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Abstract

Ž . Ž .Semliki Forest Virus SFV induces an encephalomyelitis followed by demyelination in the brains of C57Bl6rJ B6 mice. To
investigate the role of molecular mimicry in the pathogenesis of postviral demyelination, alignment algorithms were used and amino acid

Ž .homologies between immunogenic epitopes of SFV and myelin autoantigens, myelin basic protein MBP , myelin proteolipid protein
Ž . Ž .PLP and myelin oligodendrocyte glycoprotein MOG were identified. Immunization of B6 mice with SFV proteins induced significant

Ž .lymphocyte proliferation to SFV E2 peptides and to MOG peptide,18–32 which had molecular mimicry with E2 115–129 , but not to
MBP or PLP peptides. Both MOG 18–32 and E2 115–129, induced a later-onset chronic EAE-like disease that correlated with the
presence of multifocal vacuolation in the CNS white matter. This histopathology was reminiscent of the secondary demyelination seen
following SFV infection. Serum antibody responses to the peptides appeared late after immunizations and some samples cross-reacted
with other myelin peptides, as well as with the mimicked MOG peptides. These findings suggest that following a CNS viral infection,
antibody response to an epitope of virus that exhibits molecular mimicry with a peptide of MOG may contribute to autoimmune mediated
injury to CNS myelin. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Semliki Forest Virus SFV infection of mice is one of
three most useful experimental viral models of multiple

Ž .sclerosis MS ; the other two being infections with Theiler’s
Žand mouse hepatitis virus Suckling et al., 1978; Fazaker-

.ley et al., 1997 . These viruses give rise to mononuclear
inflammatory demyelinating lesions of the central nervous

Ž .system CNS , while no demyelination is observed in the
peripheral nervous system. Unlike Theiler’s and mouse
hepatitis virus, SFV induces an acute CNS virus infection

Abbreviations: SFV: Semliki Forest virus; MOG: myelin oligodendro-
cyte glycoprotein; PLP: proteolipid protein; MBP: myelin basic protein;
EAE: experimental autoimmune encephalomyelitis; CNS: central nervous
system
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Ž .i.e., without persistence , followed by demyelination after
viral clearance. Since SFV is not found in the CNS during

Ž .demyelination, the mechanisms i.e., antigens involved in
the late demyelination are not known. Similarly, an argu-
ment against viral etiology of MS is that no virus has been
consistently isolated from MS patients which can be in-
criminated as a causative agent of disease. Mice infected
with SFV develop a secondary demyelination at 14 to 21
days postinfection. This demyelination, which occurs after
the clearance of virus from the brains and spinal cords of

Žmice, also appeared to be T-cell mediated Fazakerley et
.al., 1983; Mokhtarian and Swoveland, 1987 .

Ž .Experimental autoimmune encephalomyelitis EAE is
an autoimmune demyelinating disease of the CNS which

Žhas also been used as an animal model for MS Mokhtarian
.et al., 1984; Raine et al., 1984 . EAE is induced by T cell

responses to certain peptides of myelin proteins including
Ž .MBP Beraud et al., 1986; Zamvil et al., 1986 , PLP
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ŽWhitham et al., 1991; Sobel et al., 1994; Greer et al.,
. Ž1996 and recently, MOG Amor et al., 1994; Kerlero de

.Rosbo et al., 1995; Mendel et al., 1995 . MOG-induced
EAE in rats, as in the MBP- and PLP-induced models in
mice, was found to be a demyelinating encephalomyelitis,

Ž .resembling multiple sclerosis Johns et al., 1995 . The
encephalitogenic potency of MOG 35–55 in mice is also
believed to be comparable to encephalitogenic peptides of

ŽMBP and PLP Amor et al., 1994; Kerlero de Rosbo et al.,
.1995; Mendel et al., 1995 . In B6 mice, EAE can be

induced by MOG, using both active immunization and
Ž .passive transfer techniques Mendel et al., 1995 . This

strain, however is relatively resistant to the induction of
ŽEAE by MBP or PLP Tuohy et al., 1988; Endoh et al.,
.1990; Shaw et al., 1992 .

It has been reported that viral infections are able to
activate autoreactive T cells in animal models of autoim-
mune diseases. For example, normal adult hamsters recov-
ered from infection with measles virus, became more
susceptible to the induction of EAE than uninfected ham-

Ž .sters Massanari et al., 1979 . Similarly, the JHM strain of
mouse hepatitis virus in rats primed them for an autoim-

Žmune response to myelin components Watanabe et al.,
.1983 , and we have shown that infection of B6 mice with

SFV triggered susceptibility to EAE induced with MBP
Ž .Mokhtarian and Swoveland, 1987 . In humans, acute viral
infections may similarly activate T and B cells to autoanti-
gens and induce autoimmune responses and diseases such

Ž .MS Johnson et al., 1984; Waksman, 1985 , diabetes
Ž .Miyazaki et al., 1995 and systemic lupus erythematosus
Ž .Mamula et al., 1994 .

