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Theiler’s virus-induced demyelinating disease has been extensively investigated as a model for persistent viral infection and mul-
tiple sclerosis (MS). However, the role of CD8� T cells in the development of disease remains unclear. To assess the role of virus-
specific CD8� T cells in the pathogenesis of demyelinating disease, a single amino acid substitution was introduced into the pre-
dominant viral epitope (VP3 from residues 159 to 166 [VP3159-166]) and/or a subdominant viral epitope (VP3173-181) of
susceptible SJL/J mice by site-directed mutagenesis. The resulting variant viruses (N160V, P179A, and N160V/P179A) failed to
induce CD8� T cell responses to the respective epitopes. Surprisingly, mice infected with N160V or N160V/P179A virus, which
lacks CD8� T cells against VP3159-166, did not develop demyelinating disease, in contrast to wild-type virus or P179A virus lack-
ing VP3173-181-specific CD8� T cells. Our findings clearly show that the presence of VP3159-166-specific CD8� T cells, rather than
viral persistence itself, is strongly correlated with disease development. VP3173-181-specific CD8� T cells in the central nervous
system (CNS) of these virus-infected mice expressed higher levels of transforming growth factor �, forkhead box P3, interleu-
kin-22 (IL-22), and IL-17 mRNA but caused minimal cytotoxicity compared to that caused by VP3159-166-specific CD8� T cells.
VP3159-166-specific CD8� T cells exhibited high functional avidity for gamma interferon production, whereas VP3173-181-specific
CD8� T cells showed low avidity. To our knowledge, this is the first report indicating that the induction of the IL-17-producing
CD8� T cell type is largely epitope specific and that this specificity apparently plays a differential role in the pathogenicity of vi-
rus-induced demyelinating disease. These results strongly advocate for the careful consideration of CD8� T cell-mediated inter-
vention of virus-induced inflammatory diseases.

It has been well established that virus-specific CD8� T cells play
the most efficient role in eradicating viral persistence from the

infected host. These antiviral CD8� T cells typically produce
gamma interferon (IFN-�) and/or tumor necrosis factor alpha
(TNF-�) upon activation and exhibit strong cytolytic function via
the granzyme/perforin and the Fas/FasL systems (8, 16). However,
the presence of intereukin-17 (IL-17)-producing CD8� T cells,
termed Tc17 cells (versus the conventional IFN-�-producing Tc1
cells), has recently been detected following viral infection (14, 20),
some autoimmune disease lesions (41), and cytokine-derived in
vitro differentiation (19). Interestingly, Tc17 cells produce a dis-
tinct set of cytokines, including IL-17, and exhibit a low cytotoxic
function. Recent studies indicated that the environments associ-
ated with tumor and chronic inflammation promote the induc-
tion of abundant IL-17-producing CD8� cells with reduced cyto-
lytic function (5, 29). However, the induction mechanisms and
roles of the Tc1 and Tc17 subpopulations in protection or patho-
genesis following viral infection remain unclear. Therefore, it
would be important to investigate the roles of these CD8� T cell
subtypes in the protection/pathogenesis of virus-induced chronic
inflammatory disease and whether induction is dependent on the
cognate epitopes following viral infection. Furthermore, there is
growing evidence to suggest the potential involvement of CD8� T
cells in the pathogenesis of multiple sclerosis (MS), including the
presence of greater numbers of CD8� T cells than CD4� T cells in
MS lesions (12, 34, 51). In this study, we examine these questions
using the Theiler’s murine encephalomyelitis virus (TMEV)-in-
duced demyelinating disease model of MS.

SJL/J (SJL) mice infected with TMEV reproducibly develop
chronic progressive demyelinating disease, displaying histopatho-
logical similarities to human MS (7, 26, 28). Interestingly, the
resistance of C57BL/6 (B6; H-2b) mice to TMEV-induced demy-

elinating disease (TMEV-IDD) is genetically linked to the H-2D
major histocompatibility complex (MHC) class I locus (31, 47). In
addition, perforin-deficient (43) or �2-microglobin-deficient (44)
mice with a resistant B6 background develop demyelinating dis-
ease, suggesting the possibility that CD8� T cells may be impor-
tant in maintaining resistance to TMEV-IDD. More recently, it
was shown that transgenic (Tg) expression of H-2Db in suscepti-
ble FVB mice (H-2q) rendered them resistant (35). Furthermore,
when the predominant H-2Db-restricted CD8� T cells specific for
the VP2 epitope from residues 121 to 130 (VP2121-130) were toler-
ized by infusion with the epitope peptide, resistant H-Db-trans-
genic FVB mice developed demyelinating disease. Therefore, im-
munodominant VP2121-130-specific CD8� T cells appear to be
responsible for conferring resistance in B6 mice.

