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Introduction

Summary

Accumulating evidence suggests that T cells and autoantibodies reactive
with myelin oligodendrocyte glycoprotein (MOG) play a critical role in
the pathogenesis of multiple sclerosis (MS). In the present study, we have
tried to elucidate the pathomechanisms of development and progression
of the disease by analysing T cells and autoantibodies in MOG-induced
rat experimental autoimmune encephalomyelitis (EAE), which exhibits
various clinical subtypes mimicking MS. Analysis using overlapping pep-
tides revealed that encephalitogenic epitopes resided in peptide 7 (P7, res-
idue 91-108) and P8 (residue 103-125) of MOG. Immunization with
MOGP7 and MOGP8 induced relapsing—remitting or secondary progres-
sive EAE. T cells taken from MOG-immunized and MOGP7-immunized
rats responded to MOG and MOGP7 and sera from MOG-immunized
rats reacted to MOG and MOGPI. Significant epitope spreading was not
observed at either T-cell or antibody levels. Interestingly, sera from
MOGP7-immunized rats with clinical signs did not react to MOG and
MOG peptides throughout the observation period, suggesting that disease
development and relapse in MOGP7-induced EAE occur without autoanti-
bodies. However, MOGP7 immunization with adoptive transfer of anti-
MOG antibodies aggravated the clinical course of EAE only slightly.
Analysis of antibodies against conformational epitope (cme) suggests that
anti-MOG_,. may play a role in the pathogenicity of anti-MOG antibodies.
Collectively, these findings demonstrated that relapse of a certain type of
MOG-induced EAE occurs without autoantibodies but that autoantibodies
may play a role in disease progression. Relapses and the progression of MS-
mimicking EAE are differently immunoregulated so immunotherapy should
be designed appropriately on the basis of precise information.

Keywords: experimental autoimmune encephalomyelitis; LEW.IAV1 rat;
myelin oligodendrocyte glycoprotein

worsening of neurological function, followed by a variable
degree of recovery between relapses during the RR phase

Multiple sclerosis (MS) is believed to be an autoimmune
demyelinating disease of the central nervous system
(CNS) characterized by the presence of a variety of
clinical subtypes such as relapsing-remitting (RR),
primary-progressive (PP), secondary-progressive (SP) and
relapsing—progressive courses.' In most cases, the disease
begins at about 30 years of age with episodes of acute

of the disease. In approximately half of patients the clini-
cal course changes from RRMS to SPMS after 10 years
and this has occurred in almost 90% by 25 years.” The
shift from RRMS to SPMS is a serious problem because
SPMS responds poorly to medications that are effective in
RRMS.? Elucidation of the pathomechanisms is critical
for the development of effective immunotherapy for MS.

Abbreviations: EAE, experimental autoimmune encephalomyelitis; CME, conformational epitope; CNS, central nervous system;
MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; MOGP7, MOG peptide 7; p.i., postimmunization; RR,

relapsing and remitting; SC, spinal cord; SP, secondary progressive.
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Relapse and remission are characteristic features of MS
but the precise pathomechanisms remain poorly under-
stood. Epitope spreading, which was first described in
detail by Lehmann et al.,* may explain the presence of
multiple relapses during the disease course. T cells reac-
tive with the primary antigen induce CNS tissue destruc-
tion, which augments the release of the second antigen.
This second antigen then activates T cells that respond to
the second antigen during the relapse.”” However, it is
difficult to explain all the relapses by epitope spreading
because there are relapses without epitope spreading (dis-
cussed in detail later).® Administration of interleukin-12,’
staphylococcal enterotoxin B or tumour necrosis factor-o'°
was reported to induce the relapse of experimental auto-
immune encephalomyelitis (EAE).

Although it is suggested that neuroantigens such as
myelin basic protein (MBP), proteolipid protein and
myelin oligodendrocyte glycoprotein (MOG) are involved
in the pathogenesis of MS, recent analysis of MS and its
animal models suggests that MOG is critically involved in
disease progression.''™'* Therefore, it is important to ana-
lyse disease relapse and progression using the MOG-
induced animal model. In a previous study, we succeeded
in producing EAE, which mimics RRMS and SPMS, in
LEW.IAV1 rats."”” This animal model has an advantage
over MOG-EAE induced in B6 mice to analyse the patho-
mechanisms of relapse because the latter shows only
chronic persistent EAE without relapse.'®

In the present study, we characterized the nature of
pathogenic T «cells and autoantibodies from MOG-
immunized LEW.1AV1 rats at various time-points. Spe-
cial attention was paid to the presence or absence of
epitope spreading at both T-cell and B-cell levels and
the role of anti-MOG antibodies. Consequently, we
found that T-cell and B-cell epitope spreading within
the MOG molecule and to MBP was minimal or absent
during the course of EAE even when rats showed evi-
dence of relapse. Furthermore, MOG peptide-immunized
rats developed RR- or SP-EAE without anti-MOG anti-
body elevation. These findings strongly suggest that
although anti-MOG antibodies play an important role in
disease progression, the relapse of EAE, and probably
MS, could occur without autoantibody involvement and
T- and B-cell epitope spreading is not essential for this
event.

Materials and methods

Unless otherwise indicated, all reagents and apparatus
were obtained in Tokyo, Japan.