Molecular mimicry is postulated to be a major mecha-
nism for the activation of autoreactive T cells. Viral pep-
tides with sufficient sequence homology or similarity to
self peptides may be able to induce autoimmune responses

Ž .that lead to disease Oldstone, 1987 . Viruses such as
measles, Epstein–Barr, and hepatitis B virus have been
shown to activate T cell clones to MBP, as a result of

Žmolecular mimicry Wucherpfenning and Strominger,
.1995 . Induction of EAE in animals and the activation of

MBP-reactive human T cells by viral peptides have pro-
vided evidence for a role of molecular mimicry between
viral and MBP peptides in the pathogenesis of MS
Ž .Fujinami and Oldstone, 1985; Jahnke et al., 1985 .

We postulated that the demyelination that occurs fol-
lowing SFV infection of the CNS is mediated through
activation of myelin-reactive T cells that recognize mim-
icked SFV peptides. We have identified homologies be-

Ž .tween a peptide of a surface protein of SFV E2 and a
MOG peptide, demonstrated cross-recognition by T cells
in mice immunized with this SFV peptide, and induced an
EAE-like clinical disease and CNS pathology in mice
immunized with these peptides. The effector mechanisms
appear to involve an antibody response to the mimicked
peptide. To our knowledge, this is the first demonstration
of an autoimmune CNS disease induced as a consequence

of molecular mimicry between a CNS viral pathogen and a
Ž .self myelin peptide.

2. Materials and Methods

2.1. Alignment of peptide sequences

ŽA Global Alignment Query http:rrgenome.eerie.frr
.binralign-guess.cgi using three different algorithms or

Ž .matrices codaa.mat, Pam250.mat, alprot.mat was utilized
to locate different areas of homology. The major surface
glycoprotein of SFV, E2 which has been found to be the
target for antibody and T cell responses of mice against

Ž .SFV Snijders et al., 1992 , was therefore selected for
Ž .study. The amino acid aa sequence of E2 was aligned

with those of each of the myelin proteins, MBP, PLP and
MOG and was examined for the presence of homologous
stretches between the two proteins. Our minimum criterion
for homology was the presence of at least three consecu-
tive exact aa matches. Partial homologies, including hy-
drophobicity, polarity, charge, pK , size, and structure ofa

R-group, were also considered in these matched regions.
The two matched peptides were then subjected to another
computer alignment, described above, to determine the
true percent homology between them.

2.2. Synthesis of Peptides

Matching peptides were synthesized in slightly longer
forms to improve antigenicity. Non-matched peptide, MOG

Ž35–55, was also synthesized as a positive control Mendel
.et al., 1995 . Peptides were synthesized by an automated

peptide synthesizer at the Biochemistry Laboratory of Johns
Hopkins University, School of Hygiene and Public Health.
Synthetic peptides were analyzed by HPLC, purified, and
their compositions were confirmed by aa analysis. Human

Ž .Fibrinopeptide B FB 1–14 and Bovine Fibroblast Growth
Ž . Ž .factor FGF 106–120 Sigma, St. Louis, MO were used

as negative controls.

2.3. SFV antigen

The avirulent A774 strain of SFV with a titer of 3=108

Ž .plaque-forming units PFU per ml on BHK-21 cells was
used as stock virus. The virus stock underwent two pas-
sages on BHK-21 cells before use in mice. Inactivation of
SFV was carried out by UV-irradiation of infectious virus
Ž . ŽUV-SFV , as previously described Mokhtarian and

.Swoveland, 1987 .

2.4. Immunization of mice for lymphoproliferation assay

Female, 8–9 weeks old B6 mice, purchased from the
Ž .Jackson Laboratory Bar Harbor, ME , were used in all

experiments. For determination of lymphocyte proliferative
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Table 1
Peptide alignments of E2 and myelin proteins

aPeptides Sequence % Identity

.A E2 121–127 AVRACRI 33
and : . . . : : :
MOG 20–26 AELPCRI

.B E2 118–129 TRNAVRACRIQY 42
and : . : : : . . :
PLP 92–103 TTGAVRQIFGDY

.C E2 137–149 G R E K F T I R P H Y G K 33
and : . . . : . : : : .
MBP 56–68 G K D S H T R T T H Y G S

a Two dots represent complete homology and one dot indicates partial
homology as described in Section 2.
The peptides shown in the alignments are sometimes shorter than the
actual synthesized peptides.

responses, groups of 10–12 mice were each immunized
Ž .subcutaneously s.c. at four sites with 150 mg of UV-in-

activated SFV, E2 115–129 or MOG 18–32, emulsified in
Ž .an equal volume of Complete Freund’s Adjuvant CFA ,

Žcontaining 30–60 mg of M. tuberculosis Difco Laborato-
. Žries, Detroit MI , as previously described Mendel et al.,

.1995; Kerlero de Rosbo et al., 1995 . The immunized
animals were boosted with the same injection 10–12 days
later. Using this protocol, no mice showed any signs of
clinical or histological disease.

