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Intracranial infection of Theiler’s murine encephalomyelitis virus (TMEV) induces demyelination and a
neurological disease in susceptible SJL/J (SJL) mice that resembles multiple sclerosis. While the virus is
cleared from the central nervous system (CNS) of resistant C57BL/6 (B6) mice, it persists in SJL mice. To
investigate the role of viral persistence and its accompanying immune responses in the development of
demyelinating disease, transgenic mice expressing the P1 region of the TMEV genome (P1-Tg) were employed.
Interestingly, P1-Tg mice with the B6 background showed severe reductions in both CD4* and CD8* T-cell
responses to capsid epitopes, while P1-Tg mice with the SJL background displayed transient reductions
following viral infection. Reduced antiviral immune responses in P1-Tg mice led to >100- to 1,000-fold
increases in viral persistence at 120 days postinfection in the CNS of mice with both backgrounds. Despite the
increased CNS TMEY levels in these P1-Tg mice, B6 P1-Tg mice developed neither neuropathological symp-
toms nor demyelinating lesions, and SJL P1-Tg mice developed significantly less severe TMEV-induced
demyelinating disease. These results strongly suggest that viral persistence alone is not sufficient to induce
disease and that the level of T-cell immunity to viral capsid epitopes is critical for the development of

demyelinating disease in SJL mice.

Theiler’s murine encephalomyelitis virus (TMEV) is a mem-
ber of the Cardiovirus genus within the Picornaviridae family.
TMEV is a common enteric pathogen among wild mice and
rarely causes a neurological disease. However, intracerebral
(i.c.) infection in susceptible mice, e.g., SJL/J (SJL) mice, re-
producibly induces a chronic immune-mediated demyelinating
disease, providing an excellent infectious model for multiple
sclerosis (10, 25). The precise mechanism of TMEV-induced
demyelinating disease (TMEV-IDD) is unknown. However,
virus-specific T cells, various proinflammatory chemokines
(e.g., monocyte chemoattractant protein 1 and interferon-in-
ducible protein 10), and cytokines (e.g., gamma interferon
[IFN-vy] and tumor necrosis factor alpha) in the central ner-
vous system (CNS) are believed to play a critical role (reviewed
in references 26 and 44) in this disease process. In addition, the
presence of persistent viral infection may lead to demyelinat-
ing disease by directly causing host cell lysis (51), which re-
leases sequestrated CNS autoantigens, resulting in the activa-
tion of autoreactive T cells (39). The persistence of viral
antigens also is believed to perpetuate a massive inflammatory
milieu in the CNS by continuously activating virus-specific T
cells (25, 33). Thus, it is conceivable that viral persistence is
essential for the development of TMEV-IDD. This possibility
is consistent with the observation that spontaneously occurring
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variant viruses with relatively low pathogenicity display re-
duced levels of viral persistence in the CNS (27), implying that
viral persistence is a critical susceptibility factor. Furthermore,
genetic studies show that viral persistence levels in the CNS
correlate with demyelinating disease levels (7, 34).

In general, virus-specific CD8" T cells play a pivotal role in
limiting viral replication. In resistant C57BL/6 (B6) mice, D-
restricted VP2,,, (5o-specific CD8™ T cells seem to be crucial
in viral resolution, as the expression of the D" transgene con-
verts susceptible FVB mice to resistant mice (3). Moreover,
when FVB/DP-transgenic (Tg) mice were tolerized by a soluble
VP2,,, 130 peptide infusion, their susceptibility was reinstated;
these mice exhibited extensive demyelination and high viral
loads (38). Like the CD8™ T cells, vigorous antiviral CD4™
T-cell responses in the early stages of viral infection also are
important in acquiring resistance to TMEV-IDD (40). Fur-
thermore, virus-specific antibody responses are required to
confer resistance to TMEYV infection, especially in the absence
of CD8" T cells (22). These data suggest that various virus-
specific immune responses contribute to viral resolution and/or
resistance to TMEV-IDD in B6 mice.

The role of immune responses in persistent viral infection in
susceptible SJL mice is less clear. CD8* T cells may offer
protection, as P2-microglobin-deficient SJL mice exhibit
higher viral loads and exacerbated disease symptoms (4). In
addition, a recent study has indicated that the level of virus-
specific CD8" T cells in the CNS of susceptible SJL mice is
significantly lower than that of resistant B6 mice in the early
stages of viral infection, again strongly suggesting that CD8* T
cells play a protective role (36). Although CD4™" T-cell-medi-
ated immune responses are considered pathogenic (16, 57),
virus-specific CD4" T cells also may provide protection by
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contributing to viral clearance and limiting viral replication
during the early stages of viral infection (6, 9). Virus-specific
antibody responses also may contribute to protection, although
again the protection is restricted during the early phase of
infection (22, 23, 54). Taking these findings together, virus-
specific humoral and cellular immune responses seem to con-
tribute to controlling viral loads in susceptible SJL mice, de-
pending upon the stage of viral infection.

Despite numerous studies, the relationship between viral
persistence and the pathogenesis of demyelinating disease re-
mains unclear. The removal of either B or T cells from resis-
tant mice results in elevated viral persistence but increased
demyelination with/without marginal clinical symptoms or en-
cephalitis, a different neurological disease often without demy-
elination (6, 22, 41, 42, 45, 47). These results imply that demy-
elination and/or the development of demyelinating disease is
tightly associated with viral persistence. However, early studies
also have suggested that immune components are necessary for
the development of demyelinating disease, as susceptible mice
compromised in their CD4" T-cell compartment, but not their
CD8" T-cell compartment, failed to develop demyelinating
disease (4, 5, 13, 32, 50). Furthermore, viral persistence levels
do not necessarily correlate with disease susceptibility among
genetically dissimilar mice (8). Therefore, identifying the role
of viral persistence in the development of demyelinating dis-
ease remains elusive; the question of whether or not viral
persistence is necessary and sufficient to develop TMEV-IDD
still is unanswered.

