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Theiler’s murine encephalomyelitis virus (TMEV)-induced immune-mediated demyelinating disease in sus-
ceptible mouse strains has been extensively investigated as a relevant model for human multiple sclerosis.
Previous investigations of antiviral T-cell responses focus on immune responses to viral capsid proteins, while
virtually nothing is reported on immune responses to nonstructural proteins. In this study, we have identified
noncapsid regions recognized by CD4™ T cells from TMEV-infected mice using an overlapping peptide library.
Interestingly, a greater number of CD4" T cells recognizing an epitope (3D, ;) of the 3D viral RNA
polymerase, in contrast to capsid epitopes, were detected in the CNS of TMEV-infected SJL mice, whereas only
a minor population of CD4™ T cells from infected C57BL/6 mice recognized this region. The effects of
preimmunization and tolerization with these epitopes on the development of demyelinating disease indicated
that capsid-specific CD4* T cells are protective during the early stages of viral infection, whereas 3D, ;4-
specific CD4™ T cells exacerbate disease development. Therefore, protective versus pathogenic CD4" T-cell
responses directed to TMEV appear to be epitope dependent, and the differences in CD4™ T-cell responses to
these epitopes between susceptible and resistant mice may play an important role in the resistance or
susceptibility to virally induced demyelinating disease.

Although the cause of human multiple sclerosis (MS) is
unknown, one or multiple infectious agents may be involved in
the initial infliction of tissue damage leading to autoimmunity.
A possible viral association with MS is suggested by epidemi-
ological studies (1, 8, 44), as well as the detection of viral
antigens and virus-specific antibodies in the majority of MS
patients (44). Intracerebral infection of the BeAn strain of
Theiler’s murine encephalomyelitis virus (TMEV) into suscep-
tible mouse strains induces a progressive demyelinating disease
that is similar to a form of MS (25). In addition, various
immunological and genetic factors that affect the disease out-
come in TMEV-infected mice closely parallel those associated
with the development of MS (22). Furthermore, recent studies
suggest that TMEV is an emerging human viral group (6, 24).
Therefore, TMEV-induced demyelinating disease (TMEV-
IDD) is an attractive and relevant infectious model for study-
ing the underlying mechanisms of MS.

Previous immunological studies with susceptible SJL mice
suggested that a Thl response to viral capsid proteins is in-
volved in the pathogenesis of demyelination (19, 36, 49, 50).
The major population of Th cells specific for TMEV during the
course of disease essentially recognizes three predominant vi-
ral epitopes (VP1,35.550, VP2,,.46, and VP3,, 5-), one each on
the external capsid proteins (11, 48, 49). However, a recent
study indicated that <4% of the CD4™ T cells in the central
nervous systems (CNS) of TMEV-infected susceptible SJL/J
(SJL) mice are reactive to viral capsid epitopes, whereas >40%

* Corresponding author. Mailing address: Department of Microbi-
ology-Immunology, Northwestern University Medical School, 303 E.
Chicago Ave., Chicago, IL 60611. Phone: (312) 503-8693. Fax: (312)
503-1339. E-mail: bskim@northwestern.edu.

1 Y.-H.J. and B.K. contributed equally to this study.

¥ Published ahead of print on 12 August 2009.

are reactive in resistant C57BL/6 (B6) mice (31). Nevertheless,
the level of overall CD4" T-cell infiltrating the CNS is signif-
icantly higher in susceptible SJL mice, suggesting either that
the majority of CD4™ T cells in SJTL mice are nonfunctional or
reactive to epitopes derived from noncapsid viral proteins.

In addition to CD4" T-cell responses, CD8" T cells also
play important roles in the protection from and development
of TMEV-IDD. Resistance to TMEV-IDD has been closely
associated with the major histocompatibility complex (MHC)
class I genetic locus (27, 40), suggesting that class I-restricted
CD8™ T cells may also be involved in protection and/or patho-
genesis. Furthermore, highly susceptible SJL mice show viral
persistence in the CNS (4, 26, 42), whereas resistant B6 mice
efficiently clear the virus (38). Since the MHC class I-restricted
CDS8™" T-cell population is mainly associated with viral clearance,
this T-cell type appears to confer protection from TMEV-in-
duced demyelination in resistant strains (9, 32, 34, 37, 41, 43).
However, the role of CD8" T cells in the development of
clinical disease (i.e., waddling gait and eventual paralysis) re-
mains unresolved (2, 32, 39). The majority of CNS-infiltrating
CD8™" T cells (50 to 70%) from B6 mice recognize VP25, 15,
(3, 7), while two minor populations (<10%) react with
VP2,¢5.175 and VP31, capsid epitopes (28). Similarly, three
capsid epitopes recognized by CNS-infiltrating CD8" T cells of
virus-infected SJL mice were identified (17); i.e., VP3,59.166
VP3,.5.141, and VP1,, ,,. However, the overall magnitude of a
CD8™" T-cell response is threefold lower in susceptible SJL
mice than in resistant B6 mice at the peak of virus-specific
immune responses (29). Therefore, it is conceivable that a
lower magnitude of virus-specific CD8" T cells in SJL mice,
especially during the early stages of viral infection, may be
associated with susceptibility to TMEV-IDD.

