE induction (Fig. 4E) compared with
that in the normal group (Fig. 4D). MWOI-5-188WH
treatment also suppressed the increase from 242 + 7% in
the vehicle group to 158 + 2% in the treated group ( p = 0.002,
Figs. 4F and 5B). Taken together, these results suggest that
MWO01-5-188WH treatment had inhibitory effects on the
activity of microglia and astrocytes in EAE.

3.4. Effect of MWO01-5-188WH on chemokine production in
vive and in vitro

Activated microglia and astrocytes produce various chemo-
kines such as RANTES, IP-10 and MCP-1 that have been
shown to contribute to the disease progression of MS and EAE
(Balashov et al., 1999; Juedes et al., 2000). To determine
whether MWO01-5-188WH suppresses the in vivo increase in the
concentration of these three chemokines, we first investigated
the chemokine production levels in the spinal cord. When EAE
was induced, all three chemokines’ mRNA transcripts in the
spinal cord were increased as shown in Fig. 6. While there was a
tendency of lower expression levels of three chemokines in
MWO01-5-188WH-treated mice, no significant difference was
found compared with the vehicle group. Since this method may
mask the effect of MWO01-5-188WH on chemokine productions
in glial cells, we next examined its effect directly on cultured
microglia and astrocytes. We prepared primary cultured
microglia and astocytes, and stimulated them with LPS,
IFN-y or TNF-a in the presence or absence of compound.
Release of RANTES was increased by all three stimuli and
MWO1-5-188WH significantly suppressed its release from both
microglia (Fig. 7A) and astrocytes (Fig. 8A). MW01-5-188WH
also suppressed the release of IP-10 from astrocytes (Fig. 8B),
but it was effective only when stimulated by TNF-a in
microglia (Fig. 7B). Similar variance was observed for MCP-1.
MWO01-5-188WH suppressed its release when stimulated by
LPS or IFN-y in microglia (Fig. 7C), whereas it was effective
for LPS and TNF-a in astrocytes (Fig. 8C). MWO01-5-188WH
and all three stimuli did not kill microglia and astrocytes (data
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Fig. 5. Effect of MWO1-5-188WH on glial cell number in EAE mice. Quanti-
tative analysis of cell number in microglia (A) and astrocytes (B) in EAE mice
p d as p ge of 1. Results of three independent experiments
are presented as mean + S.EM. Note the decreased number in microglia and
astrocytes after MWOI1-5-188WH treatment. "p < 0.05.
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not shown), indicating that the suppression of chemokine
release by MWO1-5-188WH was not due to its effect on cell
viability. These results suggest that MW01-5-188WH, at least
partially, suppresses the number and activity of microglia and
astrocytes, which may lead to the improvement of clinical signs
and pathology in EAE.

4, Discussion

The initial immunopathological event of EAE and MS starts
when auto-reactive T cells in the systemic immune compart-
ment are activated and cross the blood-brain barrier and re-
encounter their antigen (Magnus and Rao, 2005). This
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Fig. 6. Effectof MWO1-5-188WH on chemokine production in vive. mRNA expression levels of RANTES (A), IP-10 (B) and MCP-1(C) in the spinal cords dissected
from different treatment groups were measured by quantitative RT-PCR. Data in vehicle- and MW01-5-188WH-treated groups were normalized according to those in

the normal group.

encounter leads to a reactivation and expansion of the auto-
reactive T cells that in turn stimulates microglia/astrocytes to
increase their activities, to release more proinflammatory
cytokines and chemokines. The release of these mediators
induces demyelination and axonal degeneration. Based on the
fact that MS and EAE are inflammatory diseases associated
with activated glial cells, interventions targeting the immune
response or the reactive glia seem to be possible. Over the last
decades, changing the direct immune response has been the
main strategy of multiple studies (Matsumoto and Fujiwara,
1993; Aharoni et al., 2005). And the current treatment of MS is
based on immune modulators such as glatiramer acetate
(Neuhaus et al., 2000; Kieseier and Hartung, 2003) or immune
suppressors such as mitoxantrone (Hartung et al., 2002).
However, almost no pharmacological study has been done on
the treatment of EAE with reactive glial cells as the main
targets. In the present study, we focused on a therapeutic
strategy on targeting reactive glia using a novel CNS drug that
has never been applied for EAE. We tested whether the
administration of MWO0I1-5-188WH is effective for the
treatment of EAE.