To investigate the role of viral persistence and virus-specific
immune responses in the pathogenesis of TMEV-IDD, Tg
mice expressing the P1 region of the TMEV genome (P1-Tg),
which carry viral leader and structural protein genes, were used
in this study. P1-Tg mice, expressing high levels of the P1
transgene in the brain and liver, showed significantly reduced
levels of virus-specific T-cell and antibody responses, which led
to higher viral loads in the CNS compared to those of their
littermates. However, immune unresponsiveness to viral capsid
epitopes by self tolerance was incomplete in P1-Tg mice with
the susceptible SJL background compared to that of mice with
the resistant B6 background. Surprisingly, B6 P1-Tg mice
maintained their resistance to TMEV-IDD, developing neither
demyelination nor symptomatic diseases, despite their signifi-
cantly compromised antiviral immune responses that lead to
high levels of prolonged viral persistence in the CNS compa-
rable to that of susceptible SJL mice. Moreover, SJL P1-Tg
mice, displaying elevated viral loads, developed significantly
reduced levels of neurological disease. Taken together, these
results clearly demonstrate that viral persistence alone is not
sufficient to induce TMEV-IDD and that viral loads are not
associated with demyelinating disease levels. The level of an-
tiviral immune response to the capsid proteins is rather critical
for the pathogenesis of demyelinating disease in susceptible
SJL mice.

MATERIALS AND METHODS

Animals. The P1 region of the TMEV pSBW genome (GenBank accession
number DQ401688) was cloned into the EcoRV-Notl site of pcDNA3.1. The
linearized P1 region of the TMEV genome after the human cytomegalovirus
(hCMV) promoter, voiding the bacterial replication-related gene segment, was
injected into fertilized eggs of (B6 X SJL)F, mice by the Northwestern Univer-
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sity Tg facility. P1-expressing (B6 X SJL)F, founders were backcrossed at least
10 generations to B6 and SJL mice from Jackson Laboratories. Parental and Tg
mice were housed and bred in the animal care facility of Northwestern Univer-
sity. All experiments were performed with 6- to 10-week-old female mice under
the protocols approved by the institutional Animal Care and Use Committee.

Synthetic peptides and antibodies. All peptides were purchased from Gene-
Med Synthesis Inc. and were used as previously described (21). All antibodies
used were purchased from BD Biosciences (San Diego, CA).

Virus preparation and infection. The BeAn strain of TMEV used in this study
was generated and propagated (and the titers were determined) in BHK-21 cells
grown in Dulbecco’s modified Eagle’s medium supplemented with 7.5% donor
calf serum. For i.c. infection, 30 pl of virus solution (0.2 X 10° to 6 X 10° PFU)
was injected into the right cerebral hemisphere of 6- to 8-week-old mice anes-
thetized with isoflurane. Clinical symptoms of disease were assessed weekly on
the following grading scale: grade 0, no clinical signs; grade 1, mild waddling gait
or flaccid tail; grade 2, severe waddling gait; grade 3, moderate hind limb paresis;
and grade 4, severe hind limb paralysis.

Reverse transcriptase PCR (RT-PCR). Total cellular RNA from various tis-
sues of P1-Tg mice, including the brain, spinal cord, spleen, thymus, liver, and
kidney, was isolated by using Trizol reagents (Invitrogen). First-strand cDNA
was synthesized from 1 pg of total RNA by utilizing SuperScript 111 first-strand
synthesis supermix (Invitrogen, CA) at 55°C. The relative concentrations of
cDNA were equalized among the groups based upon the level of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) amplification (35 cycles) by PCR. The
following primers for control GAPDH and the P1 transgene were purchased
from Integrated DNA Technologies: GAPDH, 5'-AACTTTGGCATTGTGGA
AGG-3" and 5'-ACACATTGGGGGTAGGAACA-3', and the P1 transgene,
5'-CCGGAATTCGGAGTTGACAATGCTGAGAAAGG-3' and 5'-TTGCGG
CCGCCTCGAGTTCAAGAATGGGGACTG-3'.

Plaque assay. Virus titers in the infected CNS tissues were enumerated by a
standard plaque assay on BHK-21 monolayers (48). After methanol fixation,
0.1% crystal violet was used to visualize plaques on the monolayer.

Isolation of CNS-infiltrating MNCs. Mice were perfused with sterile Hanks’
balanced salt solution (HBSS), and excised brains and spinal cords were homog-
enized. CNS-infiltrating mononuclear cells (MNCs) were then enriched in the
bottom one-third fraction of a continuous 100% Percoll gradient (Pharmacia,
Piscataway, NJ) after centrifugation at 27,000 X g for 30 min as previously
described (14).

Intracellular staining of cytokine production. Freshly isolated CNS-infiltrating
MNCs were cultured for 6 h in 96-well round-bottom plates in the presence of
relevant or control peptides as previously described (35). Allophycocyanin-con-
jugated anti-CD8 (clone Ly2) or anti-CD4 (clone L3T4) antibody and phyco-
erythrin-labeled rat monoclonal anti-IFN-y (XMG1.2) antibody was used for
intracellular cytokine staining. Cells were analyzed on a Becton Dickinson
FACSCalibur or FACS Sort flow cytometer. Live cells were gated based on light
scatter properties.

Cytokine and antibody ELISA. Mouse IFN-y and interleukin-13 (IL-13) en-
zyme-linked immunosorbent assay (ELISA) kits were purchased from BD Bio-
sciences and R&D Systems, Inc. (Minneapolis, MN), respectively. Cytokine
levels in the culture supernatants of lymph node and spleen cells were assessed
according to the manufacturer’s manual. Briefly, diluted samples were incubated
for 2 h with plate-bound capture antibody. Cytokine expression levels were
visualized by horseradish peroxidase-conjugated detection antibody in the
presence of TMBI substrate (BioFX Laboratories, Owings Mills, MD). The
absorbance at 450 nm was measured. The anti-TMEV antibody response was
determined with ELISA using plates coated with UV-inactivated TMEV (UV-
TMEYV), starting with 1/100-diluted serum samples from infected animals as
described elsewhere (20).