Despite extensive investigations of virus-specific CD4™ and
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CD8" T-cell responses toward capsid proteins in TMEV-in-
fected resistant B6 and susceptible SJL mice, virtually nothing
is known about T-cell responses to noncapsid viral proteins.
Low levels of capsid-specific CD4™" T cells are detected in the
CNS of TMEV-susceptible SJL mice. Therefore, the identifi-
cation of noncapsid epitopes recognized by this T-cell popula-
tion may provide an important clue for the role of CD4" T
cells in protection and/or the pathogenesis of demyelination.
TMEV, like other picornaviruses, is encapsulated with capsid
proteins, whereas noncapsid proteins are expressed only dur-
ing viral replication in infected cells. Consequently, the major-
ity of epitopes recognized by immune responses are located on
their capsid proteins (46). However, it was previously shown
that hosts infected with foot-and-mouth disease virus, a picor-
navirus, stimulate T cells that are reactive to noncapsid pro-
teins, including RNA polymerase 3D (5, 10). In addition, T
cells reactive to internal nucleoproteins or core proteins of the
CNS-infiltrating influenza virus and mouse hepatitis virus, re-
spectively, were shown to play important roles in the protec-
tion and pathogenesis of demyelination (21, 47). Therefore,
investigations of the role of T cells specific for noncapsid
TMEYV epitopes in virus-infected susceptible mice would be
informative in understanding the underlying pathogenic and/or
protective mechanisms associated with antiviral T-cell re-
sponses.

In the present study, we generated a 20mer overlapping
peptide library covering the noncapsid region of the TMEV
genome encoded by P2 and P3 regions and identified the
regions recognized by T cells from virus-infected susceptible SJIL
and resistant B6 mice. Our results indicate that an N-terminal
region (3D,, 5¢) of viral RNA polymerase bears a predominant
epitope recognized by CD4* T cells infiltrating the CNS of
TMEV-infected SJL mice, which far exceeds the level of capsid-
specific CD4™" T cells observed. Interestingly, a minor CD4"
T-cell population in TMEV-infected B6 mice recognizes the same
region. Further studies indicate that 3D-specific CD4™" T cells are
pathogenic, whereas capsid-specific CD4 " T cells are protective
during the early stage of viral infection. Therefore, different levels
of protective versus pathogenic CD4 " T-cell responses to TMEV
between susceptible SJL and resistant B6 mice may critically
affect their resistance or susceptibility to virally induced demyeli-
nating disease.

MATERIALS AND METHODS

Animals. Female SJL/J and C57BL/6 mice were purchased from the Charles
River Laboratories (Charles River, MA) through the National Cancer Institute
(Frederick, MD). All mice were housed at the Center for Comparative Medicine
Facility of Northwestern University, and procedures approved by the Northwest-
ern University Animal Care and Use Committee were used in the present study.

Synthetic peptides and antibodies. All synthetic peptides were purchased from
Genmed Synthesis (San Francisco, CA). All peptide stocks (2 mM) were dis-
solved in 8% dimethyl sulfoxide in phosphate-buffered saline (PBS). All anti-
bodies used for flow cytometry were purchased from BD Pharmingen (San
Diego, CA).

TMEV propagation and infection of mice with virus. The BeAn strain of
TMEY was propagated in BHK cells grown in Dulbecco modified Eagle medium
supplemented with 7.5% donor calf serum. For intracerebral infection, 30 wl of
TMEV BeAn was injected into the right cerebral hemisphere of 6- to 8-week-old
mice anesthetized with isoflurane. Intracerebral injection with 10° PFU consis-
tently induces chronic gait abnormalities and neurologic signs in >90% of SJL/J
mice. Clinical symptoms of disease were assessed weekly on the following grad-
ing scale: grade 0, no clinical signs; grade 1, mild waddling gait; grade 2, mod-
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erate waddling gait and hind-limb paresis; grade 3, severe hind-limb paralysis;
grade 4, severe hind-limb paralysis and loss of righting reflex; and grade 5, death.

Isolation of CNS-infiltrating lymphocytes. Mice were perfused through the
left ventricle with 30 ml of sterile Hanks balanced salt solution (HBSS). Excised
brains and spinal cords were forced through wire mesh and incubated at 37°C for
45 to 60 min in 250 pg of collagenase type 4 (Worthington Biochemical Corp.,
Lakewood, NJ)/ml. CNS-infiltrating lymphocytes were then enriched from the
bottom one-third of continuous 100% Percoll (Pharmacia, Piscataway, NJ) gra-
dient after centrifugation for 30 min at 27,000 X g.

Plaque assay. After cardiac perfusion with cold HBSS, brains and spinal cords
were removed. The tissues were homogenized in PBS as a 10% (wt/vol) solution
by using a tissue homogenizer and clarified by low-speed centrifugation (600 X g). A
standard plaque assay was performed on BHK-21 cell monolayers (38). Plaques
in the BHK monolayer were visualized by staining with 0.1% crystal violet
solution after fixing with methanol.

ELISPOT assay. To enumerate gamma interferon (IFN-y)-producing cells,
enzyme-linked immunospot (ELISPOT) plates (Millipore, Bedford, MA) were
precoated with 1 to 5 pg of anti-IFN-y antibody/ml in 0.05 M carbonate buffer
(pH 9.6). Plates were incubated with 2 X 10* CNS mononuclear cells plus 10°
irradiated (3,000 rads) syngeneic spleen cells or 10° splenocytes from infected
mice alone in 200 pl of HL-1 medium (BioWhittaker, Walkersville, MD) for 18 h
at 37°C in the presence of 2 wM peptide. After a washing step, plates were
incubated with biotin-conjugated anti-IFN-y antibody (Endogen, Boston, MA)
overnight. Spots were developed after incubation with streptavidin-horseradish
peroxidase for 3 h using 3-amino-9-ethyl-carbazole (Sigma, St. Louis, MO) in
0.05 M sodium acetate buffer (45).