Animals and reagents
Male and female LEW.1AV1 rats aged 8-12 weeks were

used for the experiments. All animal experiments were

© 2008 Blackwell Publishing Ltd, Immunology, 128, e250-e261

Role of T and B cells in MOG-induced EAE

approved by the institute committee and performed in
accordance with institutional guidelines.

Recombinant rat MOG was prepared as follows. The
gene encoding the extracellular domain (amino acids
1-125) of MOG was amplified using primers specific for
the corresponding MOG sequence. Polymerase chain
reaction products were then digested with Sphl and Hind-
II and subcloned into pQE30 (Qiagen) for large-scale
preparation. The sequence of the construct was confirmed
by sequencing. Recombinant MOG produced in trans-
formed Escherichia coli were isolated under denaturing
conditions and purified using Ni-NTA agarose (Qiagen).
Then, purified MOG was diluted and refolded in phos-
phate-buffered saline containing 1 m r-arginine, 2 mm
glutathione (reduced form), and 0-2 mm glutathione
(oxidized form). As a final step, recombinant protein was
incubated with Detoxi-Gel (Pierce, Funakoshi) overnight
to remove endotoxins. The obtained protein contained
endotoxins at < 10 EU/1 mg protein as determined with
a Toxinometer ET-2000 (Wako).

Overlapping 18-23-mer peptides were prepared using a
peptide synthesizer, PSSM-8 (Shimadzu Biotech, Kyoto,
Japan). The purity of each peptide was determined, and
the peptide was purified if necessary, by high-performance
liquid chromatography (Waters 486, Waters 600 and
Bondasphere C18 column; Waters) and all peptides were
> 90% pure.

EAE induction and clinical evaluation

The LEW.1AV1 rats were immunized in the tail base with
MOG or MOG peptides emulsified with complete Fre-
und’s adjuvant (CFA). In some experiments, pertussis
toxin (2 pg) was injected intraperitoneally at the time of
immunization. Clinical signs were evaluated as the total
score comprising the sum of the degrees of paresis of
each limb and the tail (partial paresis, 0-5; complete pare-
sis, 1-0). Therefore, the clinical score for complete para-
lysis of the four limbs plus tail or the moribund
condition was 5. The majority of rats reaching a score of
5 died or were killed under ether anaesthesia for histolog-
ical examination.

Histological and immunohistochemical examination

The optic nerve and the cervical, thoracic and lumbar
spinal cord were routinely examined. The cerebrum,
brainstem and cerebellum were also examined in some
cases. The tissues were fixed in 4% paraformaldehyde and
processed for paraffin embedding. Six-micrometre sec-
tions were cut and stained with haematoxylin & eosin
(H&E) and using Kruever and Barrera’s method. Inflam-
matory lesions were graded using sections stained with
H&E and W3/13 for T cells into four categories (Grade 1,
leptomeningeal and adjacent subpial cell infiltration;
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Grade 2, mild perivascular cuffing; Grade 3, extensive
perivascular cuffing; Grade 4, extensive perivascular cuff-
ing and severe parenchymal cell infiltration). Demyelinat-
ing lesions were graded using sections stained using the
Kruever and Barrera method and ED1 for macrophages
into five categories (Grade 1, trace of perivascular or sub-
pial demyelination; Grade 2, focal demyelination; Grade
3, demyelination involving a quarter of tissues examined,
i.e. the spinal tract, brainstem, cerebellar white matter or
optic tract; Grade 4, massive confluent demyelination
involving half of the tissue; Grade 5, extensive demyelina-
tion involving the entire tissues) according to Storch
et al."” with a few modifications.

Single immunoperoxidase staining was performed as
described previously.'®? Briefly, paraffin-embedded sec-
tions were deparaffinized and rehydrated. After blocking
the endogenous peroxidase activity with methanol con-
taining 0-3% hydrogen peroxide, sections were incubated
with monoclonal antibody (mAb) W3/13 (Dainippon
Pharm, Osaka, Japan) for T-cell staining or with ED1
(purified from the hybridoma supernatant) for macro-
phages. After washing, sections were incubated with bio-
tinylated anti-mouse immunoglobulin G (IgG) (Vector,
Burlingame, CA) followed by use of a horseradish peroxi-
dase (HRP) -labelled VECTSTAIN Elite ABC Kit (Vec-
tor). The HRP-binding sites were detected in 0-005%
diaminobenzidine and 0-01% hydrogen peroxide. To con-
firm the specificity of the staining, the primary antibodies
were omitted or replaced with normal mouse IgG. The
controls did not show any specific staining.

Proliferative responses of T cells against MOG, MBP and
MOG peptides

Proliferative responses of lymph node cells were assayed
in microtitre wells by uptake of [*H]thymidine. After
being washed with phosphate-buffered saline, lymph node
cells (2 x 10° cells/well) were cultured with the indicated
concentrations of MOG, MBP and MOG peptides for
3 days, with the last 18 hr in the presence of 0-5 puCi
[’H]thymidine (Amersham Pharmacia Biotech). In some
experiments, the proliferative responses of MOG-specific
or MOG peptide-specific T line cells (3 x 10* cells/well)
were assayed in the presence of the antigens and antigen-
presenting cells (5 x 10° cells/well). The cells were har-
vested on glass-fibre filters, and the label uptake was
determined using standard liquid scintillation techniques.