In contrast, little is known about the role of CD8� T cells in the
pathogenesis of TMEV-IDD in susceptible strains, such as SJL
(H-2s) mice. Existing evidence, however, suggests that CD8� T
cells in susceptible SJL mice play an important role in the protec-
tion against TMEV-IDD: class I-deficient SJL mice succumbed to
higher persisting viral titers and developed exacerbated demyeli-
nation and clinical disease (2). Epitope-specific CD8� T cells in
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BeAn strain TMEV-infected SJL mice account for up to 70% of
central nervous system (CNS)-infiltrating CD8� T cells (24). Fur-
thermore, virus-specific CD8� T cells from susceptible SJL mice
showed activation markers and levels of IFN-� production similar
to those for resistant B6 mice. However, the number of virus-
specific IFN-�-producing CD8� T cells in susceptible SJL mice
was roughly 3-fold lower than that in resistant B6 mice (32).
Therefore, the overall levels of initial virus-specific IFN-�-pro-
ducing CD8� T cells seem to be critical for maintaining resistance
to TMEV-IDD.

Despite the protective role of TMEV-specific CD8� T cells, a
pathogenic role for virus-specific CD8� T cells remains possible.
A group of investigators previously reported that perforin is nec-
essary for the development of clinical symptoms but not demyeli-
nation following infection of resistant B6 mice with the DA strain
of TMEV (37). These results suggest that perforin-mediated cyto-
toxicity by virus-specific CD8� T cells may play a role in the
pathogenesis of TMEV-induced clinical disease. However, these
studies utilized mice with a resistant genetic background, and con-
flicting results were reported, depending on the viral strains
and/or investigators (43, 44). We previously showed that trans-
genic SJL mice expressing the P1 region of TMEV-encoding cap-
sid proteins are unresponsive to the predominant VP3159-166

epitope but have intact CD8� T cell responses to subdominant
epitopes (40). Interestingly, P1-transgenic SJL mice lacking CD8�

T cell responses to the predominant epitope develop less severe
delayed clinical disease. These results suggest an interesting possi-
bility that VP3159-166-specific CD8� T cells, and not subdominant
epitope-reactive CD8� T cells, may play a pathogenic role in the
development of TMEV-induced demyelinating disease.

To further analyze the role of epitope-specific CD8� T cells, we
utilized mutant viruses containing a single or double substitution
in the CD8� T cell epitope regions of the TMEV genome. We
chose to generate epitope-null viruses rather than to induce im-
mune tolerance to the epitopes, as an immune tolerance often
accompanies the generation of regulatory cells and/or deviations
of immune cells that may complicate the interpretation. SJL mice
infected with the N160V virus, which lacks the CD8� T cell re-
sponses to the predominant VP3159-166, remained free of clinical
symptoms. In contrast, mice infected with the P179A virus, which
lacks the CD8� T cell responses to the subdominant VP3173-181,
displayed clinical signs comparable to those of wild-type (WT)
virus-infected mice. These results strongly suggest that individual
epitope-specific CD8� T cells play different roles in pathogenesis
or protection during the development of TMEV-IDD. Surpris-
ingly, CNS-infiltrating CD8� T cells specific to VP3173-181 ex-
pressed high levels of forkhead box P3 (FoxP3), IL-17, and trans-
forming growth factor �1 (TGF-�1) mRNA. Furthermore, our
data show that Tc1-like VP3159-166-specific CD8� T cells, which
exhibit superior cytolytic function and IFN-� production, pro-
mote the development of disease, whereas Tc17-like VP3173-181-
specific CD8� T cells, which display low cytolytic function, do not.
These results strongly suggest that cytolytic Tc1-like CD8� T cells
participate, perhaps together with Th17 cells, in the pathogenesis
of virally induced demyelinating disease. Thus, our current obser-
vation reveals an important function of virus-specific CD8� T cell
subpopulations associated with protection versus pathogenesis,
which is a critical consideration for CD8� T cell-mediated im-
mune intervention.

MATERIALS AND METHODS
Animals. SJL/J mice were purchased from Harlan Sprague-Dawley and
housed in the Animal Care Facility of Northwestern University. Six- to
8-week-old female mice were used for all experiments.

Synthetic peptides and antibodies. All peptides used were purchased
from GeneMed (GeneMed Synthesis Inc., CA) and used as described pre-
viously (24). All antibodies were purchased from BD Pharmingen.

Viruses and cell lines. The wild-type and variant viruses of the BeAn
strain of TMEV were generated by site-directed mutagenesis (Fig. 1).

FIG 1 Generation and growth properties of cytotoxic T lymphocyte epitope
variant viruses. (A) Diagram depicting the site-directed mutagenesis of the
predominant and subdominant TMEV BeAn strain CD8� T cell epitopes. To
eliminate the ability to stimulate epitope-specific CD8� T cells, a series of
site-specific mutations was introduced into the cytotoxic T lymphocyte
epitope regions (VP3159-166 and/or VP3173-181) of the TMEV BeAn genome
using a QuikChange kit. (B) Variant viruses replicated comparably to the WT
virus in BHK-21 cells and primary mouse astrocytes. BHK-21 cells or primary
mouse astrocytes were infected with wild-type and variant viruses harboring a
single amino acid substitution (N160V or P179A) or double amino acid sub-
stitutions (N160V/P179A). Infectious TMEV titers were assessed at the indi-
cated time points from the viral lysates of BHK-21 cell or primary astrocyte
cultures by plaque assay. The results of a representative of two separate exper-
iments are shown. (C) Virus binding and infection of bone-marrow-derived
DCs were determined by flow cytometry using anti-TMEV capsid antibody.
The results of one of two similar experiments are shown.

Myoung et al.