Proliferation assay. T-cell proliferation was determined using splenocytes
from control or virus-infected SJL mice. Single-cell suspensions of splenocytes
(10%/well) in RPMI medium supplemented with 5 X 107> M 2-mercaptoethanol
and 0.5% normal syngeneic mouse serum were cultured for 72 h in the presence
of 2 WM peptides. Approximately 18 h after the addition of 1 nCi of [PH]TdR
(Amersham, Arlington Heights, IL)/well, the cells were harvested and [*'H]TdR
incorporation was determined in a liquid scintillation counter. The results were
expressed as the Acpm (i.e., the mean counts per minute of experimental stim-
ulated cultures after subtraction of the background count with PBS) =+ the
standard error of the mean from triplicate cultures.

Cytokine assay. The levels of IFN-y (Pharmingen), interleukin-13 (IL-13), and
IL-17 (R&D Systems, Inc., Minneapolis, MN) were assessed by using specific
enzyme-linked immunosorbent assay (ELISA) kits according to the manufactur-
er’s instructions. Supernatants of triplicate splenocyte cultures incubated with
appropriate peptides for 3 days were measured for cytokine levels.

Intracellular cytokine staining. Freshly isolated CNS mononuclear cells were
cultured in 96-well round-bottom plates in the presence of relevant or control
peptide and Golgi-Plug for 6 h at 37°C. Cells were then incubated in 50 pl of
2.4G2 hybridoma (American Type Culture Collection) supernatant for 20 min at
4°C to block the Fc receptors. Allophycocyanin-conjugated anti-CD8 (clone
53-6.7) or anti-CD4 (GK1.5) antibody diluted in 50 pl of 2.4G2 supernatant was
added, and the cells were incubated for an additional 30 min at 4°C. After two
washes, intracellular IFN-y staining was performed according to the manufac-
turer’s instructions (Pharmingen) using phycoerythrin-labeled rat monoclonal
anti-IFN-y antibody (XMG1.2) or isotype control (rat immunoglobulin G1).
Cells were analyzed on a Becton Dickinson FACSCalibur flow cytometer. Live
cells were gated based on light scatter properties.

Immunization of mice with epitope peptides. Mice were subcutaneously im-
munized 7 days prior to intracerebral viral infection near the base of the tail with
25 pg of mixture of peptides representing three predominant capsid epitopes
(VP1333.250, VP274.g6, and VP3,, 3-) or noncapsid epitopes (3D5;_34, 3Dg._23, and
3Dy2.430), Which were emulsified 1:1 in complete Freund adjuvant (CFA; Difco,
Detroit, MI).

Real-time PCR. Total RNA isolated using TRIzol (Invitrogen) was reverse
transcribed to cDNA using Moloney murine leukemia virus reverse transcriptase
(Invitrogen). The ¢cDNAs were amplified with specific primer sets in iCycler
SYBR green I Mastermix using iCycler (Bio-Rad). The sense and antisense
primer sequences used for cytokines are as follows: IFN-y, 5'-ACT GGC AAA
AGG ATG GTG AC-3' and 5'-TGA GCT CAT TGA ATG CTT GG-3'; IL-
17A, 5'-CTC CAG AAG GCC CTC AGA CTA C-3' and 5'-AGC TTT CCC
TCC GCA TTG ACA CAG-3";IL-22,5'-TGC TCA ACT TCA CCC TGG AAG
ACA-3" and 5'-AGA AGG CAG GAA GGA GCA GTT CTT-3'; VP1, 5'-TGA
CTA AGC AGG ACT ATG CCT TCC-3' and 5'-CAA CGA GCC ACA TAT
GCG GAT TAC-3'; and GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
5-AACTTT GGC ATT GTG GAA GGG CTC-3' and 5'-TGC CTG CTT CAC
CAC CTT CTT GAT-3'. GAPDH expression was assessed as an internal refer-
ence for normalization. Relative gene expression levels were expressed as the
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fold increases versus the medium-treated control samples. Every real-time PCR
was performed in triplicate.

Immune suppression by peptide-conjugated splenocytes. To induce specific
immune suppression, ECDI [1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide
HCl]-mediated peptide-conjugated splenocytes were prepared as previously de-
scribed (12, 20, 36). After removal of red blood cells by treatment with Tris-
NH,CI, splenocytes from naive SJL mice (3 X 10® cells/ml) were conjugated with
the mixtures of capsid or noncapsid peptides (1 mg/ml) for 1 h at 0°C in the
presence of 30 mg of ECDI (Calbiochem, La Jolla, CA)/ml. After three washes
with HBSS, 5 X 107 ECDI-conjugated splenocytes in 100 wl of PBS were injected
intravenously. At 8 days after the cell transfer, recipient mice were infected with
TMEY and analyzed at the indicated time points.

Statistical analyses. Significant differences (two-tailed P value) between con-
trol and experimental animal groups were analyzed by unpaired Student ¢ test
using InStat Program (GraphPAD Software, San Diego, CA). Differences in the
disease course between experimental groups were determined by paired two-
tailed ¢ test analysis, with the Welch correction. P values of < 0.05 were consid-
ered significant. For multigroup comparisons, one-way analysis of variance was
used, followed by a Tukey-Kramer multiple-comparison test.