2.5. Immunization of mice for induction of EAE

To induce disease, groups of 10–12 mice were each
immunized s.c. with 300 mg of E2 115–129, MOG 15–32

Ž .or MOG 35–55 positive control, 12 in CFA supple-
mented with M. tuberculosis, twice on days 0 and 8, as

Ž .previously described Mendel et al., 1995 . Pertussis toxin
from B. pertussis was inoculated intraperitoneally with a
dose of 400 ngrmouse, immediately and 48 h after the
first immunization. Mice receiving pertussis only served as
negative controls. Following the encephalitogenic chal-
lenge, mice were observed daily for clinical manifestations
of EAE and were scored on a scale of 0–5 as follows:

Ž0sno abnormality, 1smild hind limb weakness some
.difficulty righting themselves when turned on their back ,

Ž .2smoderate hind limb weakness as in 1 , sometimes
associated with floppy tail, 3sweakness of hind limbs
accompanied by some forelimb weakness, sometimes more
marked on one limb or one side, but not complete paraly-
sis, 4shind limb paresis accompanied by mild forelimb
weakness, 5sparalysis of hind limbs, associated with
moderate forelimb weakness, and 6squadraplegia, mori-
bund.

2.6. Lymphocyte proliferation assay

For determination of lymphocyte proliferative re-
sponses, 3–4 mice from each group were sacrificed 7 days

following their second immunization with UV-SFV or
Ž .with peptide, and regional popliteal and inguinal draining

lymph nodes were collected aseptically. A standard prolif-
eration assay was carried out by seeding 2–3=105 lymph

Ž .node cells LNC in 0.2 ml of RPMI medium in 96-well
microtiter plates with UV-SFV and various peptides, each
added at concentrations of 50, 25 and 5 mgrml. The
cultures, set up in triplicate, were incubated for 96 h in
humidified air plus 5–6% CO . For the last 18 h of2

incubation the cultures were pulsed with 1 uCi of 3H-
Ž .thymidine specific activity 20 Cirnmol . The cultures

were harvested on fiberglass filters by standard techniques
and incorporation of 3H-thymidine was measured in a
liquid scintillation counter. The proliferative responses
were expressed as a mean cpm"SD.

2.7. Antibody determination assay

For determination of antibody responses, mice were
either sacrificed and bled at the time of the appearance of
clinical disease or at the conclusion of experiment. Blood
samples from 2–3 mice of the same group were pooled to
obtain sufficient volume of serum. The antibody in the sera
of immunized mice was measured by enzyme-linked im-

Ž .munosorbent assay ELISA . Briefly, flat-bottomed im-
Žmunolon-2 microtiter plates Dynatech Laboratories,

.Alexandria, VA were coated with 2 mgrml of UV-irradi-
ated SFV protein or 2 mgrwell of each immunization

Table 2
Synthesized peptides used in the study a

Peptide Sequence aAA

SFV peptide
b E2 115–129 IQDTRNAVRASRIQY 15
E2 137–151 GREKFTIRPHYGKEI 15

MOG peptide
b MOG18–32 DEAELPSRISPGKNA 15

PLP peptide
PLP 89–104 GFYTTGAVRQIFGDY 15

MBP peptide
MBP 54–68 GSGKDSHTRTTHYGS 15

NegatiÕe Control
( )non-myelin peptides
Human Fibrinopeptide B:
FB 1–14 EGVNDNEEGFFSAR 14
Bovine Fibroblast
Growth factor:
FGF 106–120 YRSRKYSSWYVAALK 15

PositiÕe Control
peptide
MOG 35–55 MEVGWYRSPFSRVVHLYRNGK 21

a The peptides were lengthened to improve antigenicity.
b The aa C was substituted with S in synthesis at position 125 in E2
115–129 and at position 24 in MOG 18–32 peptides.
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peptide, MOG-35–55, MOG 18–32, E2 115–129 or with
the control peptide, FB 1–14, in 0.06 M carbonate buffer,
pH 7.6. The plates were then incubated at 48C for 24 h,
washed =3 with PBS containing 0.05% Tween-20 and

Ž . Žblocked with 2% bovine serum albumin BSA Sigma, St.
.Louis, MO for 1 h at 378C. After washing, 100 ml of

1:100 dilution of sera, in duplicate, were incubated on
these solid-phase antigens for 1 h at 378C, washed again
and 100 ml of peroxidase-conjugated anti-mouse IgG,
diluted 1:1000, was added to all wells and incubated for 90
min at 378C. After the final washes, 200 ml of o-Phenyl-

Ž . Ž .enediamine OPD Sigma substrate solution was added to
Ž .each well. The optical densities OD of the wells were

Žread by microtiter plate reader using 495 nm filter Dy-
.natech Laboratories, Alexandria, VA . Wells containing

buffer alone served as background control. Serum sample
from pertusis-injected mice was used as normal control.
Each sample consisted of pooled sera from 2–3 mice of
the same group. The final OD of samples were obtained by

subtracting the OD of negative control from those of
samples in the same ELISA. A reactive sample was one
which showed a difference of G0.2.