13718 jvi.asm.org Journal of Virology

http://jvi.asm.org


These viruses were propagated and titers were determined in BHK-21 cells
grown in Dulbecco’s modified Eagle medium supplemented with 7.5%
donor calf serum. For intracerebral (i.c.) infection, 30 �l virus solution,
containing 30 � 106 PFU, was injected into the right cerebral hemisphere
of 6- to 8-week-old mice anesthetized with isoflurane. Clinical symptoms
of disease were assessed weekly on the following grading scale: grade 0, no
clinical signs; grade 1, mild waddling gait; grade 2, severe waddling gait;
grade 3, moderate hind limb paralysis; grade 4, severe hind limb paralysis.

Reverse transcriptase PCR and real-time PCR. Total cellular RNA
was isolated from the brain and spinal cord of infected SJL/J mice using
TRIzol reagents (Invitrogen, Carlsbad, CA). First-strand cDNA was syn-
thesized from 1 �g total RNA utilizing SuperScript III first-strand synthe-
sis Supermix or Moloney murine leukemia virus reverse transcriptase
(Invitrogen, Carlsbad, CA). Primers for control GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) and cytokine genes were purchased from
Integrated DNA Technologies, as follows: for GAPDH, forward primer
AACTTTGGCATTGTGGAAGG and reverse primer ACACATTGGGGG
TAGGAACA; for TGF-�1, ACAGAGAAGAACTGCTGTGTGC and GT
TGTGTTGGTTGTAGAGGGCAA; for IFN-�, ACTGGCAAAAGGATG
GTGAC and TGAGCTCATTGAATGCTTGG; for IFN-�, CCCTATGGA
GATGACGGAGA and CTGTCTGCTGGTGGAGTTCA; for IL-10, GCC
AAGCCTTATCGGAAATGATCC and AGACACCTTGGTCTTGGAG
CTT; for IL-18, ACAACTTTGGCCGACTTCAC and GGGTTCACTGG
CACTTTGAT; for IL-17A, CTCCAGAAGGCCCTCAGACTAC and AG
CTTTCCCTCCGCATTGACACAG; for IL-23, CAAGCGGGACATATG
AATCT and CATGGGGCTATCAGGGAGTA; for IL-6, AGTTGCCTTC
TTGGGACTGA and TCCACGATTTCCCAGAGAAC; for TNF-�, GGT
CACTGTCCCAGCATCTT and CTGTGAAGGGAATGGGTGTT; for
FoxP3, TTGGTTTACTCGCATGTTCGCC and TGGAGGTCAAGGGC
AGGGATTG; and for VP1, TGACTAAGCAGGACTATGCCTTCC and
CAACGAGCCACATATGCGGATTAC. GAPDH expression served as an
internal reference for normalization. Real-time PCR was performed in
triplicate.

Plaque assay. Viral titers in infected CNS tissues were enumerated by
a standard plaque assay on BHK-21 cell monolayers (27). After methanol
fixation, 0.1% crystal violet was used to visualize plaques on the mono-
layer.

Viral replication assays. Wild-type or mutant virus was infected at a
multiplicity of infection of 10 into BHK-21 cells or primary mouse astro-
cytes with rocking and resting for 1 h followed by an extensive wash. Cells
were then cultured for various time periods at 33°C as previously de-
scribed (3). Both cells and supernatants were harvested and kept at �80°C
until use. Primary mouse astrocytes were prepared as described elsewhere
(42). Briefly, single-cell suspensions were obtained from 0- to 3-day-old
neonatal brains and seeded on flasks coated with poly-L-lysine (25 �g/ml)
(48). After differential shakings at 200 and 250 rpm, adherent astrocytes
were collected as previously described (42). The purity of the cell prepa-
rations (�95% pure) was routinely confirmed by staining with antibodies
specific for an astrocyte marker, glial fibrillary acidic protein (Dako, CA).

Isolation of CNS-infiltrating MNCs. Mice were perfused with sterile
Hanks’ balanced salt solution (HBSS). The excised brains and spinal cords
were forced through steel mesh to prepare single-cell suspensions, which
were incubated at 37°C for 45 min in 250 mg/ml collagenase type 4 (Wor-
thington Biochemical Corp., Lakewood, NJ). CNS-infiltrating mononu-
clear cells (MNCs) were then enriched in the 1/3 bottom fraction of a
continuous Percoll (Pharmacia, Piscataway, NJ) gradient after centrifu-
gation for 30 min at 27,000 � g as described previously (10).

Intracellular staining of cytokine production. Freshly isolated CNS-
infiltrating MNCs were cultured in 96-well round-bottom plates in the
presence of relevant or control peptide. Allophycocyanin-conjugated an-
ti-CD8 (clone Ly2) or anti-CD4 (clone L3T4) antibody and phycoeryth-
rin (PE)-labeled rat monoclonal anti-IFN-� (XMG1.2) antibody were
used for intracellular cytokine staining. Cells were analyzed on a Becton
Dickinson FACSCalibur or LSRII cytometer.