RESULTS

CD4* T cells in TMEV-infected SJL and B6 mice recognize
nonstructural epitopes. It was previously shown that the pro-
portion of capsid-reactive CD4 ™" T cells in the CNS of TMEV-
infected susceptible SJL mice is 10-fold lower than that of
resistant B6 mice, despite the higher level of overall CD4™"
T-cell infiltration (31). To examine the possibility that the
majority of CD4" T cells in the CNS of infected SJL mice
recognize noncapsid protein epitopes, we generated a 10mer-
overlapping 20mer peptide library covering the entire noncap-
sid viral proteins. The reactivity of CNS-infiltrating and splenic
T cells of virus-infected SJL or B6 mice was determined by
using ELISPOT assays based on their ability to produce IFN-y
(Fig. 1). The N-terminal region of viral 3D (RNA polymerase)
protein was the prominent epitope recognized by T cells in the
CNS and spleens of SJL mice. Splenic T cells recognized ad-
ditional regions at lower degrees. In contrast to the high T-cell
reactivity to the 3D epitope in SJL mice, a relatively low level
of T cells of the CNS of B6 mice recognized this epitope.
Splenic T cells from TMEV-infected B6 mice reacted in re-
sponse to scattered regions at low levels. These results strongly
suggest that the majority of T cells from SJL mice, as well as a
minor T-cell population from B6 mice, recognize an identical
N-terminal 3D region covered by three consecutive peptides.

CD4* T cells reactive to 3D,, ;5 are predominant in the
CNS of TMEV-infected SJL mice. The predominance of CD4™*
T cells reactive to the N92 peptide, representing the 3D, 4,
region of RNA polymerase, was confirmed by using flow cy-
tometry of IFN-y-producing cells upon stimulation with the
peptides and further identified as CD4™ T cells (Fig. 2A). The
reactivity of CD4™ T cells toward 3D,,_,, was most prominent,
constituting as many as 13.4% of CNS-infiltrating CD4* T cells
at 8 days postinfection. To determine whether this region rep-
resents a single or multiple epitopes, additional smaller pep-
tides within this region were used to stimulate CNS-infiltrating
CD4" T cells (Fig. 2B). Our results indicate that a single
predominant epitope region (3D,; 54) is responsible for the
majority of CD4"% T-cell activation. Minor populations of
CD47 T cells were stimulated with 2Cq; 100, 3D1.15, 3D163.1505
and 3D,;,.45, regions. Interestingly, the proportion of CNS-
infiltrating CD4" T cells reactive to noncapsid epitopes in
TMEV-infected SJL mice was as many as sixfold greater than
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those reactive to the major capsid epitopes (VP1535.550, VP24 56
and VP3,, 5,).

The hierarchy of epitope-reactive CD4™ T cells in the pe-
riphery and CNS of SJL mice is maintained during the course
of TMEYV infection. Response levels to capsid and noncapsid
epitopes by peripheral and CNS-infiltrating CD4™ T cells in
virus-infected SJL mice were further assessed (Fig. 3). Both
proliferation and cytokine production (IFN-y, IL-13, and IL-
17) by splenic T cells were significantly higher in response to
the noncapsid epitope than those to capsid epitopes on day 8
postinfection (Fig. 3A and B). The predominance of CD4" T
cells reactive to noncapsid epitopes was similarly maintained in
the CNS of TMEV-infected SJL mice (Fig. 3C). To further
determine the relative levels of CNS-infiltrating Th subtypes,
Th1 and Th17 cytokine mRNAs induced upon stimulation with
capsid or noncapsid epitopes for 6 h were assessed by using
real-time PCR (Fig. 3D). The levels of both Th1 (IFN-v) and
Th17 cytokine (IL-17 and IL-22) mRNA expression were rel-
atively higher after stimulation with noncapsid epitopes than
after stimulation with capsid epitopes. These results indicate
that CD4" T-cell responses toward noncapsid proteins are
significantly greater than those to capsid proteins in both the
periphery and CNS of susceptible SJL. mice during TMEV
infection.