2.8. Histopathology

On various days post immunization, mice were sacri-
ficed and their brains and spinal cords were removed. The
tissues were processed for paraffin embedment and sec-
tions were stained with Luxol fast blue and hematoxylin

Žand eosin. Numbers of inflammatory foci )20 perivascu-
.lar mononuclear cells were counted in meninges and

parenchyma. Each CNS tissue sample was also scored as
to the presence or absence of vacuolationrdemyelination
in the cerebellum, brain stem or spinal cord white matter.
Histologic evaluation was performed by an observer
blinded to the presence or absence of clinical signs in the
animals.

Ž .Fig. 1. Analysis of epitopes recognized by lymphocytes of mice immunized with UV-SFV. Mice were immunized twice 150 mg antigenrmouse in CFA
with 10–12 days interval. Antigen and peptides were added with the concentration of 25 mgrml. Proliferative responses of lymphocytes are shown as

Ž . Ž .counts per minute CPM "standard deviation SD of tritiated thymidine uptake. The data shown are an average from three different experiments each
consisting of 3 mice. Mean background CPM was 2564"322. CPM for SFV was 12136"1516, for E2 137–151; 8670"566, for E2 115–129;
12116"987, for MBP 54–68; 4844"325, for MOG 18–32; 9506"1487, for PLP 89–104; 4751"678, for FGF 106–12; 2543"623, and for FB 1–14;
3210"554.
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3. Results

3.1. Homologies between epitopes of SFV and proteins of
myelin

The two major peptides of SFV, which are both parts of
its helper T cell epitope, E2, 137–151 and E2 115–129
Ž .Snijders et al., 1992 , were the primary targets for homol-
ogy studies. The initial alignments of aa sequences of
SFV, E2 with those of MBP, PLP and MOG, indicated that
there were few exact matches of 3 consecutive aa com-
bined with some partial homologies in the same areas, with

Ž .no gaps or breakage in the alignment data not shown .
These areas were aligned again, in the short forms, using

Žthe same program, and aa homologies were verified Table
.1 . Significant homologies were found between the aa

sequences of E2 121–127 and MOG 20–26, and between
Ž .E2 118–129 and PLP 92–103 Table 1 . Another signifi-

cant homology was between E2 137–149 and MBP 56–68.
Based on the sequence homology between E2 peptides and
those of MOG and PLP and MBP and to ensure anti-
genicity, the two SFV E2 peptides and their matching
regions were synthesized in slightly longer versions as
shown in Table 2.

3.2. Lymphocyte proliferation responses of SFV-immunized
mice

In initial studies, immunization of B6 mice with UV-
SFV produced highly significant proliferative responses to

SFV proteins and to the two major surface peptides of
Ž .SFV: E2 115–129, E2 137–151 Fig. 1 . Lymphocytes of

UV-SFV-immunized mice proliferated more vigorously to
MOG 18–32, which had no interruptions in the homology

Ž .area Table 1 , than to other myelin and control peptides
Ž . Ž .p-0.001, in each case Fig. 1 . Although some reactiv-
ity with other myelin peptides, PLP peptide 89–104 and
MBP peptide 54–68, was seen, these responses were not

Ž .as strong p)0.05 as those with MOG 18–32. MOG
18–32 did not stimulate lymphocytes from normal B6

Ž .mice, in vitro data not shown . Responses to unrelated
Ž .peptides, Fibroblast growth factor 106–120 FGF and

Ž . Ž .Fibrinopeptide B 1–14 FB were minimal Fig. 1 .

3.3. Lymphocyte proliferation of peptide-immunized mice

The results described above indicated that molecular
mimicry between E2 115–129 and MOG 18–32 may have
been the reason for the observed cross reactivity of the
lymphocytes of UV-SFV-immunized mice with MOG 18–
32.

Immunization of mice with E2 115–129 led a to prolif-
erative response of lymphocytes to this peptide, and again

Žto a strong cross-reactive response to MOG 18–32 Fig.
.2 . The cross-reactive response to MOG 18–32 was

stronger than to PLP 89–104, and to MBP 54–68.
Lymphocytes from mice immunized with MOG 18–32

produced a strong proliferative response to this peptide but

Fig. 2. Analysis of epitopes recognized by lymphocytes of mice immunized with E2 115–129. See legend for Fig. 1. Mean background CPM was
1370"282. CPM for E2 115–129 was 10667"510, for MOG 18–32; 11068"2015, for PLP 89–104; 5080"963, for MBP 54–68; 4434"886, for
FGF 106–12; 1543"323 and FB 1–14; 1416"454.
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did not exhibit cross-reactive responses with other peptides
Ž .tested, including E2 115–129 data not shown .