Generation of H-2Ks tetramers. H-2Ks tetramers were generated as
previously described (1). Briefly, H-2Ks and human �2-microglobulin
genes were subcloned into a pET28 bacterial expression vector. Esche-
richia coli BL21(DE3) was transformed, and protein expression was in-
duced with IPTG (isopropyl-�-D-thiogalactopyranoside) for 4 to 5 h. The
inclusion body was purified and refolded in the presence of peptides. The
soluble monomeric form of peptide-MHC was biotinylated with BirA at
room temperature and tetramerized with streptavidin-PE (Invitrogen,
Carlsbad, CA).

T cell proliferation assay. Spleen cells from SJL/J mice infected with
wild-type or variant viruses were cultured in the presence of peptides for 3
days and then pulsed with 1 �Ci [3H]thymidine deoxyribose ([3H]TdR)
for 18 h. Cells were harvested, and the levels of [3H]TdR incorporated
were measured using a TopCount liquid scintillation counter (Perkin-
Elmer, San Jose, CA). Data are expressed as the mean 	 standard devia-
tion (SD) of triplicate samples.

Histopathological analyses. At day 120 postinfection, mice were
anesthetized and perfused with 0.1% cold glutaraldehyde in phosphate-
buffered saline (PBS). Spinal cords were excised, fixed in 1% OsO4, and
embedded in Epon. Sections were cut at a 1-�m thickness, stained with
toluidine blue, and analyzed by microscopy (44). Ten different sections of
the lumbar region of the spinal cord of individual mice (two mice per
experimental group) were assessed. For Luxol Fast Blue (LFB) staining for
axonal demyelination and Bielschowsky silver staining for axon loss and
damage, spinal cords from mice infected with WT or N160V virus were
dissected and fixed in 4% formalin in PBS for 24 h. The tissues were
embedded in paraffin and sectioned at 6 �m. Adjacent sets of 3 sections
from each animal were deparaffinized, rehydrated, and stained. Slides
were examined using a Leica DMR light microscope, and images were
captured using AxioCam MRc camera and AxioVision imaging software.

Statistical analysis. Data are presented as the mean 	 SD of either two
to three independent experiments or triplicates of one representative from
at least three separate experiments. The significance of the differences in
the mean values was determined by Student’s t test. The statistical signif-
icance of disease incidence was tested by Fisher’s exact test. Clinical scores
were analyzed by the Mann-Whitney U test. P values of 
0.05 were con-
sidered statistically significant.

RESULTS
TMEV variants of the CD8� T cell epitopes replicate similarly to
WT virus in BHK-21 cells and mouse astrocytes. We previously
showed that CD8� T cells reactive to the predominant (VP3159-166)
and subdominant (VP3173-181) epitopes of the TMEV BeAn strain
do not recognize the equivalent epitopes of the closely related
TMEV DA strain due to a single amino acid substitution in each
(23). To investigate the role of epitope-specific CD8� T cells in the
development of TMEV-IDD, mutant viruses containing a single
amino acid substitution or double amino acid substitutions in the
CD8� T cell epitopes of the BeAn VP3 protein with the DA resi-
dues were generated by site-directed mutagenesis of an expression
cDNA clone (pSBW) of the BeAn strain (Fig. 1A). Therefore, it
was expected that the variant viruses, encoding a single substitu-
tion or double substitutions in the epitope regions of the VP3
protein, would be deficient in the corresponding epitope-specific
CD8� T cell responses in the CNS and periphery of virus-infected
SJL mice.

The levels of WT and variant virus replication were first as-
sessed using BHK-21 cells and primary mouse astrocytes (Fig. 1B).
The WT and variant viruses replicated similarly in BHK-21 cells
that were deficient in type I interferon production (Fig. 1B, left).
This result suggests that no stage of the virus life cycle, including
virus binding on a cellular receptor(s), viral entry, uncoating of
the viral genome, RNA replication, viral coat protein translation,
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and virus assembly, was significantly affected by the introduction
of mutations. To further investigate if these viruses replicate sim-
ilarly in mouse cells, primary SJL astrocytes were infected with WT
and variant viruses. Similar viral replication levels were also ob-
served in astrocytes infected with WT and variant viruses (Fig. 1B,
right). In addition, these viruses displayed no significant differ-
ences in their ability to bind to mouse cells, as shown with den-
dritic cells (DCs) (Fig. 1C). Therefore, it is likely that WT and
variant viruses have comparable infection and growth rates in
vitro.

Variant viruses do not induce CD8� T cell responses to the
corresponding epitopes. To assess the CD8� T cell responses to
the corresponding epitopes, susceptible SJL/J mice were infected
with WT and variant viruses. Levels of epitope-specific CD8� T
cells in the CNS of infected mice were determined at day 8 postin-
fection by assessing the levels of binding of VP3159-166- and
VP3173-181-loaded H-2Ks tetramers to CD8� T cells (Fig. 2A and

B). Of the CD8� T cells from WT virus-infected mice, 32% were
VP3159-166 specific and 11% were VP3173-181 specific. In contrast,
less than 3% of the CD8� T cells from N160V virus-infected mice
were VP3159-166 specific but 24% were VP3173-181 specific. These
results suggest that unresponsiveness to the predominant epitope
is partly compensated for by an increase in the subdominant
VP3173-181-specific CD8� T cell response. However, the lack
(0.5%) of a VP3173-181-specific CD8� T cell response in mice in-
fected with the P179A virus was not accompanied by such an
increase in the dominant VP3159-166-specific CD8� T cell re-
sponse. Mice infected with the doubly substituted (N160V/
P179A) virus did not induce the CD8� T cells reactive to any of
these epitopes (Table 1).