SJL mice preimmunized with noncapsid peptides exacer-
bate the development of demyelinating disease. CNS-infiltrat-
ing CD4™ T cells from TMEV-infected SJL mice preferentially
recognize noncapsid epitopes (Fig. 2), whereas those from
resistant B6 mice recognize capsid epitopes (31). Therefore,
we further examined the possibility that CD4™ T cells reactive
to noncapsid epitopes early during viral infection are patho-
genic, while those reactive to capsid epitopes are protective.
This possibility was tested by comparing the disease course of
SJL mice immunized with either CFA alone or CFA together
with capsid or noncapsid peptides prior to TMEV infection
(Fig. 4A). As previously shown (31), SJL mice preimmunized
with a mixture of capsid epitopes resulted in a delayed and
reduced development of demyelinating disease relative to con-
trol CFA-preimmunized mice (Fig. 4A). Surprisingly, mice
preimmunized with noncapsid (3D) epitopes showed an exacer-
bated development of disease. Furthermore, viral persistence in
the CNS of mice preimmunized with noncapsid epitopes was
significantly greater than the persistence observed in mice pre-
immunized with capsid epitopes (Fig. 4B). In contrast, viral
clearance was more efficient in the spinal cord of mice preim-
munized with capsid epitopes compared to the brain. The virus
titers were 10-fold lower in the spinal cords of capsid- versus
noncapsid-immunized groups throughout the course of 8§ to 85
days postinfection. Consistent with this finding, SJL mice that
adoptively received capsid epitope-primed CD4" T cells prior
to viral infection showed a reduced viral load in the CNS
compared to control mice that received sham-primed (CFA
alone) CD4" T cells (data not shown). These results strongly
suggest that the presence of CD4™ T cells specific for capsid
epitopes during early infection helps to clear virus from the
CNS and ultimately provides protection against the develop-
ment of demyelinating disease. However, CD4" T cells reac-
tive to noncapsid epitopes may not be able to provide such
protection and instead contribute to the pathogenesis of de-
myelinating disease.
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FIG. 1. Assessment of IFN-y-producing cell numbers in the spleen and CNS of TMEV-infected SJL and B6 mice, in response to a 20mer
peptide library covering P2 and P3 regions. CNS-infiltrating lymphocytes were isolated from mice at 7 days after TMEV infection.
IFN-vy-producing cells from CNS-infiltrating lymphocytes were enumerated by ELISPOT assay after 18 h of incubation with 10° irradiated
syngeneic spleen cells (3,000 rads) and peptides. IFN-y-producing cells from the spleen were similarly assessed after stimulation with the
peptides. The numbers of IFN-y spots represent the numbers of IFN-y-secreting cells from either 2 X 10* CNS-infiltrating mononuclear cells
or 10° splenocytes pooled from three virus-infected mice. A representative result from two separate experiments is shown here. The
background spots with PBS were 2 * 1.
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FIG. 2. Further definition of the major epitopes in 3D protein.
(A) CD4" T cells producing IFN-y upon stimulation with peptides
were verified by flow cytometry after intracellular staining of pooled
CNS mononuclear cells from five mice. The proportion of IFN-y-
producing CD4™ T cells is shown here. The level of IFN-y producing
CD8" T cells was undetectable (not shown). (B) To further define the
epitope regions of 3D recognized by CNS-infiltrating CD4 " T cells, 3D
peptides truncated at their N and C termini were assessed for their
ability to stimulate IFN-y production. Activation of CD4" T ells (from
five mice) was analyzed by flow cytometry after intracellular staining of
IFN-y and CD4. The data are representative of three separate exper-
iments. The backgrounds for all individual assays were <10% of the
spots at the maximal stimulation.

Immunization with capsid epitopes induces higher peripheral
immune responses than immunization with noncapsid epitopes.
To correlate the protective versus the pathogenic effects of
preimmunization with respective capsid or noncapsid peptides,
we examined splenic T-cell proliferative responses in the pe-
riphery after TMEYV infection (Fig. 5). Although T-cell prolif-
eration in mice immunized with CFA alone was somewhat
elevated on days 21 and 42 postinfection compared to mice
infected with TMEV without immunization, peptide-immu-
nized mice showed higher levels of T-cell proliferation in re-
sponse to the respective preimmunizing epitopes (Fig. 5A).
The cytokine levels (IFN-vy, IL-13, and IL-17) produced during
in vitro stimulation correlated with the levels of T-cell prolif-
eration (Fig. 5B). Despite this correlation, IL-17 levels pro-
duced by T cells from noncapsid epitope-immunized mice were
significantly higher throughout the viral infection compared to
the levels produced by T cells from capsid-immunized mice.
The significance of this difference is not clear at this time.
However, it is interesting to speculate that high levels of the
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cytokine produced by noncapsid-reactive T cells may contrib-
ute to the pathogenesis of demyelination.

Elevated T-cell responses corresponding to preimmunized
epitopes are detected in the CNS of SJL mice. The levels of
CNS-infiltrating T-cell responses were also examined in these
mice (Fig. 6). During the early stage of viral infection (3 days),
CD4™" T-cell infiltration to the CNS and proportion of CD4™*
T cells specific for capsid epitopes were significantly elevated
(>5-fold) in mice preimmunized with capsid epitopes com-
pared to those of control CFA-immunized mice (Fig. 6A and
C). Similarly, the level of CD4" T cells specific to noncapsid
epitopes was increased (>6-fold) in mice preimmunized with
noncapsid epitope peptides (Fig. 6A and C). However, virus-
specific CD8" T cells were undetectable in these mice at this
early stage of viral infection (Fig. 6B). These results indicate
that such preimmunization induces epitope-specific immune
responses, resulting in elevated levels of epitope-specific CD4™
T cells infiltrating the CNS at the early stage of viral infection.
The initial accumulation of epitope-specific CD4* T cells
in the CNS was maintained (7 to 21 days postinfection) prior to
the onset of demyelinating disease but no longer sustained
after the development of disease (Fig. 6D). These results in-
dicate that preimmunization with capsid or noncapsid epitope
peptides induces elevated CD4™ T-cell responses to the cor-
responding epitopes in the CNS during the early stage of viral
infection, similarly to those in the periphery.