T-cell proliferation assay. T-cell proliferation levels were determined using
splenocytes from virus-infected mice. Single-cell suspensions of splenocytes (5 X
10°/well) in RPMI medium supplemented with 5 X 10> M 2-mercaptoethanol
and 0.5% normal syngeneic mouse serum were cultured for 72 h in the presence
of 1 or 10 uM peptides or 12.5 pg/ml UV-TMEV. For some experiments, lymph
node and spleen cells from mice at 9 to 10 days after immunization with UV-
TMEYV (30 pg/mouse) in complete Freund’s adjuvant were cultured for 3 days in
the presence of peptides. Cultures were pulsed with 1 nCi [*H]thymidine for
18 h, and then [*H]thymidine incorporation was determined with a liquid scin-
tillation counter. Data are expressed as the mean counts per minute (cpm) = the
standard errors of the means and/or the stimulation index (SI) = standard errors
of the means of the results from triplicate cultures (the SI is the ratio of peptide
stimulation to the medium control).

Statistical analysis. Data are shown either as the means =+ standard deviations
(SD) of two to three independent experiments or as one representative example
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from at least three independent experiments. The significance of differences in
the mean values was determined by the Student’s ¢ test. P < 0.05 was considered
statistically significant.

RESULTS

The P1 transgene is expressed at high levels in the brain and
liver of P1-Tg mice with either B6 or SJL background. Most
viral epitopes recognized by CNS-infiltrating T cells from virus-
infected B6 and SJL mice are encoded by the P1 region of the
TMEV genome, which contains the sequences for the leader
and structural proteins (Fig. 1A). In order to investigate the
potential role of TMEV Pl-specific immune responses in the
development of TMEV-IDD, the induction of unresponsive-
ness to the P1 region was attempted by the Tg expression of the
region. Tg (B6 X SJL)F, founders, expressing the P1 region of
the TMEV genome driven by the hCMV promoter, were bred
to either the SJL or B6 background at least 10 generations
before use (Fig. 1A). To examine whether the P1 transgene is
expressed in these Tg mice, Tg RNA expression levels in var-
ious tissues were assessed by RT-PCR (Fig. 1B). cDNA was
prepared from the following CNS and peripheral tissues: brain,
spinal cord, spleen, thymus, liver, and kidney. The possibility of
potential contamination by Tg DNA was excluded by DNase I
treatment; the lack of contaminating Tg DNA was further
confirmed by PCR with a set of primers specific for the up-
stream region of the transcription start site and the 3" end of
the leader sequence (data not shown). The VP1 sequence,
which is located at the 3’ end of the P1 region, was amplified
from cDNA by PCR to analyze the expression of the full-
length P1 transgene. Consistently with previous reports regard-
ing proteins expressed under the CMV promoter (28, 52), the
P1 transgene was expressed at high levels in the brains and
livers of line 1 of both B6 P1-Tg and SJL P1-Tg mice (Fig. 1B).
Low levels of transgene expression also were detected in the
spinal cord and kidney. B6 P1-Tg line 2 expressed low to
negligible levels of the transgene, and SJL P1-Tg line 3 dis-
played levels of transgene expression comparable to those of
line 1. All of these Tg lines, regardless of their P1 transgene
expression levels, showed similar reductions in their T-cell
responses (data not shown). As P1-Tg line 1 mice with B6 and
SJL backgrounds were backcrossed from the same Tg founder,
these line 1-derived Tg mice were used for the subsequent
experiments.

SJL P1-Tg mice immunized with UV-TMEYV exhibit lower
levels of CD4" T-cell tolerance to capsid epitopes than B6
P1-Tg mice. To examine the tolerance levels of T-cell re-
sponses to neoself (newself) antigens of viral capsid epitopes,
P1-Tg mice and their littermates were immunized with UV-
TMEV (Fig. 2). At 9 days postimmunization (pi), lymph node
(LN) and spleen cells were stimulated with capsid peptides
recognized by CD4™ T cells. B6 P1-Tg mice displayed severe
unresponsiveness (P < 0.001) in their proliferative responses
to capsid epitopes (VP2,46.,0 and VP4,s 5¢) compared to
those from their littermates (Fig. 2A). Overall, T-cell prolifer-
ation levels for the epitopes by splenic and LN CD4™" T cells
from B6 P1-Tg mice were only 23 and 12% of the responses by
their littermates, indicating that CD4™ T-cell responses to P1
neoself antigens were effectively tolerized. In contrast, CD4™
T-cell responses to capsid epitopes (VP1533550, VP2, 56, and
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FIG. 1. High levels of P1 transgene expression in the brain and liver
of B6 and SJL mice. (A) Schematic diagram of the transgene construct.
This diagram also shows the P1 epitopes recognized by CNS-infiltrat-
ing T cells of TMEV-infected B6 and SJL mice (11, 15, 19, 21, 35, 55,
56). Two minor CDS epitopes for B6 mice (VP2,¢5.,75 and VP3,,4.159)
are not included, as the magnitude of their immune responses are low
to negligible. BGH pA, bovine growth hormone polyadenylation sig-
nal. (B) The expression of the P1 transgene in various organs of
transgenic mice on either B6 or SJL backgrounds. The expression of
the P1 transgene was examined by RT-PCR of the brain (Br), spinal
cord (SC), spleen (Spl), thymus (Thy), liver (Liv), and kidney (Kid).
Transgene-positive mice were used without distinguishing their ho-
mozygosity or heterozygosity. Transgene-negative littermates resulting
from the backcrossing were used as the littermate (LM) control mice
to match the same degree of background genes. Amplification levels of
the GAPDH gene are shown for the comparison of cDNA levels in the
samples. A representative RT-PCR of two different Tg lines is shown.