To further correlate the CD8� T cell response with the produc-
tion of key T cell cytokines, IFN-� production in response to the
epitopes was analyzed by flow cytometry (Fig. 2C). Variant viruses
were similarly unable to induce the corresponding epitope-spe-

FIG 2 Epitope-specific CD8� T cell responses in mice infected with WT and variant viruses. (A) On the indicated days postinfection, SJL mice (3 mice per group)
infected with WT or variant viruses were sacrificed, and isolated CNS-infiltrating MNCs were stimulated with PBS or VP3159-166, VP3173-181, or VP111-20 peptide
for 6 h. The proportion of CNS CD8� T cells was analyzed using flow cytometry after staining with H-2Ks–VP3159-166 and H-2Ks–VP3173-181 tetramers. (B) The
proportion of epitope-specific tetramer-positive CD8� T cells (top) and the number of epitope-specific tetramer-positive CD8� T cells in the CNS (bottom) are
shown. *, P 
 0.05; **, P 
 0.01. (C) The percentage of IFN-�-producing CD8� T cells of the total CD8� T cells is shown in the upper right quadrant of each plot.
Cells were stained for both CD8 and intracellular IFN-� for flow cytometric analysis. A representative fluorescence-activated cell sorter analysis plot of three
independent experiments is shown. (D) The proportion (top) and number (bottom) of epitope-specific IFN-�-producing CD8� T cells in the CNS of SJL mice
during viral infection are shown. The values given are the means of the percentages or numbers of IFN-�-producing CD8� T cells from four independent
experiments (mean 	 SD).
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cific CD8� T cells producing IFN-�. For example, the N160V
virus was unable to induce VP3159-166-specific IFN-�-producing
CD8� T cells, in contrast to WT virus. N160V/P179A virus-in-
fected animals did not induce a CD8� T cell response to either of
the respective epitopes in the CNS. In addition, the loss of these
epitope-specific CD8� T cell responses was not compensated for
by an increase of VP111-20-specific CD8� T cells. These patterns of
epitope-specific CD8� T cell responses remained at day 120
postinfection (Fig. 2D).

N160V and N160V/P179A viruses, deficient in the predomi-
nant CD8� T cell epitope, do not induce demyelinating disease.
To further investigate how differences in virus-specific CD8� T
cell responses in the CNS affect the development of TMEV-IDD,
SJL mice (9 to 10 mice/group) were infected with WT or variant
viruses. Mice infected with the WT or P179A virus (�75%) devel-
oped clinical disease by 50 days postinfection (Fig. 3A). In con-
trast, the majority of the N160V or N160V/P179A virus-infected an-
imals (�80%) did not develop disease. In addition, clinically affected
mice infected with the N160V or N160V/P179A virus showed only
minimal disease severity (P 
 0.01 at 42 days postinfection and there-
after) compared to the mice infected with the WT or P179A virus.
These studies suggest that VP3159-166-specific CD8� T cell responses
are critical in disease development (Table 1).

The histopathology of the spinal cord was further examined at
120 days after viral infection and was correlated with disease de-
velopment by the epitope mutant viruses. The WT and P179A
virus-infected animals exhibited similar severe demyelination in
the spinal cord, whereas the N160V and N160V/P179A virus-in-
fected animals remained free of demyelinating lesions (Fig. 3B).
These results are consistent with the clinical disease levels induced
by the WT and mutant viruses. To further determine if the level of
axon damages reflects the pathogenic function of VP3159-166-spe-
cific CD8� T cells, the integrity of axons in the spinal cord of mice
infected with the WT and N160V virus were compared on the
basis of the density of the stains after Bielschowsky silver staining
(Fig. 3C). The levels of axonal loss and damage were more exten-
sive in the spinal cord of the WT virus-infected mice (54.2 	 25.4)
than that of the N160V virus-infected mice (133.9 	 28.6) lacking
the VP3159-166-specific CD8� T cell response. These data strongly
suggest that the CD8� T cells specific for the predominant
VP3159-166 epitope but not those specific for the subdominant P179A
epitope play an important role in the pathogenesis of demyelination
in the spinal cord and consequent clinical disease.

Mice infected with the N160V or N160V/P179A virus display
higher viral loads in the CNS. To determine if the reduced disease
development in mice infected with viruses to which CD8� T cell
responses to the predominant epitope are deficient is associated