Disease development is reduced in mice with low CD4*
T-cell responses to noncapsid epitopes. If CD4% T-cell re-
sponses to noncapsid epitopes play a major role in the patho-
genesis of demyelinating disease, we speculated that SJL mice
lacking anti-CD4" T-cell responses to noncapsid epitopes
might be resistant to the development of disease. To ascertain
this possibility, syngeneic splenocytes conjugated to capsid or
noncapsid epitope peptides were administered to SJL mice
prior to viral infection to induce specific suppression in their
CD4™" T-cell responses (Fig. 7), as previously described (12,
18). Mice receiving epitope-conjugated splenocytes showed a
suppression of CD4" T-cell responses, while no alterations
were found in CD8™" T-cell responses (Fig. 7A). Disease inci-
dence and development of clinical symptoms were very similar
between mice receiving sham-conjugated and capsid-epitope-
conjugated splenocytes (Fig. 7B). However, the development
of demyelinating disease in mice receiving noncapsid epitope-
conjugated splenocytes was significantly delayed and the clin-
ical severity was significantly reduced, compared to other
groups (Fig. 7B). To further correlate the altered disease de-
velopment in these mice with histopathology, demyelination
levels of spinal cords from mice receiving sham or epitope-
conjugated splenocytes at 80 days postinfection were examined
after staining with Luxol-fast blue (Fig. 7C). Myelin stripping
was predominant within the white matter of spinal cords in
mice receiving sham- or capsid-epitope-conjugated spleno-
cytes, whereas only limited myelin damage was observed in the
spinal cords of mice receiving noncapsid-epitope-conjugated
splenocytes. These results strongly suggest that suppression of
CD4" T-cell responses to noncapsid epitopes inhibits demyelina-
tion in the CNS, leading to the curtailed development of demy-
elinating disease.

We further determined viral persistence levels in the CNS of
each group at 8, 21, and 80 days postinfection by using real-
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FIG. 3. Peripheral and CNS CD4 " T-cell responses during the course of viral infection. (A) Proliferative responses of splenic T cells from mice
at 8, 21, and 42 days postinfection (abbreviated as “8D”, etc., in this and subsequent figure panels) after stimulation for 3 days with PBS, capsid
peptides (SP mix), noncapsid peptides (NSP mix), or anti-CD3/antiCD28 antibodies. SP mix: 2 puM concentrations of VP1,33550, VP26, and
VP3,, 3;. NSP mix: 2 uM concentrations of 3Dy ,3, 3D, 36, and 3D, 43. The results of a triplicate analysis of a single representative experiment
out of three separate experiments is shown. (B) Cytokine levels (IFN-vy, IL-13, and IL-17) were measured from the supernatants of splenic cultures
that were derived from mice at 8, 21, and 42 days postinfection. Cytokine levels in the supernatants were assessed with ELISA. The values given
are the means * the standard deviations of triplicate wells. (C) Enumeration of IFN-y-producing CD4" T cells in the CNS of mice during the
course of TMEYV infection. IFN-y-producing cells were examined by flow cytometry after intracellular cytokine staining following stimulation with
capsid peptides, noncapsid peptides, or anti-CD3/CD28 antibodies. A representative experimental result out of three similar experiments is shown.
(D) Cytokine mRNA expression levels in CNS-infiltrating T cells specific to SP or NSP epitopes of TMEV were analyzed by quantitative PCR.
CNS-infiltrating mononuclear cells isolated from TMEV-infected SJL mice at 8 days postinfection were stimulated with a PBS, an SP, or an NSP
epitope mix (2 uM for each peptide) for 6 h without additional antigen-presenting cells. The relative cytokine expression is expressed as the fold
induction after normalization to GAPDH mRNA. The results in panel D represent triplicate analysis of a single representative experiment. Similar
patterns of cytokine gene expression were observed from two additional experiments.

time PCR in order to correlate them with the development of DISCUSSION
demyelinating disease (Fig. 7D). Viral persistence in the CNS
of mice receiving noncapsid-conjugated splenocytes was signif-

icantly lower than that of mice receiving sham- or capsid-

Recent studies demonstrated that the level of viral capsid-
specific CD4™ T cells in the CNS of TMEV-infected suscep-

conjugated splenocytes at the onset of disease development (21
days postinfection). However, viral persistence in mice receiv-
ing capsid-conjugated splenocytes was uniquely elevated at the
late stage of viral infection (80 days postinfection), suggesting
that CD4" T-cell responses to capsid epitopes are critical in
controlling prolonged viral persistence in the CNS. Taken to-
gether, our results indicate that early CD4™ T-cell responses to
capsid epitopes are protective, while those directed to noncap-
sid epitopes promote the pathogenesis of demyelinating dis-
ease in susceptible SJL mice.

tible SJL mice is significantly (~10-fold) lower than that in
resistant B6 mice (31). However, the number of overall CD4™
T cells infiltrating the CNS is significantly higher in susceptible
SJL mice, suggesting that CD4™ T cells in the CNS are either
anergized or reactive to noncapsid viral proteins. To examine
this possibility, we assessed the reactivity of CNS-infiltrating T
cells to noncapsid epitopes in TMEV-infected SJL and B6
mice. In the present study, we have shown that the majority of
antiviral CD4™ T cells accumulating in the CNS of TMEV-
infected SJL mice recognize an epitope region (3D, ) of
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FIG. 4. Altered TMEV-induced demyelinating disease courses in mice primed with capsid and noncapsid epitope peptides. (A) Frequency and
severity of demyelinating disease development in mice preimmunized with CFA alone (n = 8), CFA plus capsid peptides (n = 8), or CFA plus
noncapsid peptides (n = 8) at 7 days prior to TMEYV infection. Statistical differences in disease levels between CFA and peptide-CFA groups over
the course of a 42- to 90-day infection were analyzed by using a paired two-tailed ¢ test. The incidence and severity of disease between CFA and
SP-CFA groups were significantly different (P < 0.01 and P < 0.001, respectively). The differences between CFA and NSP-CFA groups were also
significant (P < 0.001 and P = 0.01, respectively). To reflect the overall disease severity of each group, we included every mouse within the
experimental group, regardless of disease development, in calculating disease severity scores. Error bars represent standard deviations of the group.
(B) Levels of infectious virus recovered from the brains (BR) and spinal cords (SC) of experimental groups were determined by plaque assays over
a course (3, 8, 18, and 85 days postinfection [dpi]) of a viral infection. Pooled CNS tissues from three to five mice per group were used due to the
logistics of the plaque assays comparing different groups. The statistical significance of the differences between CFA and peptide-CFA groups were
analyzed by using the Student ¢ test. *, P < 0.05; **, P < 0.01; »**, P < 0.001.