VP3,,5,) in SJL P1-Tg mice were as much as 64 to 75% of the
responses by their littermates. These results indicate that the
Tg expression of the TMEV P1 region induces the weak tol-
erance of proliferative responses to capsid-specific CD4™ T-
cell epitopes in SJL P1-Tg mice, in contrast to the strong
tolerance seen in B6 P1-Tg mice.

To test the possibility that cytokine production levels may be
more severely affected than T-cell proliferation levels in these
mice, IFN-y and IL-13 levels produced in the culture super-
natant of LN and splenic T cells following stimulation with
viral epitopes were assessed by ELISA. LN and spleen cells
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FIG. 2. Inefficient censoring of autoreactive T cells by SIL P1-Tg
mice. B6 or SJL P1-Tg mice and their respective littermates (LM) were
immunized with UV-TMEV (30 pg) in complete Freund’s adjuvant.
At 9 to 10 days pi, cells from draining LN and spleens were stimulated
with the indicated peptides. (A) The proliferative activity of epitope-
specific CD4™ and CD8" T cells was measured based on [*H]thymi-
dine incorporation levels. The SI, shown at the top of each histogram,
was calculated by dividing the cpm of the peptide-stimulated group by
that of the phosphate-buffered saline (PBS)-stimulated group. (B and
C) IFN-y and IL-13 levels in the supernatants of the cultures were
assessed with ELISA. Values given are the means (£SD) of the results
from triplicate wells. *, P < 0.05; =%, P < 0.01; and =, P < 0.001.
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from B6 P1-Tg mice failed to produce IFN-y (P < 0.005) and
IL-13 (P < 0.01), while their littermates produced high levels
of these cytokines (Fig. 2B). Therefore, both proliferative and
cytokine responses of capsid-specific CD4™ T cells were greatly
reduced in B6 P1-Tg mice. In SJL P1-Tg mice, IFN-y (P =
0.01) levels also were significantly lower than those of their
littermates. However, only the IL-13 levels induced by splenic
T cells of P1-Tg mice were marginally lower (P < 0.047) than
those of their littermates. IL-13 production by LN cells of SJL
Tg mice was not consistent. LN cells from TMEV-immunized
SJL Tg mice produce high levels of IL-13 even without any
stimulation, unlike that of B6 Tg mice. Therefore, cytokine
production by capsid-specific CD4™ T cells appears to be com-
promised in both B6 and SJL P1-Tg mice, whereas prolifera-
tive activity is less affected. However, it is interesting that the
CD4™ T-cell tolerance levels were much weaker in SJL P1-Tg
mice than in B6 P1-Tg mice.

Initial peripheral CD4" T-cell response to capsid epitopes
is transiently reduced in TMEV-infected P1-Tg mice. To ex-
amine whether the tolerance to viral epitope-specific CD4™"
T-cell responses in the periphery also is detected following
infection with live virus, spleen cells from TMEV-infected
mice after 8, 21, and 120 days pi were stimulated in vitro for 3
days in the presence of capsid epitopes (Fig. 3A). At 8 days pi,
splenic T-cell-proliferative response levels of B6 P1-Tg mice
were significantly lower (P = 0.0001) than those of their litter-
mates. However, no significant differences in the proliferative
responses between the two groups were detected thereafter
(Fig. 3A). Interestingly, capsid-specific CD4™ T-cell responses
in SJL P1-Tg mice were reduced only at 21 days pi (P < 0.01),
while no significant differences were detected at 8 and 120 days
pi. Taking these results together, the tolerance of CD4 ™" T-cell
responses to capsid epitopes in the periphery of P1-Tg mice
with either the B6 or SJL background is transient following i.c.
infection with live TMEV.

Antiviral antibody response is decreased in TMEV-infected
B6 P1-Tg mice but not in SJL P1-Tg mice. To investigate
whether the antiviral antibody response also was affected in
P1-Tg mice infected with TMEV, antiviral antibody levels in
pooled sera from 3 to 10 mice in each group were determined
by ELISA at 8, 21, and 120 days pi (Fig. 3B). Interestingly, total
virus-specific IgG responses were significantly reduced in B6
P1-Tg mice throughout the course of viral infection compared
to those of their littermates, whereas no such difference was
apparent between SJL P1-Tg mice and their littermates. The
reduction of immunoglobulin G (IgG) responses in B6 P1-Tg
mice was not IgG subclass specific, as the levels of both virus-
specific IgG1 and IgG2a (or IgG2c) antibodies (37) were sim-
ilarly reduced (data not shown). These results strongly suggest
that the tolerance of antibody responses to viral determinants
is significant in B6 P1-Tg mice but not in SJL P1-Tg mice.
Therefore, it appears that the tolerance levels of antibody
responses to capsid epitopes in P1-Tg mice are different de-
pending upon their genetic backgrounds of resistance and sus-
ceptibility.

Tolerance of IFN-y-producing P1-specific CD4* T-cell re-
sponses in the CNS is better maintained in B6 P1-Tg mice
than in SJL P1-Tg mice. To test the possibility that P1-Tg mice
are differentially unresponsive to Pl-encoded antigens in the
CNS of virus-infected mice depending upon their genetic back-
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FIG. 3. Levels of peripheral immune responses to viral epitopes in
TMEV-infected P1-Tg mice. (A) Splenocytes from mice at 8, 21, and
120 days pi (d8, d21, and d120, respectively) were stimulated with CD4
epitopes. A mixture (S mix) of VP2,44.,,, and VP4,5 55 was used for
CD4™" T cells from B6 P1-Tg mice and their littermates (top), while a
mixture (S mix) of VP1l,33,50, VP2,,4 and VP3,, 5, was used to
stimulate CD4™ T cells from SJL P1-Tg mice and their littermates
(bottom). The SI is indicated at the top of each histogram. The values
in the figure represent the mean cpm of triplicate cultures (=SD) of a
representative experiment. Statistical significance was tested by the
Student’s ¢ test. *, P < 0.05; *%, P < 0.01; and ***, P < 0.001. Three
independent experiments were conducted to verify the results, and
these are very reproducible. The presented data are from a single
experiment because of their variability in the total proliferation levels
from one experiment to another. (B) Pooled sera taken from 3 to 10
mice infected with 6 X 10° PFU/mouse were assessed at 8, 21, and 120
days pi for the induction of virus-specific IgG responses. Sera were
serially twofold diluted, starting from a 1/100 dilution, and analyzed for
TMEV-specific IgG levels. Values given are the means (=SD) of the
results from duplicate wells. PBS, phosphate-buffered saline.