3.4. Induction of acute and chronic EAE-like diseases by
peptides

Since MOG 35–55 is the only MOG peptide, reported
Ž .to induce EAE in B6 mice Mendel et al., 1995 , this

peptide was used as positive control. MOG 35–55 induced
EAE in 2 of 6 mice on day 13 after the first immunization.
The affected mice showed mild to moderate hind limb
weakness and one had floppy tail with average clinical

Ž . Ž .score ACS of 1.5 Fig. 3 . Three more mice developed
moderate hind limb weakness, on days 14 and 15 post-im-

Ž .munization pi , while the first two gradually progressed to
Ž .weakness of both hind and fore limbs ACSs2 . By day

Ž .16 after immunization, 5 of 6 %83 MOG 35–55-im-
Žmunized mice were affected with signs of EAE ACSs

. Ž .2.5 Fig. 3 . The MOG-35–55 experiment was terminated
on day 16 and mice were sacrificed for histological and
antibody assays. One mouse remained unaffected during
this observation period.

Initially, immunization with MOG 18–32 induced clini-
Ž .cal EAE in four out of seven %57 mice. Two mice

developed mild to moderate hind limb weakness, on day
13 and another two on day 14 pi, with ACSs1.5. Three
of these mice progressed only to moderate hind limb
weakness while one of the first two developed weakness of
both hind and forelimbs, by day 16 after immunization
Ž . Ž .ACSs2.3 Fig. 3 . The MOG-18–32 experiment was
also terminated on day 16 and mice were sacrificed for
histological and antibody assays.

Immunization with E2 115–129 did not result in clini-
cal disease during the first 16 days of observation, but 2 of
6 mice developed a mild to moderate hind limb weakness

Ž .with difficulty to roll over ACSs1.5 , at 20 days pi,
progressing to moderate hind limb weakness on day 28 pi.
Another two mice exhibited moderate hind limb weakness

Ž . Ž .on day 28 pi ACSs2 . A total of 4 of 6 %66 of E2
115–129-immunized mice were affected with signs of
EAE-like disease.

In a second experiment mice were observed for a longer
period of time. MOG 35–55 induced an acute EAE fol-

Žlowed by a chronic phase, as previously reported Mendel

Fig. 3. Development of acute clinical EAE in 6 MOG 35–55, 8 MOG 18–32 and 7 E2 115–129 immunized C57Bl6 mice. Mice were inoculated for
disease development with 300 mgrmouse of peptide, as described in Section 2, and were followed daily for clinical signs of disease. The mean daily
clinical score"SEM is shown.
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.et al., 1995 . In MOG 18–32-immunized mice, the first
signs of EAE appeared on day 13 pi, increased with time

Ž .and peaked on days 24–34 post immunization Fig. 4 .
Immunization with E2 115–129 did not induce EAE-like

disease until day 20, increased with time and the signs
were still increasing on day 40 pi, when the experiment

Ž .was terminated Fig. 4 .
Mice immunized with peptides without pertussis or with

CFA and pertussis alone did not show clinical disease.
In summary, MOG 35–55 and MOG 18–32 induced

EAE with onset beginning on days 10–12 pi and progress-
ing to a chronic phase and the E2 115–129 peptide
induced a milder chronic EAE-like disease, beginning on
day 20 pi.

3.5. Antibody responses

Ž .Samples pooled sera from peptide immunizedrpertus-
Ž .sis-injected and pertusis only -injected B6 mice were

Ž .examined for antibody ab production by ELISA. Sam-
ples from MOG 35–55-immunized mice showed high
reactivity with this peptide at 2–3 weeks and 5–6 weeks pi
Ž .Table 3 . Samples from MOG 18–32-immunized mice,

Žhowever, did not react with the specific peptide MOG

.18–32 until 5–6 weeks pi, at which time 1 of 3 samples
reacted with MOG 18–32 and cross-reacted with E2 115–
129. Three of 4 samples from MOG 18–32-immunized
mice showed high reactivity with specific peptide by 5–6
weeks pi. One of two samples from E2 115–129-im-
munized mice had developed a low reactivity with E2
115–129 and cross reaction with MOG 18–32, at 3 weeks

Ž .pi Table 3 . Three of four samples from E2 115–129-im-
munized mice reacted specifically with this peptide at 4–5

Ž .weeks pi Table 3 . In short, MOG 35–55-immunized
mice developed higher levels of specific antibody, at an
earlier time point, than MOG 18–32-immunized mice. E2
115–129-immunized mice also developed antibody similar
to those in MOG 18–32-immunized mice, but the antibody
was detected at an earlier time point.

In experiments using the protocol to maximize lympho-
cyte proliferation responses rather than disease induction,
immunization of mice with E2 115–129 and MOG 18–32,
induced a low titer of specific antibody to E2 115–129, but
did not produce detectable levels of antibody to MOG

Ž .18–32 data not shown .
Due to cross reactive antibody responses seen in some

samples obtained from E2 115–129- and MOG 18–32-im-
munized mice, as described above, we decided to investi-

Fig. 4. Development of chronic EAE in 7 MOG 18–32 and 8 E2-115–129 immunized C57Bl6 mice. Mice were inoculated for disease development with
300 mgrmouse of peptide, as described in Section 2, and were followed daily for clinical signs of disease. The mean daily clinical scores"SEM are
shown.
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Table 3
Antibody responses in peptide-immunized mice