RNA polymerase, in contrast to the overall capsid-reactive
CD4™" T cells (Fig. 1 to 3). Interestingly, only a minor CD4™"
T-cell population, equivalent to a fraction of capsid-reactive
CD4™ T cells, is reactive to the same 3D region in resistant B6
mice. This finding is not surprising since CD4™" T cells from mice
with different MHC can recognize the same core epitope region
(15, 30). Thus, the main difference in viral epitope-reactive CD4 ™"
T cells between resistant B6 and susceptible SJL mice appears to
be their relative proportion of capsid versus noncapsid reactive
CD4™" T cells. These results pose an interesting possibility that the
high level of noncapsid-reactive CD4™ T cells in susceptible mice
may function as a major pathogenic factor in the development of
TMEV-induced demyelinating disease.

Further studies with epitope-primed susceptible SJL mice in-
dicated that noncapsid-specific CD4™ T cells do not provide ef-
ficient protection, but rather promote the pathogenesis of demy-
elinating disease (Fig. 4). In contrast, capsid-specific CD4™ T cells
provide the protection during the early stage of viral infection.
Although noncapsid epitope-primed mice showed a minimal re-

duction of viral persistence in the CNS, capsid epitope-primed
mice exhibited a significant reduction, which corresponded to
their protective effects against the disease development. This pro-
tective role of capsid-specific CD4" T cells during early stages of
TMEV-infection is consistent with previous studies (31). In addi-
tion, mice adoptively receiving capsid epitope-primed CD4" T
cells, but not noncapsid epitope-primed CD4™ T cells, displayed
reduced viral loads in the CNS (results not shown). Thus, the
inferior ability of predominant noncapsid-reactive CD4™ T cells
to clear the virus from the CNS in susceptible SJL mice may
permit early establishment of viral persistence, which is a critical
susceptibility factor in developing demyelinating disease.
However, exacerbation of demyelinating disease in noncap-
sid epitope-primed mice during early stages of viral infection is
unexpected, in light of the partial protection against foot-and-
mouse disease virus, a member of picornavirus, after vaccina-
tion with recombinant vaccinia virus containing 3D protein
(10). The exacerbation of disease in these mice may not be
entirely attributable to ineffective viral clearance by noncapsid-
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FIG. 5. Analyses of peripheral immune responses in TMEV-infected mice primed with capsid and noncapsid peptides. (A) Splenic T-cell
proliferative responses to capsid and noncapsid epitopes in mice unprimed or primed with CFA alone, capsid epitopes plus CFA, or noncapsid
epitopes plus CFA were assessed at 8, 21, and 42 days (d) postinfection. (B) Cytokine levels (IFN-vy, IL-13, and IL-17) in the culture supernatants
of splenocytes from primed mice at 8, 21, and 42 days postinfection were assessed by ELISA. Differences in the cytokine production between
primed and unprimed mice were analyzed by using the Student ¢ test. *, P < 0.05; **, P < 0.01; *%*, P < 0.001.

specific CD4™ T cells, since virus levels in the CNS of these
mice do not exceed the level of sham-primed control mice (Fig.
4). In addition, mice suppressed in their CD4" T-cell re-
sponses to noncapsid epitopes showed a delayed development
of demyelinating disease and reduced severity compared to
sham-suppressed mice or mice suppressed in their capsid-re-
active CD4" T cells (Fig. 7). These results suggest that non-
capsid-reactive CD4™ T cells play a greater pathogenic role in
the development of TMEV-induced demyelinating disease
compared to capsid-reactive CD4" T cells. We have recently

demonstrated that treatment of SJL mice with anti-IL-17 an-
tibody inhibits the development of TMEV-induced demyeli-
nating disease (13), strongly suggesting that Th17 cells play a
pathogenic role. However, it would be very difficult to discern
how much is contributed by capsid-specific Th17 cells versus
noncapsid specific Th17 cells, since these cells coexist after
viral infection. Th1 and Th17 cytokine gene expression by the
CNS infiltrating cells upon stimulation with capsid or noncap-
sid epitopes showed that significantly higher levels of both Th1
(IFN-vy) and Th17 cytokine genes (IL-17 and IL-22) are acti-
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FIG. 6. Levels of CNS-infiltrating T-cell responses in mice primed with capsid and noncapsid peptides. (A) Levels of T-cell infiltration
to the CNS of mice primed with mock, capsid, and noncapsid epitopes at 3 days postinfection are shown as a representative fluorescence-
activated cell sorting profile. (B) Levels of IFN-y-producing CD8" T cells infiltrating the CNS at 3 days postinfection were analyzed after
stimulation with a mixture of CDS epitope peptides (VP3,59.166, VP3175.151, and VP1,, 5,) by flow cytometry in combination with intracellular
staining. (C) Levels of IFN-y-producing CD4" T cells in the CNS were similarly determined after stimulation with PBS, capsid, or noncapsid
peptides. (D) The levels of T-cell infiltration and epitope-specific T cells in the CNS during the course of viral infection were determined
by intracellular IFN-y staining. Differences in the cell numbers between primed and unprimed mice were analyzed by using the Student ¢