grounds, the levels of IFN-y-producing CNS-infiltrating cells
from infected P1-Tg mice with B6 and SJL backgrounds were
assessed after stimulation with their respective capsid peptides
(Fig. 4). The proportion of virus-specific CD4™ T cells in the
CNS of B6 P1-Tg mice was approximately twofold lower than
that of their littermates throughout the 120-day course of viral
infection, whereas that in SJL P1-Tg mice was lower only
during the early (8 days pi) stage of viral infection (Fig. 4A).
However, the total number (Fig. 4B) of IFN-y-producing
CD4" T cells in the CNS of B6 P1-Tg mice was significantly
reduced compared to that of their littermates only during the
early stage of viral infection (8 days pi) due to the increased
infiltration levels at the late stage of viral infection. In SJL
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P1-Tg mice, differences in the number of P1-specific CD4" T
cells in the CNS also were significant only during early (8 days
pi) viral infection (Fig. 4B). Taking these results together,
P1-Tg mice with both B6 and SJL backgrounds are able to
mount tolerance in P1-specific CD4™ T-cell responses of the
CNS during the early stage of TMEV infection, but mice with
the B6 background maintain tolerance relatively longer than
mice with the SJL background.

Capsid-specific CD8* T-cell response in the CNS is tightly
tolerized in B6 P1-Tg mice but not in SJL P1-Tg mice. To
determine whether capsid-specific CD8* T-cell responses in
the CNS of P1-Tg mice follow the CD4™ T-cell response pat-
tern (Fig. 4), virus-specific CD8" T-cell response levels were
assessed by flow cytometry (Fig. 5). CD8" T-cell responses to
minor epitopes (VP3,,y.150 and VP3,45.,75) in the CNS were
low (<5%) in both B6 P1-Tg mice and their littermates
throughout the course of viral infection (data not shown), as
previously shown for TMEV-infected B6 mice (36). Thus, only
CD8™" T cells reactive to the predominant VP2,,; 5, epitope
were further analyzed. Both the number of overall CNS-infil-
trating CD8" T cells and the proportion of IFN-y-producing
epitope-specific CD8" T cells were greatly reduced (P <
0.005) in B6 P1-Tg mice during the course of viral infection
(Fig. 5), leading to a severe reduction in the total number of
epitope-specific CD8" T cells. The levels of CD8" T cells
reactive to DP-VP2,,, ., tetramers were similarly lower in B6
P1-Tg mice throughout the course of viral infection (Fig. 5B).
These results indicate that a reduction in the levels of IFN-y-
producing virus-specific CD8" T cells reflects the inability of
B6 P1-Tg mice to induce the epitope-specific CD8" T-cell
response rather than their functional deficiency.

In contrast to the drastic reduction (>80%) of VP2, 5,-
specific CD8" T-cell response seen in B6 P1-Tg mice, only
<40% of the predominant VP35, 4c-specific CD8" T-cell
response was reduced in SJL P1-Tg mice at 8 days pi compared
to that of their littermates, and it was reduced <30% thereaf-
ter compared to that of their littermates (Fig. 5B). Interest-
ingly, CD8" T-cell responses to subdominant epitopes in SJL
P1-Tg mice were largely unaffected (Fig. 5B). In general, high-
affinity CD8™ T cells are preferentially tolerized by deletion or
anergy in vivo. In fact, the relative levels of IFN-y-producing
cells upon stimulation with serial 10-fold-decreased epitope
peptide concentrations indicated that functional avidity to the
dominant epitope (VP3,59.166) is 50- and 100-fold higher than
those to the subdominant epitopes (VP35 5, and VP1,, ,,
respectively) (data not shown). These results are consistent
with the preferential reduction of high-affinity VP3,54_44-Spe-
cific CD8™ T cells over low-affinity subdominant epitope-reac-
tive CD8* T cells. Nevertheless, overall CNS-infiltrating CD8™*
T-cell numbers were comparable between SJL P1-Tg mice and
their littermates; the total numbers of virus-specific CD8* T
cells were not drastically different (Fig. 5B). Therefore, SJL
mice likely are less efficient in censoring low-avidity autoreac-
tive CD8™" T cells induced via molecular mimicry or polyclonal
activation following viral infections.

Viral loads are drastically increased in P1-Tg mice with
both B6 and SJL backgrounds. We next determined the effects
of virus-specific immune tolerance in P1-Tg mice on viral per-
sistence in the CNS. Both B6 and SJL P1-Tg mice displayed
significant increases in viral persistence in the CNS throughout
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FIG. 4. IFN-y-producing CD4" T-cell levels specific to viral epitopes in the CNS of P1-Tg mice. (A) CNS-infiltrating MNCs isolated from
TMEV-infected mice were restimulated with the indicated mixture of CD4* T-cell-specific epitopes (S mix for cells from B6 mice, VP2, 55, and
VP45 3¢; S mix for cells from SJL mice, VP1,35.550, VP2,4.56, and VP3,, 5;). CON represents control cultures similarly incubated with PBS. After
a 6-h stimulation, cells were stained for CD4 and intracellular IFN-y. The percentage of CD4* and IFN-y™ cells is shown at the upper left corner
of each plot. Data are representative of two to three independent experiments. d8, d21, and d120 are day 8, day 21, and day 120, respectively. LM,
littermate. (B) Histograms represent the mean percentages or numbers from two to three independent experiments by flow cytometric analysis.
NS mix is a mixture of two different CD4" T-cell-specific epitopes in the three-dimensional nonstructural protein (RNA polymerase) that are
uniquely recognized by TMEV-infected SJL mice (B. S. Kang and B. S. Kim, unpublished observations). The proportion of epitope-specific
IFN-y-producing CD4" T cells (top), total number of CNS-infiltrating CD4™" T cells (middle), and number of epitope-specific CD4™ T cells in the
CNS (bottom) are shown. Statistical significance was analyzed by the Student’s ¢ test. *, P < 0.05; **, P < 0.01; and #*%, P < 0.001.