Enzyme-linked immunosorbent assay

The level of anti-MOG protein, anti-MOG peptide and
anti-MBP  antibodies was measured using standard
enzyme-linked immunosorbent assay (ELISA). Recombi-
nant rat MOG protein, MOG peptides or purified rat
MBP (10 pg/ml) was coated onto microtitre plates and
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diluted sera (1 :100) from normal and immunized ani-
mals were applied. After washing, appropriately diluted
HRP-conjugated anti-rat IgG, IgG1 or IgG2a was applied.
The reaction products were then visualized after incuba-
tion with the substrate. Absorbance was read at 450 nm.

Generation of anti-MOG mAbs

Anti-MOG rat mAbs were generated following Kishiro
et al.?® Briefly, LEW.1AV1 rats were immunized with
250 pg recombinant rat MOG,_;,5 emulsified with CFA
and killed 2 weeks after immunization. Iliac lymph node
cells were taken from the rats and hybridized with mye-
loma cells using polyethylene glycol/dimethyl sulphoxide
(PEG/DMSO solution Hybri-Max, Sigma). SP2/0-Agl4,
kindly provided by Dr Sado (Shigei Medical Research
Institute, Okayama, Japan), was used as hybridizing cells.
After seeding the microplates, hybridoma cells were
selected in the HAT medium. Ten to 14 days later, anti-
body-producing cells were screened by ELISA and cloned
by limiting dilution. Established clones were expanded in
culture and a large volume of supernatant containing anti-
MOG mAbs was obtained. The mAbs were purified on a
HiTrap protein G column (GE Healthcare Bio-Sciences).

In vivo treatment with anti-T-cell and anti-B-cell mAbs

In some experiments, MOG-immunized or MOG pep-
tide-immunized rats were treated by intraperitoneal injec-
tion of anti-T-cell (R73) or anti-B-cell (9D3 or OX33)
mAbs. The mAbs at a dose of 100 pg were given 6 days a
week for the indicated period.

Generation of polyclonal antibodies against MOG and
MOG peptides and transfer experiments

Polyclonal antibodies against MOG and MOG peptides
were raised by immunizing rats with the antigens/CFA
four times on a weekly basis. Sera were obtained 1 week
after the last immunization and ammonium sulphate-
precipitated preparations were used for transfer experi-
ments. The presence of antibodies against the indicated
antigens was confirmed by ELISA.

For antibody transfer, MOGP7 was immunized and
then sera or mAb at the indicated dose was injected intra-
venously twice a week. Rats were examined histologically
5 weeks after immunization.

Production of native MOG-expressing cells and flow
cytometric analysis of antibodies against conformational
epitopes of the MOG molecule

Native-MOG-expressing cells*"*** were produced with the

Flp-In T-REx system (Invitrogen). Full-length MOG
complementary DNA including the leader sequence was
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amplified by reverse transcription—polymerase chain reac-
tion using messenger RNA derived from rat brain and
inserted into pCR4-Blunt TOPO vector (Invitrogen).
After cloning and sequencing, the appropriate construct
was inserted into pcDNAS5/FRT/TO vector. The plasmid
vectors were grown in E. coli and then purified using an
Endofree Plasmid Maxi Kit (Qiagen). The plasmid vector
and pOG44 vector which contains the Flp recombinase
sequence were cotransfected into Flp-In T-REx 293 cells
with Lipofectamine 2000 (Invitrogen). Native MOG-
expressing cells were obtained after selection with Hygro-
mycin B.

Native MOG was induced on the surface of Flp-In
T-REx 293 cells by the addition of tetracycline 48 hr
before use. Staining the cells with anti-MOG mAb
(8-18C5, provided by Dr Gold, Wuetzburg, Germany),
which recognizes the conformational epitope, revealed that
more than 90% of cells were positive for 8-18C5, indicat-
ing that almost all of the cells expressed native MOG on
their surface. For titration of antibodies against conforma-
tional epitopes, native MOG-expressing cells were incu-
bated with the sera to be examined (serially diluted from
X 4 to X 4096), followed by incubation of fluorescein
isothiocyanate-labelled anti-rat IgG antibodies (KPL,
Gaithersburg, MD). The percentages of positive cells were
determined by FACScan (BD Bioscience).

Statistical analysis

Data were analysed using Student’s ¢-test or Mann—Whit-
ney’s U-test. P-values < 0-05 were considered statistically
significant.

Results

Encephalogenicity of MOG peptides for LEW.1AV1
rats

For detailed analysis of the pathomechanisms of MOG-
induced EAE, we synthesized peptides that encompass the
extracellular domain of the rat MOG molecule (residues
1-125) (Table 1) and tested their encephalitogenicity for
LEW.1AV1 rats. Table 2 summarizes the results. Screen-
ing with the peptide mixtures revealed that Mixtures 1
and 2 containing P1, P2, P3, P4, P5 and P6 (Groups B
and C) did not induce clinical EAE. Only Mixture 3 con-
taining P7 and P8 induced clinical EAE (Group D). Sepa-
rate immunization revealed that both P7 and P8 induced
EAE with mean clinical scores of 3-3 £ 1-5 for P7 (Group E)
and 1-7 £ 1.0 for P8 (Group F). Compared with MOG-
induced EAE, the onset of the disease induced by peptide
immunization was much earlier. This was probably
because MOG peptides are more hydrophilic than
MOG;_;,5 used in the present study. The soluble form of
MOG generally induces acute EAE with early onset.'?