Immunizing Antibody positive)rtotal, at weeks post immunization
peptide 2–3 weeks 4–5 weeks 5–6 weeks

AMOG 35–55 1r3 ND 4r4
BMOG 18–32 0r3 1r3)) 3r4

CE2 115–129 1r2)) 2r3 3r4

Ž .)The numbers indicated are those of samples each from 2–3 mice that reacted with the immunizing peptide.
))The positive sample in these groups reacted with both MOG 18–32 and E2 115–129.
A Ž . Ž .The OD of one of three samples at 2–3 weeks post immunization pi was 1.6; at 5–6 weeks pi , the average OD of samples was 1.15.
B The OD of the sample at 4–5 weeks pi was 0.55 for MOG and 0.56 for E2 peptide; at 5–6 weeks pi, the average OD for 3 positive samples was 1.01.
C The OD of the sample at 2–3 weeks pi was 0.3 for E2 and 0.2 for MOG peptide; at 4–5 weeks pi, the average OD of the 2 positive samples was 0.75; at
5–6 weeks pi, the average OD for three positive samples was 0.9.

gate the phenomenon of epitope spreading in the antibody
response. Therefore, more samples obtained from mice at
the time of clinical disease were tested for reactivity with
several peptides of SFV and myelin. Serum samples from

Ž .MOG 18–32-immunized mice day 18 pi showed minimal
antibody response to this peptide and to the other mim-

Ž .icked and non mimicked peptides Fig. 5 , despite the
clinical signs of EAE at this time point. One of two

Ž .samples from E2 115–129-immunized mice day 21 pi
reacted not only with the specific peptide, but also with
SFV proteins, and a few of other mimicked and non-
mimicked peptides. The strongest cross reaction was with
non mimicked peptide, MBP 64–75. The sera also reacted

Ž .with PLP 89–104, MOG 10–32 and MOG 35–55 Fig. 5 .
To further investigate the role of epitope spreading in

Fig. 5. Production of anti-peptide antibodies after immunization of C57Bl6
mice with SFV E2 115–129 and with MOG 18–32. See legend of Fig. 3
for immunization protocol of mice from which the sera were obtained.
Microtiter plates were coated with 2 mg of each listed peptide and ELISA
were performed as described in Section 2.

antibody response to SFV, serum samples from both SFV-
infected and UV-SFV-immunized mice were similarly as-
sayed and found to be reactive with all the above peptides,

Ž .but non reactive with negative control peptides, FB 1–14
Ž . Ž .and FGF 106–120 data not shown .

3.6. Histology

3.6.1. E2-115–129-immunized mice
CNS tissues of nine E2 115–129-immunized mice sac-

rificed on days 24–35 were examined by histology. Six of
these mice had shown clinical signs with average clinical

Ž . Ž .score ACS s2"0.3 Table 4 . Only one of six mice had
a small number of mononuclear cell inflammatory infil-

Ž .trates in the CNS Fig. 6A, Table 4 , but all six with
clinical signs had foci of white matter vacuolation in the

Ž .brain stem and spinal cord Fig. 6B . This white matter
vacuolation was not associated with glial cell proliferation,
although an increase in immunoreactivity for glial fibril-
lary acidic protein was detected in some of these samples
Ž .not shown . Bielschowsky silver impregnation prepara-
tions on selected samples showed preservation of axons in

Ž .the areas of vacuolation not shown .

3.6.2. MOG 18–32-immunized mice
CNS tissues of seven MOG 18–32-immunized mice

were examined by histology. Four of seven of the immu-
nized mice showed clinical signs with ACSs2.3"0.3
Ž .Table 4 . Two of these mice which were killed on day 16
pi showed inflammatory cell infiltration: one mouse had
very marked meningitis with minimal parenchymal infil-

Ž .trates Fig. 6C, Table 4 . One mouse, that had shown
severe clinical disease and died on day 18 pi, had moderate
inflammation but marked vacuolation in the brain stem
Ž .Fig. 6D . Two mice in this group sacrificed at later time
points had no CNS inflammation, but both showed white

Ž .matter vacuolation Table 4 .

3.6.3. MOG 35–55-immunized and other control mice
All MOG 35–55-immunized mice showed clinical signs

with ACSs4"0.6, and all but one had marked meningeal
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Table 4
Clinical and histologic findings in immunized micea

Peptide Incidence of Average severity Incidence of CNS Total inflammation Incidence of white
b cimmunization clinical disease "SEM inflammation foci meanqSE matter vacuolation

E2 115–129 6r9 2.0"0.3 1r6 2 6r9
MOG 18–32 4r7 2.3"0.3 2r7 10"9 4r7
MOG 35–55 6r6 4.0"0.6 5r6 84"39 4r6
CFA 0r3 0 0r3 0 0r3

aCombined data from experiments 1 and 2 for mice that were examined for histopathology. Mice were sacrificed from day 16 to 35 pl.
b Meningeal and parenchymal foci in brain and spinal cord sections were counted by single observer blinded to the clinical status of the mice.
c Tissue samples were scored for the presence or absences of white matter vacuolation. In MOG 35-immunized mice, vacuolation was associated with
inflammatory infiltrates whereas in E2- and MOG 18-immunized mice vacuolation was present despite the lack of inflammation.

and parenchymal mononuclear cell infiltrates with associ-
Ž .ated white matter vacuolation demyelination typical of

Ž .acute EAE Fig. 6E and Table 4 .