the course of viral infection compared to that of their control
littermates. Most strikingly, B6 P1-Tg mice showed high levels
of viral persistence at 120 days pi (P < 0.001), levels that were
greater than those in susceptible SJL mice, while their litter-
mates cleared viral persistence completely by 21 days pi (Fig.
6A). Similarly, viral persistence in the brain and spinal cord of
SJL P1-Tg mice was significantly higher (3-fold to approxi-
mately 10-fold) at all time points (8, 21, and 120 days pi)
compared to that of their littermates. These results strongly
suggest that the immune tolerance to viral capsid determinants
in P1-Tg mice with both backgrounds permits significantly in-
creased viral persistence in the CNS, most drastically in B6
P1-Tg mice.

However, it is conceivable that intact L protein produced in
viral target cells of Tg mice promotes viral replication follow-
ing TMEV infection by inhibiting the production of type I
IFNs (53). To examine this possibility, we first compared P1
expression levels in vitro between CNS cells from naive control

and P1-Tg mice with/without infection (Fig. 6B). The results
demonstrated that the levels of VP1 expression in uninfected
P1-Tg cells were as much as 10-fold lower than those of in-
fected littermate control cells in both strains. However, similar
levels of VP1 were expressed in P1-Tg and control cells after
infection with TMEV. Further flow cytometric analysis of cap-
sid proteins showed that the levels of virus-infected P1-Tg cells
were somewhat lower than those of infected littermate control
cells, whereas uninfected P1-Tg cells failed to mount detect-
able levels of capsid proteins (Fig. 6C). Similar results were
obtained when three-dimensional messages were assessed
(data not shown). These results clearly demonstrated that
there is no increased viral replication in CNS cells from Tg
mice compared to that of control cells. Therefore, it is most
likely that the enhanced viral loads in the CNS of TMEV-
infected P1-Tg mice (Fig. 6A) reflect the deficiency in im-
mune-mediated viral control due to the Tg tolerance to the
capsid epitopes.
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Viral persistence is not correlated with the development of
demyelinating disease. To further correlate viral persistence in
the CNS with disease development levels in P1-Tg mice, de-
myelinating disease levels were assessed following infection
with TMEV (Fig. 7). Neither B6 P1-Tg mice nor their litter-
mates developed detectable clinical symptoms after infection
with the virus (6 X 10° PFU/mouse); B6 P1-Tg mice remained
free of symptomatic disease during the course (>120 days) of

viral infection (Fig. 7A). The possibility that P1-Tg mice de-
velop nonsymptomatic demyelinating lesions due to their in-
ability to clear viruses in the CNS was further examined after
staining the spinal cords with Luxol-fast blue (Fig. 7C). Despite
extensive viral persistence in the CNS that exceeded the levels
found in SJL mice, visible inflammation and demyelinating
lesions were not seen as late as 120 days pi in B6 P1-Tg mice,
similarly to their littermates (Fig. 7C). These data indicate that
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FIG. 6. Increased viral persistence in the CNS of TMEV-infected P1-Tg mice. (A) The titers of the infectious virus in the CNS of TMEV-
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viral persistence is not sufficient for the induction of demyeli-
nation or demyelination-associated clinical symptoms in mice
with the resistant B6 background.

We expected that SJL P1-Tg mice develop more severe
demyelinating disease. Therefore, we infected mice by design
with a lower dose of TMEV (2 X 10° PFU/mouse) to detect
the potential exacerbation of disease in Tg mice compared to
that of the littermates. In SJL P1-Tg mice and their littermates
infected with the same viral stock (175R-K), both disease in-
cidence (P = 0.028 at 105 to 112 days pi) and severity (P < 0.05
after 84 days pi) in P1-Tg mice were significantly lower com-
pared to those of their littermates (Fig. 7B), despite the in-
creased viral persistence levels in the CNS of P1-Tg mice (Fig.
6). As the development of TMEV-IDD in susceptible SJL mice
is thought to be associated with the loss of the myelin sheath,
the levels of inflammatory cellular infiltration and demyelina-
tion were further assessed by histological examination at 120
days pi (Fig. 7C). Spinal cord cross-sections of SJL littermates
stained with hematoxylin and eosin showed the hypercellularity
of the spinal cord white matter, reflecting the presence of
lymphoid cells and monocytes. Adjacent sections, stained with
Luxol-fast blue, showed a corresponding pallor that reflected

demyelination. In contrast, the white matter of spinal cords
from representative relatively healthy SJL P1-Tg mice ap-
peared normal. However, mild demyelination was observed in
SJL P1-Tg mice that were clinically affected (data not shown).
These results clearly indicate that SJL P1-Tg mice develop
significantly reduced levels of symptomatic disease and demy-
elination compared to that of their littermates despite the
higher level of viral persistence in the CNS (Fig. 6). These
results strongly imply that the development of clinical disease
correlates with demyelination levels, but not viral persistence
levels, in mice with resistant as well as susceptible back-
grounds.