© 2008 Blackwell Publishing Ltd, Immunology, 128, e250-e261
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Table 1. Sequences of myelin oligodendrocyte glycoprotein peptides
used in the present study’

Peptide Residue Sequence

P1 1-23 GQFRVIGPGHPIRALVGDEAELP
P2 18—-40 DEAELPCRISPGKNATGMEVGWY
P3 35-55 MEVGWYRSPFSRVVHLYRNGK
P4 50-70 LYRNGKDQDAEQAPEYRGRTE
P5 65-84 YRGRTELLKESIGEGKVALR

P6 79-96 GKVALRIQNVRFSDEGGY

pP7 91-108 SDEGGYTCFFRDHSYQEE

P8 103-125 HSYQEEAAVELKVEDPFYWINPG

'"Amino acid 1-125 residues in the extracellular domain of rat
myelin oligodendrocyte glycoprotein.

Clinicopathological features of MOG- and MOG
peptide-induced EAE in LEW.1AV1 rats

As reported in a previous paper,'”” immunization of
LEW.1AV1 rats with recombinant rat MOG induced vari-
ous types of EAE mimicking MS. As shown in Fig. 1(a,b),
rats that had been immunized with MOG developed SP-
EAE (Fig. 1a) or RR-EAE (Fig. 1b). Interestingly, MOGP7
immunization induced similar SP-EAE (Fig. 1d) or RR-
EAE (not shown) in some rats (Table 2, Group A versus
E). The clinical subtypes of EAE induced by immuniza-
tion with MOG, MOGP7 or MOGP8 are shown in
Table 2. In this series of experiments, five of six MOG-
immunized rats developed RR-EAE and only one devel-
oped SP-EAE. Immunization with MOGP7 induced EAE
including two cases of the acute lethal form and two cases
of the RR subtype, whereas MOGP8 immunization
induced relatively mild EAE including two cases of RR,
one of SP and three chronic subtypes. It should be noted
that 41-1% of rats that had been immunized with
MOGP7 or MOGP8 developed mild monophasic EAE
(representative clinical course is shown in Fig. 1c). When
all maximal clinical scores from MOG-, MOGP7- and
MOGP8-immunized rats were compared, statistical signif-
icance was noted only between MOG (Group A) and
MOGP8 (Group F) immunization (P = 0-0005). Compar-
ison of maximal clinical scores in chronic EAE including
RR and SP forms revealed that the clinical signs of the
P7-immunized group (Group E) were significantly milder
than those of the MOG-immunized group (Group A)
(P = 0-005). These findings indicate that although disease
relapse and progression occur in MOG peptide-immu-
nized rats, the disease is generally milder than that in
MOG-immunized rats.

Consistent with the clinical features, histological exam-
inations revealed relatively mild pathology in MOG pep-
tide-immunized rats. EDI1 staining for macrophages
demonstrated mild and localized macrophage infiltration
in the optic nerve (Fig. 2b) and spinal cord (Fig. 2d) of
MOG peptide-immunized rats, while there was extensive
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Table 2. Severity of experimental autoimmune encephalomyelitis (EAE) induced by myelin oligodendrocyte glycoprotein (MOG) peptides in
LEW.1AV] rats'

Max. clinical ~ Mild Acute  Relapsing—  Secondary
Group Immunogen Incidence Onset score monophasic lethal remitting progressive Chronic
A MOG 6/6 247 £ 62 42 +05% 0 0 5 1 0
B Mix 1 (P1, P2, P3) 0/3 (=) 0 0 0 0 0 0
C Mix 2 (P4, P5, P6) 0/3 =) 0 0 0 0 0 0
D Mix 3 (P7, P8) 3/3 113 £ 1:5 2:8+ 19 2 1 0 0 0
E P7 5/5 11 33+ 1.5% 1 2 2 0 0
F P8 9/9 17:3 £ 6:5 1.7 £ 102 4 0 2 1 2

"Recombinant rat MOG or MOG peptides (100 pg) emulsified with complete Freund’s adjuvant were immunized into the tail base. To maximize
the encephalogenicity of the peptides, pertussis toxin (2 pg) was injected intraperitoneally at the time of peptide immunization. Mixes 1, 2 and 3
were mixtures of 100 pg of each peptide. Clinical subtypes were classified into five categories.

*Statistical analysis was performed with regard to the maximal clinical score. When all values were compared, statistical significance was noted
between MOG (a) and P8 (f) immunization (P = 0-0005). Comparison of chronic EAE, including relapsing-remitting and secondary progressive,
revealed that clinical signs of the P7-immunized group (e) were significantly milder than those of the MOG-immunized group (a) (P = 0-005).