MWO01-5-188WH is a novel CNS drug designed to target
glial activation (Ralay Ranaivo et al., 2006). Our in vivo results
showed that the oral administration of MWO01-5-188WH
reduced both the clinical and pathological severities of EAE.
MWO01-5-188WH has been demonstrated in vivo to effectively
suppress human amyloid-B-induced glial activation and

decrease the production of proinflammatory cytokines in the
hippocampus. In our present study, consistent with previous
studies (Liedtke et al., 1998; Aharoni et al., 2005), activation of
microglia and astrocytes was observed in the spinal cord of
EAE mice. MWO01-5-188WH administration at 5 mg/kg
inhibited this glial activation, and resulted in the improvement
of clinical scores and a partial rescue of oligodendrocytes from
cell death. On the other hand, MW01-5-188WH administration
at this low dose did not alter the proliferation response of T
cells from mice immunized with MOG. Furthermore, the drug
administered during the induction phase had no effect on the
severity of EAE. Thus, this drug does not seem to have major
effect on the immune system at an effective dose that brings
about attenuation of glial activation. Certainly, no significant
differences were found when MWO01-5-188WH was admini-
strated in the effector phase (d13-d30) solely, but glial
activation might have been partially induced in the “initiation
phase”, especially during d10-d12, in animals demonstrating
EAE signs before d13 (Fig. 1C). Another concemn is that
selectivity of pharmacological effects on activation of T cells
or B-cells over a range of doses remains to be determined for
the drug candidate compound MWO01-5-188WH. Craft et al.
(2006) previously showed in early integrative chemical
biology studies that the bioavailable compound MWOI-
070C could suppresses CNS inflammatory responses at doses
that did not suppress peripheral immune responses including T
cell and B cell activation. Taken in their entirety, the available
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Fig. 7. Effect of MW01-5-188WH on chemokine production by microglia. Cells were treated for 16 h with or without 7.5 pM MWO01-5-188WH under non-
stimulation, or stimulation with LPS (2500 ng/ml), IFN-y (250 ng/ml) or TNF-a (250 ng/ml). RANTES (A), IP-10 (B) and MCP-1 (C) levels were determined in
culture medium by ELISA. Values represent the mean + S.E.M. for a representative experiment run in quadruplicate. Note the decreased chemokine production by

microglia after MWO1.5-188WH treatment. NS, no stimulus; ND. non-detectable. "p < 0.03, "p < 0.01,

data provide a proof-of-concept that it is possible to selectively
restore excessive proinflammatory responses in the CNS back
towards homeostasis at doses of a peripherally administered
compound that do not suppress systemic immune and
inflammatory responses. Thus, our results support the concept
that glial cells are possible therapeutic targets for MS (Heppner
et al, 2005; Tanuma et al, 2006) as well as other
neurodegenerative disorders (Harada et al., 2000, 2002; Farina
et al., 2007).

Oligodendrocyte cell death occurs in the course of EAE. The
factors mediating the death of oligodendrocytes can be
summarized into two categories. One is the endogenous factors
such as processed caspase-11 and activated caspase-3, leading
to cell death via specific pathways (Hisahara et al., 2001). The
other is the cytotoxic cytokines that are released from activated
microglia and astrocytes, which may activate caspase cascades
through their receptors in oligodendrocytes (Selmaj et al., 1991;
Louis et al., 1993; Vartanian et al., 1995; Hisahara et al., 1997,
2001). MWO01-5-188WH has been shown to suppress the
release of proinflammatory eytokines such as IL-1p and TNF-ce
from microglia (Ralay Ranaivo et al., 2006). In addition, this
drug significantly inhibited the release of RANTES, IP-10 and
MCP-1 from primary cultured microglia and astrocytes. It is
well known that chemokines are essential for inflammatory
responses because they recruit specific subsets of leukocytes

T

p < 0,001

and monocytes into tissues (Luster, 1998; Zlotnik and Yoshie,
2000). For example, IP-10 is a strong candidate for recruiting T
cell response and activated T cells express IP-10 receptor
(Dufour et al., 2002; Christensen et al., 2004). CD4" and CD8”*
T cells and monocytes express RANTES receptor (Sorensen
et al., 1999) and MCP-1 acts toward monocytes and T cells via
type 2 CC chemokine receptor (CCR2; Sorensen et al., 1999),
Therefore, MWO01-5-188WH seems to reduce oligodendrocyte
cell death, at least partly through the attenuation of microglia
and astrocyte activation, which may subsequently reduce the
release of key chemokines, infiltration of inflammatory cells,
and spinal cord damage in EAE mice. Although further studies
are needed, interfering with the interactions between glial cells
might be a potential therapeutic strategy for the treatment of
MS/EAE.
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