DISCUSSION

Most epitopes recognized by CNS-infiltrating CD4™ and
CD8™" T cells in infected B6 and SJL mice are located within
the P1 region of the TMEV genome (Fig. 1). Therefore, it is
feasible to induce virus-specific immune unresponsiveness by
expressing the P1 region as Tg neoself proteins. If this is the
case, P1-Tg mice may display high levels of viral persistence
due to inefficient viral clearance resulting from the loss of
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FIG. 7. Development of demyelination and clinical disease levels in
TMEV-infected P1-Tg mice and their littermates (LM). The development of
clinical symptoms was examined during 120 days after infection with TMEV
strain BeAn 175R-K into B6 P1-Tg mice (n = 9) and their control littermates
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Clinical symptoms were assessed weekly based on behavioral changes as
described in Materials and Methods. The statistical significance of the per-
centage of affected SJL mice was tested by Fisher’s exact test (P = 0.028 at
105 to 112 days pi), and clinical scores were analyzed by Mann-Whitney U
tests. *, P < 0.05; **, P < 0.01. (C) Cross-sections of spinal cord from an
infected B6 P1-Tg mouse (b) and a littermate (a) at 120 days pi were stained
with Luxol-fast blue for myelin. The histologic examinations show normal-
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120 days pi. Magnification, X200.
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virus-specific immune responses. In this experimental setting,
the importance of virus-specific immune responses and viral
persistence in the development of demyelinating disease can
be investigated in conjunction with susceptible or resistant
backgrounds. In this study, we generated both SJL and B6
P1-Tg mice by expressing the P1 region encoding the leader
polypeptide and capsid proteins under the hCMV promoter, as
previously used to express other transgenes (28, 52). In agree-
ment with previous reports, the P1 transgene was expressed
mainly in the brain and, to a lesser extent, in the liver (Fig. 1).

It is interesting that the tolerance of both B and T cells to P1
epitopes which are neoself antigens seems to be leaky in au-
toimmune-prone SJL mice (Fig. 3 to 5). Therefore, it is con-
ceivable that self-reactive B- and T-cell clones are not properly
deleted or anergized during maturation in SJL mice, whereas
self tolerance in B6 mice is effectively maintained. This notion
is consistent with previous reports demonstrating that autoim-
mune-prone SJL mice have a high precursor frequency of
autoreactive PLP 54 ,5,-specific CD4™ T cells (1 to 40 cells per
20,000), possibly due to escape from central tolerance (1).
Similarly, deficiency in central and/or peripheral tolerance in
NOD mice has been implicated in the development of auto-
immune insulitis and overt diabetes (29, 30, 58). These results
strongly suggest the possibility that inflammatory responses
following viral infection also differentially expand autoreactive
T cells, which may be involved in TMEV-IDD in susceptible
autoimmune-prone SJL mice (39). However, such T-cell ex-
pansion may require immune responses to viral epitopes, as
the viral persistence level alone is not correlated with TMEV-
IDD (Fig. 6).

The Tg expression of the TMEV P1 region resulted in a
significant reduction of virus-specific T-cell and antibody re-
sponses in the CNS and periphery of P1-Tg mice with the
resistant B6 background (Fig. 2 to 5) and led to viral persis-
tence in the CNS (Fig. 6). In particular, the unresponsiveness
of CD8* T-cell responses to the predominant epitope was the
most severe in the CNS compared to that for the periphery and
TMEV-specific CD4" T-cell and antibody responses (Fig. 3 to
5). The importance of CD8" T cells in viral resolution is
consistent with previous reports of mice with resistant back-
grounds (38, 45, 47). However, it is also possible that deficien-
cies in virus-specific CD4" T-cell and antibody responses in
P1-Tg mice contribute to the lack of viral clearance, as these
immune responses play a role in TMEV clearance from the
CNS, especially during the early stages of viral infection (6, 22,
40, 43). Surprisingly, however, TMEV-infected B6 P1-Tg mice
with high levels of viral persistence developed neither symp-
tomatic disease nor demyelinating lesions as late as 250 days pi
(Fig. 7A and data not shown). It is particularly interesting that
the severe loss of virus-specific CD8" T-cell responses in B6
P1-Tg mice did not result in demyelinating disease, whereas
perforin- or B2-microglobulin-deficient mice with resistant
H-2" backgrounds showed increased viral persistence and de-
myelination in the CNS as well as the development of a low but
significant level of clinical disease (12, 47, 49). These results
imply that NKT and/or other nonclassical class I-restricted
CD8™" T-cell functions also play a protective role against de-
myelination and/or the development of TMEV-IDD. Alterna-
tively, minor epitope (VP2,45.,75 and VP3,,, 1,0)-specific
CD8™ T cells of the Tc-2 type may play a regulatory role, albeit
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with a smaller magnitude of induction (35). It was previously
shown that resistant B6 mice, in the absence of both CD8*
T-cell and antibody responses, develop encephalitis rather
than demyelination following infection with TMEV (22).
Therefore, the presence of low but significant levels of anti-
TMEYV antibody responses in P1-Tg mice may have prevented
the development of encephalitis. In addition, unknown antivi-
ral immune responses to nonstructural proteins of TMEV also
may contribute to the prevention of viral encephalitis. Never-
theless, our results clearly indicate that viral persistence alone
is not sufficient to induce TMEV-IDD in B6 P1-Tg mice.

A group of investigators previously showed that B10 VP1-Tg
mice are susceptible to TMEV-induced demyelination (31).
These Tg mice displayed VP1-specific CD8" T-cell tolerance
after TMEYV infection but similar levels of lymphocyte prolif-
eration and virus-specific antibody responses after repeated
immunizations with UV-TMEV. These investigators specu-
lated that class II-dependent immune effector functions are
largely unaffected by the Tg expression of TMEV proteins
under the major histocompatibility complex (MHC) class 1
promoter. These findings are somewhat different from ours: we
found that in B6 P1-Tg mice, the reduction in antibody re-
sponses was maintained until 120 days pi, although the CD4"
T-cell tolerance was detectable only until 21 days pi. In addi-
tion, our B6 P1-Tg mice did not exhibit detectable demyelina-
tion (Fig. 7) despite the highly elevated level of viral persis-
tence in the CNS (Fig. 6). These discrepancies may be due in
part to different immunological assessments and/or TMEV
strains (DA versus BeAn) employed in these studies. Alterna-
tively, differences in the genetic background between B10 and
B6 mice, transgene expression patterns of the promoters used,
and the size and site of TMEV genome inserts may have
contributed to these discrepancies. Nevertheless, the tolerance
levels of CD4™ T-cell responses to viral epitopes, particularly
proliferative responses, are transient only compared to their
cytokine production and virus-specific CD8" T responses in
both B6 and SJL P1-Tg mice expressed under the hCMV
promoter (Fig. 1 to 5). The mechanisms involved in such dif-
ferential maintenance of tolerance between virus-specific
CD8™ and CD4™ T cells in P1-Tg mice are unclear at this time,
but they appear to be unrelated to the expression promoters.