(a) (b)
3 3
2 2
MOG
1 1
(0]
50 T el
& 0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
3
£ (d)
o 1
3_
3
2.
MOGP7 21
1t ;-
O—L——' _— ot
1 6 11 16 21 26 31 36 41 46 51 56 61 0 4 8 12 16 20 24 28 32 36 40

Days after immunization

Figure 1. The clinical course of experimental autoimmune encephalomyelitis (EAE) induced by immunization with myelin oligodendrocyte
glycoprotein (MOG) protein (a, b) and MOG peptide (c, d). Representative clinical courses of the disease are shown. While MOG protein-
immunized rats usually develop secondary progressive (a) or relapsing—remitting (b) EAE, the majority of MOG peptide-immunized rats show
acute monophasic EAE (c). However, a small number of rats develop chronic EAE (d). Observation of the clinical signs of MOG peptide-induced
EAE (¢, d) was terminated on day 45 for histological examinations.

macrophage infiltration in the same regions of MOG-
immunized rats (Fig. 2a,c). Demyelination in MOG
peptide-immunized rats was minimal (data not shown).

MOGP7 (Fig. 3d—f) to MOG, MBP and MOG peptides
were assayed by [’H]thymidine uptake on days 14, 21
and 28 postimmunization (p.i.). At each time-point two
rats were examined and essentially the same results were
obtained. On day 14 of MOG immunization, T cells
showed modest but significant responses to MOG,
whereas the responses to MOG peptides were marginal

Characterization of T cells activated by MOG and
MOG peptide immunization

The proliferative responses of lymph node T cells from
rats that had been immunized with MOG (Fig. 3a—c) and
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(stimulation index < 2; Fig. 3a). On day 21 p.., T cells
responded vigorously to MOG and significantly to
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Figure 2. Pathology of optic nerve (a, b) and
spinal cord (c, d) lesions in rats that had been
immunized with myelin oligodendrocyte glyco-
protein (MOG) (a, ¢) and MOG peptides (P7
and P8)
revealed relatively mild pathology in MOG

(b, d). Histological examinations

peptide-immunized rats. ED1 staining for mac-
rophages demonstrated extensive macrophage
infiltration in the optic nerve (a) and spinal
cord (¢) of MOG-immunized rats and mild
and localized (dotted line) macrophage infiltra-
tion in MOG peptide-immunized rats (b, d).
(a, b) MOG immunization, day 14; (c, d)
MOG peptides (P7 + P8) immunization, day
12. (a) x 60; (b—d) x 120.

(a)
med
MOG

MOG
pep

Role of T and B cells in MOG-induced EAE
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Figure 3. Proliferative responses of lymph node cells of rats immunized with myelin

T T T
0 10000 20000 30000

oligodendrocyte glycoprotein (MOG) (a—c) and MOG-P7

(d—f). Lymph node cells (2 x 10° cells/well) were cultured in triplicate with MOG (10, 33 and 100 pg/ml), myelin basic protein (MBP; 10, 33
and 100 pg/ml) or MOG-P1-8 (100 pg/ml) for 3 days, with the last 18 hr in the presence of 0-5 pCi [*H]thymidine. On day 14 postimmuniza-
tion (p.i.) of MOG immunization, T cells showed modest but significant responses to MOG protein, whereas the responses to MBP and MOG

peptides were marginal (stimulation index < 2) (a). On day 21 p.i,, T cells responded

vigorously to MOG protein and significantly to MOG P1,

P2, P5 P6 and P7 (stimulation index > 3) (b). On day 28 p.i., T cells responded only to MOG protein and P7 (c). Immunization with MOG P7

induced vigorous T-cell responses to MOG protein and MOG P7 on days 14 (d) and
p-i. ().

© 2008 Blackwell Publishing Ltd, Immunology, 128, e250-e261

21 p.i. (e) but such responses were not present on day 28
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MOGPI1, P2, P5, P6 and P7 (stimulation index > 3;
Fig. 3b). On day 28 p.i., T cells responded only to MOG
and MOGP7 (Fig. 3¢). Immunization with MOGP7
induced vigorous T-cell responses to MOG and MOGP7
on days 14 (Fig. 3d) and 21 (Fig. 3e) p.i. but responses
to MOG were not present on day 28 p.i. (Fig. 3f). These
findings suggest that the T-cell epitope in MOGP7 is
rather weak but immunodominant in the MOG molecule.
When the mixture of P7 and P8 was used for immuniza-
tion, only the MOGP7 response was detected in the
regional lymph node T cells (data not shown). Collec-
tively, it was demonstrated that intramolecular epitope
spreading was mild and transient in MOG-immunized
rats and was completely absent in MOGP7-immunized
rats. To determine the presence or absence of intermolec-
ular epitope spreading, we also examined T-cell responses
to MBP in MOG- and MOGP7-immunized rats. At all
time-points examined, there was no MBP response (data
not shown).

Characterization of antibodies against MOG and
MOG peptides in MOG- and MOG peptide-
immunized rats

We next determined the levels of antibodies against MOG
and MOG peptides in sera of MOG-immunized rats from
day 14 to day 43 p.i. (Fig. 4a). During the early stage
(day 14-21), anti-MOG antibodies were elevated, while
anti-MOG peptide antibodies were not detected. From
day 32 and thereafter, antibodies against MOGP1 were
also detected. Similar findings were obtained on days 58
and 77 (data not shown). Importantly, there was no
B-cell epitope spreading against other MOG peptides
(Fig. 4a).