with lower levels of viral replication, viral RNA levels in the CNS of
infected mice were assessed using real-time PCR (Fig. 4A). Inter-
estingly, the N160V and N160V/P179A virus-infected mice lack-
ing VP3159-166-specific CD8� T cells displayed significantly higher
levels of viral messages in the spinal cord at 8 days postinfection. In
contrast, viral message levels in the CNS of the P179A virus-in-
fected mice were significantly lower than those in the CNS of the
WT virus-infected mice. Levels of infectious virus in the CNS of
these mice were further determined by plaque assay (Fig. 4B).
Roughly 2-log-unit higher infectious viral titers were detected
in the brain and spinal cord of N160V virus-infected mice than
WT-infected mice (P 
 0.0005). The N160V/P179A virus-in-
fected mice similarly displayed more infectious virus in the
brain at day 8 postinfection (P 
 0.017). In contrast, 10-fold
fewer infectious viruses were detected in the brain of the P179A
virus-infected mice, which induce a significantly higher level of
VP3159-166-specific CD8� T cells in the CNS than the WT virus-
infected mice (P 
 0.001). The levels of viral load remained
high in both the N160V and N160V/P179A virus-infected mice
at day 21 postinfection. However, at day 120 postinfection,
infectious viruses were not detectable in the spinal cord of the
N160V or P179A virus-infected mice, whereas the levels of viral
load in the brain were largely comparable in all groups (Fig.
4B). These results suggest that VP3159-166-specific CD8� T cells
are most efficient in viral clearance and that the loss of the
CD8� T cell response results in an elevated viral load at the
early stages of viral infection.

Levels of IFN-�-producing TMEV-specific CD4� T cells are
comparable between WT and variant virus-infected mice.
Epitope-specific CD4� T cell levels were also investigated to ex-
amine if the mutations in the CD8� T cell epitope regions of the
TMEV genome affect the virus-specific CD4� T cell responses in
the CNS (Fig. 5). Proliferative responses of splenic CD4� T cells to
viral epitopes were not significantly different between WT and
variant virus-infected groups throughout the course of viral infec-
tion (Fig. 5A). Similarly, the levels of virus-specific (combined capsid
and noncapsid epitopes) CD4� T cells in the CNS measured by
IFN-� production were comparable among all experimental groups,
as shown for a representative experiment at 8 days postinfection (Fig.
5B). The proportions and numbers of CNS-infiltrating CD4� T cells
at 8 days postinfection were further assessed, and the combined re-
sults of 3 separate experiments are shown in Fig. 5C. These results
suggest that there are no significant alterations in the CD4� T cell
responses to the variant viruses during the course of infection. There-
fore, the differences in virus-specific CD4� T cell responses unlikely
resulted in the altered clinical outcome following infection with
VP3159-166-modified viruses (Fig. 3).

TABLE 1 Mutant viruses and their properties

Virus Reactivity of cytotoxic T lymphocytec

Presence ofa:

Clinical symptoms Demyelination Virus persistenceb

WT VP3159-166, VP3173-181, VP111-20 ��� ��� �
N160V VP3173-181, VP111-20 (VP3159-166) 	 	 ��
P179A VP3159-166, VP111-20 (VP3173-181) � ��� �
N160V/P179A VP111-20 (VP3159-166, VP3173-181) 	 	 ��
a ���, very high; ��, high; �, moderate; 	, low.
b Based on viral message levels in the spinal cords at 8, 21, and 120 days postinfection.
c Parentheses indicate absence.
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Distinct cytokine genes are expressed in CD8� T cells reac-
tive to the dominant VP3159-166 epitope versus the subdominant
VP3173-181epitope. It is conceivable that CD8� T cells produce a
different set of cytokines depending on epitope recognition,
which would consequently result in differential viral clearance and
pathogenesis. To examine this possibility, CNS cells from mice
infected with the WT virus were restimulated in vitro with domi-
nant and subdominant epitope peptides (Fig. 6A and B). Because
it is difficult to isolate the individual epitope-specific CD8� T cells

FIG 3 Comparison of the clinical disease course in mice infected with either
WT or variant viruses. (A) SJL mice (n � 9 to 10) were infected with WT or
variant TMEVs (30 � 106 PFU/mouse). Animals were graded for clinical signs
as described in Materials and Methods. The results are expressed as the per-
centage (left) or mean (right) clinical score of affected animals on the indicated
days postinfection. The statistical significance of disease incidence was tested
by Fisher’s exact test. The clinical scores were analyzed by the Mann-Whitney
U test. For WT-infected versus N160V- or N160V/P179A-infected mice, P
was 
0.05 at day 35 postinfection and thereafter; for WT-infected versus P179A-
infected mice, P was 
0.05 at day 63 and thereafter; for N160V-infected versus
P179A-infected mice, P was 
0.05 at day 49 and thereafter; for N160V- or
P179A-infected versus N160V/P179A-infected mice, P was not significant at
all time points. (B) Spinal cords from SJL mice infected with WT or variant
viruses for 120 days were obtained (two mice per group). One-micron-thick
sections were prepared and stained with toluidine blue. Ten different sections
of the lumbar region of the spinal cord of each individual mouse were graded

for demyelination by microscopy. Results of a representative of three different
experiments are shown. (C) Spinal cords of virus-infected mice were stained
with Luxol Fast Blue (a, b) or Bielschowsky (c, d). The red boxes (c and d)
indicate the areas of the insets. Density comparisons of 10 random areas
stained with Luxol Fast Blue showed values of 40.8 	 5.0 for WT virus-infected
mice and 117.9 	 32.6 for N160V-infected mice. Density comparisons of 10
random areas stained with Bielschowsky showed values of 54.2 	 25.4 for WT
virus-infected mice and 133.9 	 28.6 for N160V-infected mice.