test. x%, P < 0.01.
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FIG. 7. Effects of specific immune suppression induced with peptide-conjugated splenocytes on disease development. (A) CNS-infiltrating T
cells specific for viral epitopes in mice treated with sham, SP or NSP-conjugated splenocytes at 7 days postinfection. (B) Courses of disease
development in the recipient mice (n = 10 per group) of sham- or peptide-treated splenocytes. The statistical differences in disease levels between
sham and peptide groups during 21 to 63 days postinfection were analyzed by using a paired two-tailed ¢ test. The difference between groups
receiving sham- and SP-treated splenocytes was not significant. Experimental groups receiving sham- or SP-treated splenocytes and NSP-treated
splenocytes were significantly different (P < 0.001). (C) Representative histologic examination of spinal cords from each experimental group.
Adjacent sections of spinal cords from mice at 80 days postinfection were stained with hematoxylin-eosin or Luxol-fast blue. Scale bar, 100 pm.
(D) The levels of viral persistence in the CNS of each group were measured by using real-time PCR at 8, 21, and 80 days postinfection (DPT).
Triplicate analysis of cDNAs prepared from pooled brains and spinal cords (three to five mice/group) was performed. Similar patterns were
observed in a separate PCR and plaque assay experiment.

vated in response to noncapsid epitopes compared to those in Th17 cells may exert a greater pathogenic role compared to
response to capsid epitopes (Fig. 3D). Therefore, higher levels capsid-specific Th17 cells.

of Th17 cells are likely to reflect the higher numbers of non- It is not yet clear whether the location of epitopes or the
capsid specific CD4™" T cells in the CNS (Fig. 1 and 2). Con- magnitude of CD4" T-cell responses to individual epitopes
sequently, the presence of higher levels of noncapsid-specific determines the observed protective or pathogenic function. It
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is also conceivable that the epitope location may be associated
with the level of CD4™" T-cell responses. It has previously been
shown that capsid-specific CD4" T cells display differential
pathogenic roles depending on epitopes recognized within the
capsid region after establishment of viral persistence (50). Fur-
thermore, a spontaneously arising nonpathogenic virus, which
bears a single amino acid substitution within one of the CD4*
T-cell capsid epitopes, results in CD4" T-cell responses exhib-
iting an altered cytokine profile (23, 35). Therefore, both the
location of epitopes on capsid or noncapsid proteins and the
skewed T-cell cytokine production in response to these
epitopes may affect the pathogenesis of demyelinating disease.

The location of epitopes reactive to CD4" T cells may play
a pivotal role in the protection versus pathogenesis of demy-
elinating disease due to differences in the type of antigen
presenting cells. We speculate that the most prominent mech-
anism for differential protection induced by capsid versus non-
capsid epitopes may reflect differences in epitope processing
that arise via viral infection (for noncapsid epitopes) or both
infection and endocytic processing pathways (for capsid
epitopes). These differences may generate higher levels of
pathogenic Th17 cells reactive to noncapsid proteins, as re-
cently shown (13). Viral particles containing only capsid pro-
teins are released and spread during viremia at the early peak
infection, whereas limited cell types directly supporting viral
replication will produce noncapsid proteins. Acutely infected
glial cells are expected to express both viral capsid and non-
capsid proteins. Professional antigen presenting cells are also
permissive to TMEV infection (14, 35). Therefore, profes-
sional antigen presenting cells in the lymphoid tissues, such as
dendritic cells and macrophages, will be able to present both
capsid and noncapsid epitopes to CD4™ T cells during acute
infection. Since viral infection compromises the T-cell stimu-
lating function of antigen-presenting cells (14, 35), these pro-
fessional antigen-presenting cells may have a limited role in
virus-specific T-cell stimulation. However, noncapsid epitopes
may be primarily presented locally via virus-infected glial cells
(16, 33, 42, 51). Since these noncapsid epitope-specific CD4 " T
cells appear to be less protective (Fig. 4), the predominant
presence of this T-cell population in the CNS may be unable to
exert sufficient protection and, perhaps, more vigorously facil-
itates the pathogenesis of demyelinating disease.

Taken together, our present study indicates that capsid-
specific CD4™ T cells provide an effective protective function,
whereas noncapsid-reactive CD4™" T cells play a pathogenic
role during the early stage of viral infection. Levels of protec-
tive versus pathogenic CD4" T-cell responses to TMEV
epitopes are different between susceptible SJL and resistant B6
mice, and this difference may critically affect the resistance or
susceptibility to virally induced demyelinating disease. How-
ever, the mechanism of preferential CD4™ T-cell responses to
noncapsid epitopes over capsid epitopes is unclear at this time.
Since only virus-infected cells produce noncapsid proteins dur-
ing viral replication, differences in the CNS viral load of resis-
tant and susceptible mice may dictate the level of noncapsid
proteins produced (i.e., low in resistant C57BL/6 and high in
susceptible SJL mice). Further investigation of the mecha-
nisms underlying the differential level and function of CD4* T
cells reactive to capsid versus noncapsid epitopes may eluci-
date the relationship between antiviral immunity and their
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involvement of protection and/or pathogenesis of demyelinat-
ing disease.
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