We also performed a similar analysis using sera from
MOG peptide-immunized rats (Fig. 4b). Rats were immu-
nized with MOGP7 and examined on days 12, 14, 16, 32
and 43 p.i. Representative results from days 12, 14, 32
and 43 are shown in Fig. 4(b). To our surprise, immuni-
zation with MOGP7 did not elicit a significant elevation
of antibodies against MOG and MOG peptides including
MOGP7. To confirm that the results were reliable, we
repeated the assay with positive control serum from a
MOG-immunized rat (#4338 in Fig. 4a,b) and obtained
almost identical values in two assays. Therefore, in
MOGP7-induced EAE, antibodies against MOG and
MOG peptides were not generated and therefore were not
involved in its pathogenesis. We also analysed the
relationship between the clinical course and levels of
anti-MOG and anti-MOG peptide antibodies in the longi-
tudinal examination of individual rats. A representative
result is shown in Fig. 5. Rats were immunized with
MOGP7 and observed daily for clinical signs. In parallel,
sera were obtained via the tail vein on days 16, 26, 32
and 43. As clearly shown, MOGP7-immunized rats
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Figure 4. Kinetics of anti-myelin oligodendrocyte glycoprotein
(anti-MOG) (a) and anti-MOG peptide (b) antibodies in MOG-
immunized rats. The levels of anti-MOG and anti-MOG peptide
antibodies were measured in triplicate by enzyme-linked immuno-
sorbent assay. Recombinant MOG or MOG peptides (P1-P8)
(10 pg/ml) were coated onto microtitre plates and diluted sera
(1:100) from MOG-immunized rats were applied. After washing,
horseradish peroxidase-conjugated anti-rat immunoglobulin G was
allowed to react. The reaction products were then visualized after
incubation with the substrate and the absorbance was read at
450 nm. During the early stage (day 14-21), anti-MOG antibodies
were elevated, while anti-MOG peptide antibodies were not detected.
From day 32 antibodies against P1 were also detected. All SDs were
within 10% of the mean values.

developed RR-EAE without the elevation of anti-MOG
and anti-MOG peptide antibodies. It was demonstrated
that under certain conditions, relapses of EAE occur with-
out autoantibody elevation.

© 2008 Blackwell Publishing Ltd, Immunology, 128, e250-e261
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Figure 5. Kinetics of anti-myelin oligodendrocyte glycoprotein (anti-
MOG) protein and anti-MOG peptide antibodies in MOG peptide-
immunized rats. Rats were immunized with MOG P7, P8 or
P7 + P8 and examined on days 12, 14, 16, 32 and 43 postimmuniza-
tion. Immunization with P7 or P8 alone or in combination did not
elicit the significant elevation of antibodies against P7, P8 and MOG.
The assay with positive control serum from a MOG protein-immu-
nized rat (#4338) showed high antibody titres against MOG and
MOG-P1 that were identical to those shown in Fig. 4. The #4932 rat
was examined multiple times by drawing blood from the tail vein.
All SDs were within 10% of the mean values.

Anti-T-cell and B-cell immunotherapy of MOG- and
MOG peptide-induced EAE

Characterization of T cells and antibodies in MOG- and
MOGP7-induced EAE suggested that MOGP7-induced
EAE developed in a T-cell-dependent manner, whereas
the role of T cells in MOG-induced EAE remained
unclear. To clarify the role of T cells in the development
of MOG- and MOGP7-induced EAE in more detail, we

Role of T and B cells in MOG-induced EAE

performed treatment experiments with anti-T-cell recep-
tor off mAb (R73). In a previous study, we reported that
R73 treatment successfully suppressed the development
of acute EAE* As clearly shown in Table 3, daily
administration of R73 for 21 days from day 0 completely
suppressed the development of EAE in both MOG-immu-
nized (Group A) and MOGP7-immunized (Group E)
rats. The shorter duration of treatment resulted in incom-
plete suppression (Group B) or no suppression (Group C)
of disease development. These findings indicated that
not only in MOGP7-induced EAE, but also in MOG-
induced EAE, T cells play a pivotal role in disease
development.

We wanted to identify the role of B cells in disease
development and relapse by depleting this cell type with
anti-B-cell antibodies. Unfortunately, however, two anti-
B-cell mAbs tested did not deplete B cells at all (data not
shown) and we failed to obtain meaningful data with this
approach.

Role of anti-MOG antibodies and the presence or
absence of antibodies against conformational epitope
of MOG (anti-MOG_,,,. antibodies)

The MOGP7-induced EAE would provide useful informa-
tion with regard to the role of anti-MOG antibodies
because this type of EAE develops without anti-MOG
antibody involvement. If antibodies play an important
role in the pathogenesis of EAE, then MOGP7 immuniza-
tion with cotransfer of the antibodies would exacerbate
the clinical and pathological features of EAE. For this
purpose, we produced polyclonal anti-MOG and
anti-MOG peptide antisera and injected them into
MOGP7-immunized rats. As shown in Table 4, MOGP7
immunization with the transfer of anti-MOG sera slightly
exacerbated clinical EAE. However, the difference was not
statistically significant. Cotransfer of anti-MOG mAbs had
no effect (data not shown).