FIG 4 Viral persistence in mice infected with WT and variant viruses. Brain
and spinal cord homogenates were prepared from SJL mice (n � 3) infected
with WT and variant TMEV. (A) Viral RNA levels in the brain and spinal cord
homogenates from mice infected with viruses for 8 days were compared with
the fold VP1 expression using real-time PCR. (B) Infectious titers in the tissue
homogenates of mice were assessed by plaque assay on days 8, 21, and 120 (d8,
d21, and d120, respectively) postinfection. The values given are the mean
numbers from two to three independent experiments (mean 	 SD). *, P 

0.05; **, P 
 0.01; ***, P 
 0.001; ND, not detectable (below the detection
level).
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from the CNS, we have determined the levels of cytokine messages
induced after stimulation with the cognate epitopes compared to
those in the unstimulated controls. In contrast to the minimal
level of IFN-� in the control cultures with PBS, similarly high
levels of IFN-� mRNAs were detected upon cognate stimulation
with the VP3159-166 and VP3173-181 peptides. Therefore, the level of
IFN-� mRNA appears to reflect the cytokine message levels pro-
duced by the respective epitope-specific CD8� T cells. Interest-
ingly, the VP3173-181-specific CD8� T cells expressed significantly
higher levels of IL-10, IL-17, IL-22, and TGF-�1 genes than the
VP3159-166-specific CD8� T cells. These results suggest that the
major T cell populations specific for these two epitopes represent
distinct CD8� T cell types. The predominant VP3159-166-specific
CD8� T cells appear to represent the typical antiviral CD8� T
cells, whereas the subdominant VP3173-181-specific CD8� T cells
may represent the recently described Tc17 cell type (14, 19, 20).

To further delineate the potential mechanism(s) underlying
the resistance to the development of demyelinating disease in the
absence of VP3159-166-specific CD8� T cells, the levels of T cell-
associated cytokine gene expression in the CNS of WT- and vari-
ant virus-infected mice were analyzed at 8 days postinfection us-
ing PCR (Fig. 6C and D). The expression of IL-10, IL-17, TGF-�1,
and FoxP3 mRNA was noticeably higher in the CNS of the
VP3159-166-deficient N160V virus-infected mice, which have in-
creased levels of VP3173-181-specific CD8� T cells, than in the CNS
of either the WT virus-infected or VP3173-181-deficient P179A vi-
rus-infected mice displaying high levels of VP3159-166-specific
CD8� T cells. These results clearly demonstrate that viral RNA
and IL-17, TGF-�1, and FoxP3 mRNA levels are highly elevated in
the absence of VP3159-166-specific CD8� T cells. Because the num-
ber of VP3173-181-specific CD8� T cells is increased in the absence
of VP3159-166-specific CD8� T cells, the elevated cytokine gene

expression in N160V virus-infected mice likely reflects the cyto-
kine profile of VP3173-181-specific CD8� T cells. However, the
presence of intracellular IL-17 was undetectable by flow cytom-
etry, suggesting that the IL-17 levels produced in these CD8� T
cells are relatively low (not shown). Nevertheless, the differences
in T cell cytokine levels suggest that the predominant virus-spe-
cific CD8� T cells in the CNS recognize VP3159-166 and that the
deletion of this population results in a drastically altered cytokine
profile of CD8� T cells. These results are consistent with the cyto-
kine production levels obtained upon stimulation with the respec-
tive epitope peptides (Fig. 6A and B).

VP3159-166- and VP3173-181-specific CD8� T cells differ in
their cytolytic function. Because SJL mice infected with the
N160V virus deficient in the VP3159-166 epitope do not develop
demyelinating disease, we further examined if differences in the
epitope-dependent cytolytic function of CD8� T cells are associ-
ated with disease development. The cytolytic activity of CD8� T
cells from SJL mice infected with the WT or the N160V or P179A
mutant virus was assessed in vitro at various effector-to-target cell
ratios (Fig. 7A). The CD8� T cells from the WT virus-infected
mice failed to lyse VP3173-181-loaded target cells at an effector-to-
target cell ratio as high as 100:1, whereas these CD8� T cells effec-
tively lysed VP3159-166-loaded target cells at an effector-to-target
cell ratio as low as 10:1. Furthermore, the CD8� T cells from the
N160V virus-infected mice lacking VP3159-166-specific CD8� T
cells could not lyse the target cells. In contrast, the CD8� T cells
from the P179A virus-infected mice deficient in VP3173-181-spe-
cific T cells effectively lysed the target cells. These results clearly
indicate that VP3159-166-specific CD8� T cells, but not VP3173-181-
specific CD8� T cells, exhibit strong cytolytic activity in vitro.