The white matter vacuolation seen in E2 115–129,
MOG 18–32 and MOG-35–55 immunized mice, resem-
bled the secondary demyelination seen in the cerebellar

Fig. 6. All are stained with Luxol fast blue-hematoxylin and eosin. A. A mononuclear cell inflammatory focus in the leptomeninges adjacent to the
Ž .cerebellum left side of the field in an E2 peptide-immunized mouse that showed clinical signs, 80= . B. Vacuolation in the brain stem white matter

Ž .arrow of an E2 115–129-immunized mouse that showed mild clinical signs, 80= . C. Marked mononuclear cell leptomeningeal infiltrate adjacent to the
Ž .cerebrum upper portion of the field of a MOG 18–32 immunized mouse that had EAE, and was sacrificed on day 18 post-immunization, 60= . D.

Ž .Marked focal vacuolation left and far right sides of field in brain stem white matter of a MOG 18–32-immunized mouse that showed severe clinical
disease and died on day 18 pi. Intact myelin is seen in the center right of the field 80= . E. Meningeal and parenchymal mononuclear cell infiltration with
associated perivascular demyelination in the spinal cord white matter of a MOG 35-immunized mouse with typical signs of EAE, 80= . F. White matter

Ž .vacuolation arrow in the cerebellum of a SFV-infected B6 mouse sacrificed on day 21. No inflammation or macrophages are seen in this area, 100= .
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white matter of B6 mice, following the clearance of SFV
Ž .on days 15–21 postinfection Fig. 6F .

CFA-immunized mice showed no clinical signs at any
time point and had no CNS inflammation or vacuolation of
white matter.

Mice immunized with UV-SFV and with peptides, but
without pertussis, to generate T cell proliferative responses
did not show any histological evidence of EAE when
examined at 4–5 weeks after immunization.

4. Discussion

SFV infection induces viral encephalomyelitis in mice.
The virus enters the CNS and multiplies in the brains and
spinal cords on days 3–7 following peripheral inoculation
with the virus. SFV infection of B6 mice is cleared from
the brains and spinal cords by day 10 postinfection
Ž .Mokhtarian et al., 1996 , and is followed by a secondary
demyelination, predominantly affecting cerebellar white

Žmatter, at 14 to 21 days postinfection Fazakerley et al.,
.1983, 1997; Mokhtarian and Swoveland, 1987 . We found

that the T cell responses to the viral peptides occur simul-
taneously with responses to mimicked myelin peptides
Ž .Mokhtarian et al., 1994, data not shown , and the de-

Žmyelination also appeared to be T-cell mediated Fazaker-
.ley et al., 1983; Mokhtarian and Swoveland, 1987 . The

present findings, however, suggest that an antibody re-
sponse to an epitope of SFV that exhibits molecular
mimicry with a peptide of MOG, contributes to the de-
myelinating lesions induced following SFV infection. It
should be emphasized, however, that these autoimmune
mediated lesions are probably initiated and preceded by a
T cell mediated inflammatory response at the time of peak

Žclinical disease and viral clearance Mokhtarian et al.,
.1996 .

SFV infection is the first example in which an acute
Ž .CNS virus infection i.e., without persistence triggers an

autoimmune mediated CNS injury about 2 weeks after the
clearance of virus from the CNS. The cross-reactive T cell
responses observed in this study suggested a possible

Žmolecular mimicry, i.e., at the level of I-A binding Bab-
bitt et al., 1986; Hill et al., 1991; Madden et al., 1993;

.Gautam et al., 1994 , between viral and self peptides.
These cross-reactive responses were greatest to E2 115–129
and to MOG 18 to 32, a pair of mimicked peptides with
the longest continuous stretch of combined complete and
partial homologies. These findings indicate that in order
for molecular mimicry between two peptides to result in
cross proliferation, a minimum of three exact aa homolo-
gies combined with partial homologies in the same region,
in an uninterrupted manner, was needed.

Immunization of B6 mice with a surface peptide of
SFV, E2-115–129, led to an autoimmune lymphocyte
proliferative response to its mimicked peptide of MOG,

18–32. Immunization of mice with either of these two
peptides induced a similar EAE-like disease with white
matter vacuolation. Furthermore, the white matter vacuola-
tion seen in E2 115–129 and MOG 18–32-immunized
mice, resembled the secondary demyelination seen in the
cerebellar white matter of B6 mice, following the clear-

Ž .ance of SFV on days 15–21 postinfection Fig. 6F . We
use the term ‘white matter vacuolation’ rather than ‘sec-
ondary demyelination’ because it more accurately de-
scribes the histologic appearance of the CNS lesions.
Based on clinical and histological features, similar autoim-
mune responses appear to be the mechanism responsible

Ž .for the white matter vacuolation secondary demyelination
seen in the CNS of B6 mice after immunization with E2
115–129 and MOG 18–32, and 15–21 days following
SFV-infection.