Viral persistence has been considered a critical susceptibility
factor of TMEV-IDD, particularly in susceptible mice (2, 4,
33). It was previously reported that infectious viral titers in the
CNS of different mouse strains do not correlate with levels of
clinical disease (8). However, these results are difficult to in-
terpret, since immune-associated or nonimmune-associated
genes in different mouse strains also are likely to influence the
outcome of TMEV-IDD (7, 24, 34). Interestingly, the expres-
sion of H-2D" in susceptible FVB (H-24) mice renders them
resistant, but this resistance is lost when these FVB/DP Tg mice
are tolerized by a soluble VP2,,,_,5, peptide infusion (3, 38) or
the Tg expression of either the whole VP2 protein or the
VP2,5,.130 CD8" T-cell epitope region (46). These tolerized
Tg mice exhibited viral persistence in the CNS and developed
chronic demyelinating disease. However, the focus of these
studies was on analyzing the role of introduced virus-specific,
H-2DP-restricted, predominant CD8" T-cell responses of re-
sistant mice expressed in susceptible mice. Therefore, the role
of viral persistence in the pathogenesis of demyelination with
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the native immune system in susceptible mice remained un-
clear.

In contrast to the above-described studies with FVB/D® Tg
approaches, we expressed the TMEV P1 transgene in highly
susceptible SJL mice in order to investigate the association
between viral persistence and immunological responses in-
volved in the pathogenesis of demyelinating disease (Fig. 1).
Surprisingly, SJL P1-Tg mice, which exhibited elevated viral
loads in the brain and/or spinal cord throughout the course of
viral infection, displayed significantly lower levels of demyeli-
nation, disease incidence, and severity than control mice (Fig.
7). These results clearly demonstrate that a higher level of viral
persistence alone does not lead to more severe demyelinating
disease, and the level of anticapsid immune responses is a
critical factor for pathogenesis in susceptible SJL mice. Per-
haps the reduced T-cell responses to P1 antigens include a
T-cell population involved in the pathogenesis of demyelina-
tion, resulting in increased viral persistence but reduced patho-
genesis. This notion is consistent with findings from previous
studies that suggest the pathogenic potential of viral capsid-
specific CD4™ T cells (16, 57). However, the differences in the
antiviral CD4" T-cell responses in SJIL P1-Tg mice become
minimal during or following the onset of demyelinating dis-
ease, suggesting that the role of CD4™ T cells in pathogenesis
is limited. On the other hand, CD8" T-cell levels specific for
the predominant epitope, VP35, ;46 Were significantly re-
duced in SJL P1-Tg mice, although CD8™ T-cell levels specific
for subdominant epitopes (VP3,,5.,¢; and VP1,,,,) were
largely unaffected throughout the course of infection (Fig. 5).
Therefore, it is conceivable that VP35, ,4-specific CD8* T
cells are involved in the pathogenesis of TMEV-IDD. This
possibility is seemingly inconsistent with a previous report
demonstrating increased demyelinating disease in B2-micro-
globin-deficient SJL mice (4). However, the differences be-
tween the selective elimination of CD8™ T cells in this P1-Tg
system and the global unresponsiveness of all T cells restricted
by MHC class I or MHC class I-like molecules associated with
B2-microglobin in B2-microglobin-deficient SJL mice may re-
sult in such discrepancies.

It is very unlikely that L protein is functionally expressed in
Tg cells, because there is no viral protease associated with the
L protein in the P1-Tg construct. In addition, we have previ-
ously demonstrated that antigen-presenting cells (macro-
phages and dendritic cells) as well as microglia from suscepti-
ble SJL mice produce higher levels of type I IFNs, yet the viral
replication levels are severalfold higher than those from resis-
tant B6 mice (17, 18). These results indicate that TMEV BeAn
infection strongly induces type I IFNs in the presence of L
protein and that viral replication is not interrupted in cells
producing type I IFNs. Moreover, our results (Fig. 6B, C)
clearly showed that there is no increased replication in cells
from Tg mice after in vitro infection. Therefore, the increased
viral loads in the CNS of Tg mice (Fig. 6A) likely reflect the
deficient anticapsid immunity levels due to the P1-Tg expres-
sion.

We have utilized TMEV P1-Tg mice with resistant and
susceptible backgrounds in order to induce specific immune
tolerance toward viral capsid antigens as autoantigens. Our
results reveal that viral persistence levels are not associated
with the development of TMEV-IDD in mice with either re-
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sistant or susceptible backgrounds. CNS T-cell response levels
against certain viral capsid antigens appear to be critical for the
pathogenesis of demyelination. In addition, tolerance to viral
autoantigens in Tg mice is poorly maintained in autoimmune-
prone SJL mice, suggesting deficiencies in maintaining the
self-tolerance of T cells, particularly in the CD4™ T-cell com-
partment and low-avidity CD8* T cells reactive to subdomi-
nant epitopes. Such deficiencies in maintaining self-tolerance
also may contribute to the pathogenesis of virally induced
demyelinating disease in susceptible mice, as viral infection-
induced inflammatory responses may expand autoreactive T
cells nonspecifically in the inflammatory environment or spe-
cifically via molecular mimicry (39). Further studies utilizing
Tg mice with the susceptible background carrying specific tol-
erance to more restricted viral determinants are likely to shed
light on the pathogenic mechanisms of epitope-specific T cells
involved in the development of immune-mediated demyelinat-
ing disease.
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