To explore these results in more detail, we established
an assay system to evaluate the titres of antibodies against

Table 3. Modulation of myelin oligodendro-

cyte glycoprotein (MOG)-induced experimen- Tx Max. clinical
tal autoimmune encephalomyelitis (EAE) by  Group Immunogen mADb (day) Incidence Onset score
anti-T-cell receptor af3 monoclonal antibody
(mADb) (R73)! A MOG R73 0-21 0/3 (=) =)

B MOG R73 0-14 2/4 28, 35 25,5

c MOG R73 7-21  4/4 260+ 45 3710

D MOG Control>  7-21  4/4 358+ 58" 2:3+04"

E MOGP7 R73 0-21 0/3 (=) (=)

F MOGP7 Control>  0-21  3/3 14-0 1.8 & 0-2

'R73 at a dose of 100 pg was injected intraperitoneally 6 days a week for the indicated period

and observed daily for clinical signs by day 50 postimmunization.

%As a control, saline was administered during the indicated period.

>*There was no significant difference between the two groups.
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Table 4. Myelin oligodendrocyte glycoprotein peptide 7 (MOGP?7)
immunization with adoptive transfer of anti-MOG or anti-MOG-
peptide antisera

Max.
clinical

Group Immunogen Sera Incidence Onset score

A MOGP7 Anti-MOG 3/3 140 £ 3-8 1-8 + 09
B MOGP7 Anti-MOGP1 3/3 14-3 £ 3-8 1-1 £ 09
C MOGP7 (=) 3/3 150 £50 1-3+£1-2

MOGP7 was immunized and then 1 ml of x 5 diluted anti-MOG or
anti-MOGP]1 sera was injected intravenously twice a week. To evalu-
ate the effects of antibodies, pertussis toxin was not used in this
series of experiments.

conformational epitopes (cme) of the MOG molecule in
sera and mAbs used for the transfer experiment. As
shown in Fig. 6, the 8-18C5 mAb, which recognizes
MOGme"* and is pathogenic upon adoptive transfer,”
showed a very high titre (Fig. 6b), whereas normal rat
serum (Fig. 6a) and MOG11 mAb (Fig. 6d) did not react
with native MOG. Polyclonal anti-MOG antisera used for
the transfer experiment showed low but definite native-
MOG binding activities (Fig. 6b). Taken together, there is
a tendency for the titres of anti-MOG,. to correlate with
the pathogenicity of anti-MOG antibodies. Unfortunately

O
G

however, we were unable to perform transfer experiments
with 8-18C5 because we did not possess a sufficient
amount for the experiments.

Discussion

In the present study, we characterized the nature of T
and B cells involved in MOG- and MOG peptide-induced
EAE in LEW.IAV1 rats. As described previously,'> MOG-
induced EAE in rats has an advantage over mouse EAE
that is induced in the B6 strain with MOG35-55 peptide,
which is popularly used for analysis. While mice usually
develop chronic persistent EAE, MOG-immunized rats
develop the RR or SP form of EAE mimicking the clinical
course of MS. Therefore, EAE in rats would be more suit-
able for analysis of the pathomechanism of relapse and
secondary progression. Using this model, we obtained the
following findings with regard to the role of T and B cells
in MOG-induced rat EAE. First, the major encephalito-
genic epitope resides within residues 91-108 (MOGP7) of
the MOG molecule. This finding was consistent with that
reported previously by Weissert et al.’® Second, T cells
taken from MOG-immunized and MOGP7-immunized
rats responded to MOG and MOGP7. While anti-MOG
and anti-MOGP1 antibodies were generated by MOG
immunization, MOGP7 immunization did not elicit
antibodies against MOG and any MOG peptides. At both

300 300
1 nms 8-18C5
2404 240
] 579 99.0%
180 180
120 120
60 60

10° 10" 102 10° 10*

Figure 6. Detection of antibodies against con-
formational epitopes of the myelin oligo-
dendrocyte  glycoprotein  (MOG) molecule.
Native MOG was induced on the surface of
Flp-In T-REx 293 cells by the addition of tetra-
cycline 48 hr before use. Sera or antibodies to
be examined (serially diluted from x4 to
X 4096 for sera) followed by incubation of
fluorescein  isothiocyanate-labelled  anti-rat

anti-MOG sera
240 "

immunoglobulin G antibodies. The per cent of
positive cells was determined by FACScan.
Normal rat serum (a) stained only 5:7% of

20-7%
180

120

60

0 i SRR T e e
10° 10" 10? 10° 10*
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native MOG-expressing cells, whereas anti-
MOG monoclonal antibody (mAb), which
recognizes the conformational epitope, stained
99% of the cells, indicating that almost of all
the cells express native MOG on their surface.
MOG-11 mAD did not react with native MOG
(d). Anti-MOG antisera showed an intermedi-
ate value. (a) Normal rat serum X 64; (b)
8-18C5 x 10 000; (c) sera used for transfer,
X 64; (d) MOGI11 mAD, X 64.
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T-cell and B-cell levels, intra- and intermolecular epitope
spreading was minimal and was not associated with the
relapse and progression of EAE. Finally, MOGP7 immu-
nization plus anti-MOG antisera transfer slightly aggra-
vated EAE compared with MOGP7 immunization alone
but the difference was not significant. Flow cytometric
analysis also revealed that the antibodies used in the pres-
ent study contained lower titres of antibodies against con-
formational epitopes. Collectively, these findings suggest
that relapses of EAE could be triggered by pathogenic T
cells alone and that autoantibodies, especially those
against the conformational epitopes, may be involved in
disease progression.