The significance of the white matter vacuolation, in
patients and animal models, and the mechanisms by which
it occurs are not completely understood. The majority of
E2 115–129-immunized mice that showed clinical disease
had white matter vacuolation whereas only one of six E2
115–129-immunized mouse with clinical signs showed
CNS inflammation. Similarly, the majority of MOG 18–32
immunized mice which showed clinical signs and were
sampled for histology had white matter vacuolation yet
only two of seven had CNS inflammation. Despite the low
incidence and extent of inflammation in the E2 115–129
and MOG 18–32 immunized mice, clinical disease and

Ž .white matter vacuolation as illustrated in Fig. 5 were
evident in the majority of these mice. More extensive
inflammation with associated vacuolation and clinical dis-
ease was present in MOG 35–55 immunized mice, used as
positive controls. Neither clinical disease, inflammation or
white matter vacuolation were present in CFA-immunized
mice, used as negative controls. These findings suggest an
association between vacuolation and clinical disease be-
cause there were no other histologic abnormalities in these
mice that correlate with the presence of clinical signs.
Since the majority of E2 115–129 and MOG 18–32
immunized mice were tested after they showed signs of
clinical disease, i.e., late, it is possible that inflammation
of the CNS of these mice may have resolved by that time.

We speculate that a small, perhaps transient, cellular
immune response in the CNS of these peptide-immunized
mice might have led to sufficient breakdown of the blood-
brain barrier to have permitted the anti-peptide antibodies
induced by E2- or MOG peptide immunization to leak into
the CNS and induce tissue injury. The support for this
interpretation is the fact that the antibody responses to all
three peptides were not detected in the sera until 4–5
weeks after immunization, probably after the antibody
producing cells migrated from the CNS into the periphery.
The role of antibody was especially evident in E2 115–129
immunized mice, in which the later onset of clinical

Ždisease coincided with the antibody production which was
.earlier than the other two peptide groups . Furthermore,
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epitope spreading to other peptides occurred in the E2
115–129 immunized mice. The sera of E2 115–129 immu-
nized mice also cross reacted with MBP 64–75, which has
some mimicry with E2 137–151. The role of this epitope
spreading is under further investigation. Previous studies
have shown that injection of anti-MOG antibodies at the
time when blood-brain barrier is breached induces exten-

Žsive CNS demyelination in Lewis rats Schluesener et al.,
.1987; Linington et al., 1988; Piddlesden et al., 1993 . We

have also found that SFV-infection of B6 mice induced
Ž .anti MOG antibody with a high titer data not shown . In

recombinant MOG-tolerized marmosets, a pattern of white
matter vacuolation similar to the pattern we observed in
SFV-infected and peptide-immunized mice, was attributed

Ž .to pathogenetic autoantibodies Genain et al., 1996 . This
is in contrast to the usual TH1 cytokine production seen in

Žacute viral encephalomyelitis Mokhtarian et al., 1994;
. ŽMokhtarian et al., 1996 and EAE Selmaj and Raine,
.1988; Kennedy et al., 1992 .

In this report, we have shown that autoimmunity may
Ždevelop when peptides of a microorganism such as a

.virus have only a short sequence homology with host self
peptides. Although there may not be a clear and direct
relationship between the induction of clinical disease

Ž .and the extent of conventional EAE-like inflammatory
pathology in the CNS of MOG 18–32 and E2 115–129-
immunized mice, the use of these peptides and disease and
pathology induced by them, permits dissection of both the
immune response components and the pathology. Although
not all disease manifestations are necessarily attributed to
molecular mimicry mechanisms, individual mimicked re-
sponses may, nevertheless, make significant contributions
both to clinical disease expression and to tissue injury. One
important aspect of this model is that the mimicked viral
and MOG peptides appear to be the epitope for the
pathogenic antibody production. In other words, while T
cells reactive with a certain epitope on E2 result in inflam-
mation and clearance of SFV, antibody to E2 115–129
epitope appears to mediate injury to the white matter. Our
previous studies and those of others have shown that E2
115–129 is part of a T cell epitope in both BALBrc
Ž d. Ž b.H-2 and B6 H-2 mice. Furthermore, portions of the
SFV T cell epitopes for the induction of antibody are
within E2 115–141 and E2 127–151 and a DTH-inducing
epitope was found to be within the region of E2 137–151

Ž .in BALBrc mice Snijders et al., 1992 .
This study provides further support for the involvement

of environmental pathogens in the induction of autoim-
mune diseases, when an optimal number of autoreactive T
and B cells are present in the host. It also shows that
whereas T cells are necessary to recruit lymphocytes into
the CNS, white matter injury may be mediated by autoanti-
bodies that are cross-reactive with an epitope of a CNS
virus.
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