It was of interest to examine how much epitope
spreading at the T-cell and B-cell levels was involved in
relapses in our EAE model. Epitope spreading was first
described in detail by Lehmann et al* as a key process
in the development of chronic autoimmune diseases.
Initially, this immunological process was intensively
investigated and was thought to be highly involved in
the relapse and chronicity of EAE.>”? However, later
reports demonstrated epitope spreading without disease
progression®® or relapse without epitope spreading® so it
would seem that the relationship between relapses of
EAE and epitope spreading is classified into three differ-
ent categories, i.e. (1) ‘Functional epitope spreading’: T
cells reacting with the second epitope play an essential
role in relapses and blocking of the function of these T
cells results in suppression of relapses,” (2) ‘Non-func-
tional epitope spreading’: although epitope spreading
occurs, blocking this process does not suppress the
development of relapses,””° (3) ‘Relapse without epi-
tope spreading’.®' In the present study, it was clearly
demonstrated that T-cell and B-cell epitope spreading
was minimally involved in relapses of MOG-induced
EAE in LEW.1AV1 rats. In particular, in MOGP7-
induced EAE, T cells reacted only to MOG and MOGP7
and there was no generation of anti-MOG and anti-
MOG peptide antibodies throughout the disease course.
Even under such conditions, two of five rats showed
RR-EAE (Table 2), clearly demonstrating that T-cell and
B-cell epitope spreading is not involved in relapse, at
least in this type of EAE. Although epitope spreading is
generally observed to occur during the course of
MS,**%273*  some  studies showed no correlation
between disease severity and the number of epitopes
recognized.”®**

With regard to the role of B cells in MOG-induced
EAE, several reports have demonstrated different out-
comes. Initially, it was reported that B-cell-deficient mice
develop EAE with demyelination after MOG sensitiza-
tion.” Later, it was demonstrated that B cells are essential
for the development of MOG-induced, but not MOG
peptide-induced, EAE.*® Furthermore, B-cell-deficient
mice that had been immunized with MOG (EAE never

© 2008 Blackwell Publishing Ltd, Immunology, 128, e250-e261
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develops under this condition) developed clinical EAE
after adoptive transfer of anti-MOG antisera,”® demon-
strating the importance of anti-MOG antibodies in EAE
development. In the present study, analysis of antibodies
against conformational epitopes revealed that the titres of
anti-MOG,,,. correlate well with the pathogenicity of
anti-MOG antibodies. Collectively, it is suggested that
generation of autoantibodies is essential for exacerbation
and persistence of disease.

Whether anti-MOG antibodies are involved in the
pathogenesis of MS is controversial. It was first reported
that anti-myelin autoantibodies, including anti-MOG
antibodies, are increased after the first demyelinating
event.'”> However, later reports rejected a relationship
between anti-MOG antibody elevation and the disease
status of MS.?”?® Although these results were obtained by
standard ELISA detecting antibodies directed to linear
epitopes, several groups have demonstrated the impor-
tance of autoantibodies against conformational epitopes
of the MOG molecule in MS and EAE.'"*"?** Detailed
analysis of this type of autoantibody should be performed
to elucidate the pathomechanisms of MS.

Beside epitope spreading, which cannot explain all
relapses as described above, the molecular basis of disease
relapse remains poorly elucidated. There are at least two
mechanisms underlying this event. The first is related to
enhanced survival of pathogenic T cells. Hur et al*®
clearly demonstrated that osteopontin induced relapse
and progression of EAE through enhanced survival of
encephalitogenic T cells. Tbet, a transcription factor that
controls T helper type 1 and type 17 cells,"’ plays an
essential role in EAE progression.*>** Furthermore,
osteopontin expression in activated T cells is regulated by
Tbet.*” The second factor is related to macrophage migra-
tion into the CNS. In chronic, but not acute, EAE lesions,
dense macrophage infiltration was frequently observed.'”
In such lesions, MCP-1/CCL2 was significantly upregulat-
ed*® and blocking MCP-1 with antibodies,”” or decoy
chemokine gene®® and chemokine receptor®” inhibited
relapse and progression of EAE.

In summary, we induced chronic (RR and SP) EAE by
immunizing LEW.1AV1 rats with MOG and MOGP7 and
examined the role of T and B cells in its pathogenesis.
Since rats with EAE induced by the major encephalito-
genic MOG peptide, MOGP7, developed disease relapse
without MOG antibody elevation, this process could
occur without autoantibody involvement. However,
autoantibodies against the conformational epitopes of
MOG were detected in MOG-induced, but not in MOG
peptide-induced, EAE, suggesting the importance of such
antibodies in disease progression. Therefore, multiplexed
analysis of the disease status is important not only for
understanding the pathogenesis, but also for the applica-
tion of appropriate immunotherapies against autoimmune
diseases of the CNS.
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