Despite the lack of significant cytolytic function by VP3173-181-
specific CD8� T cells in vitro (Fig. 7A), it is conceivable that in

FIG 5 Reactivity of CD4� T cells in mice infected with WT and variant viruses. (A) Splenic cells from mice infected with WT and variant viruses at 8 days
postinfection were stimulated for 3 days in the presence of PBS or a structural CD4� T cell epitope mix (S; VP1233-250, VP274-86, and VP324-37) and the
predominant nonstructural epitope (NS; 3D21-36). Proliferation levels were assessed by [3H]TdR uptake. (B) CNS-infiltrating MNCs were stimulated with PBS
or a CD4� T cell epitope mix (VP1233-250, VP274-86, VP324-37, and 3D21-36). After 6 h of stimulation, cells were stained for CD4 and intracellular IFN-�. The
percentage of CD4� IFN-�-producing cells is shown in the upper right corner of each plot. The data are representative of three independent experiments. (C)
Epitope-specific IFN-� production by CNS-infiltrating CD4� T cells. The proportion of epitope-specific CD4� T cells in the CNS (left) and the number of
epitope-specific CD4� T cells (right) are shown. The values given are the means of the percentages or numbers from 3 independent experiments (mean 	 SD).
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vitro cytotoxicity may not reflect cytolytic function in virus-in-
fected mice. To explore this possibility, we further examined the
potential differences in cytolytic functions of CD8� T cells in vi-
rus-infected mice using target cells loaded with an equal mixture
of the VP3159-166 and VP3173-181 epitopes (Fig. 7B). Control and
cognate peptide-loaded target cells labeled with two different in-
tensities of carboxyfluorescein succinimidyl ester (CFSE; high and
low) were administered to virus-infected mice (3 mice per viral
group) at 8 days postinfection, as previously described (17). The
N160V virus-infected mice (3/3) lacking VP3159-166-specific
CD8� T cells failed to lyse the target cells. In contrast, the WT
virus-infected mice and P179A virus-infected mice deficient in
VP3173-181-specific CD8� T cells efficiently lysed the target cells.
These results clearly indicate that WT virus-infected SJL mice are
able to efficiently clear VP3159-166- and VP3173-181-bearing cells,
suggesting that only VP3159-166-specific CD8� T cells are capable
of effectively clearing the target cells in infected animals, which is
consistent with the in vitro cytotoxicity (Fig. 7A).

It has recently been shown that IL-17 inhibits the cytolytic

function of CD8� T cells by protecting virus-infected target cells
from apoptosis (17) and that IL-17-producing CD8� T cells dis-
play deficient cytolytic function in vitro (14). Despite the relatively
higher level of IL-17 mRNA in VP3173-181-specific CD8� T cells,
we failed to detect intracellular IL-17 by flow cytometry. There-
fore, it is conceivable that a relatively small amount of IL-17 in
CD8� T cells is sufficient for blocking the cytolysis of target cells.
To examine this possibility, either isotype or anti-IL-17 antibody-
treated SJL mice were infected with WT TMEV. Eight days after
infection, in vivo cytolytic activity was evaluated in the virus- and
mock-infected mice (Fig. 7C). Interestingly, both the VP3159-166-
and VP3173-181-specific CD8� T cells in the anti-IL-17 antibody-
treated mice significantly gained cytolytic function. In particular,
VP3173-181-specific CD8� T cells in the anti-IL-17 antibody-
treated mice displayed strong cytolysis (�50%) of target cells,
whereas there was a lack of detectable cytolysis in the isotype an-
tibody-treated mice. A similar improvement in the cytolytic activ-
ity of the VP3173-181-specific CD8� T cells was also detected in
vitro in the presence of anti-IL-17 antibody (not shown). There-
fore, these results suggest that a small amount of IL-17 production
by CD8� T cells may efficiently block target cell cytolysis in cell-
cell contact interactions. It is also noteworthy that the cytolytic
levels in virus-infected mice (Fig. 7C) were much lower than those
assessed with in vitro cytotoxic assays (Fig. 7A). This may be at-
tributable to the presence of higher IL-17 levels in virus-infected
mice. Taken together, these results strongly suggest that CD8� T
cells with strong cytolytic function in vivo are essential for the
pathogenesis of demyelinating disease, as mice lacking this CD8�

T cell population do not develop the disease.
VP3159-166- and VP3173-181-specific CD8� T cells display dif-

ferent avidities for their epitopes and produce distinct cyto-
kines. It has recently been shown that T cell activation signals
affect the development of CD4� T cell subtypes (11, 30). To fur-
ther understand the potential underlying mechanisms of the dif-
ferences in cytokine production and cytolytic function between
VP3159-166- and VP3173-181-specific CD8� T cells, we determined
the functional avidity of T cells to the epitopes by measuring the
levels of IFN-� and/or IL-17A production upon stimulation with
various concentrations of the cognate peptides (Fig. 7D and E), as
recently described (25). Interestingly, the concentrations of
VP3159-166 peptide required to stimulate intracellular IFN-� pro-
duction over 6 h to the levels similar to those of the VP3173-181

peptide were 30- to 100-fold lower (Fig. 7D). For example, more
than 50 nM VP3173-181 peptide versus less than 2 nM VP3159-166

peptide was required to achieve 50% of the maximum IFN-� pro-
duction. These results indicate that the functional avidity of
VP3159-166-specific CD8� T cells to the cognate epitope required
to stimulate the initial production of IFN-� is at least 30-fold
higher than that of VP3173-181-specific CD8� T cells. However,
intracellular IL-17 production after 6 h of in vitro stimulation was
not detectable by flow cytometry (not shown), although the in-
crease in IL-17 mRNA production was observed by reverse tran-
scription-PCR (RT-PCR) (Fig. 6). To further determine the pro-
duction of IL-17 by the epitope-specific CD8� T cells over a longer
time period, we incubated 1.5 � 106 CNS-infiltrating cells from
TMEV-infected SJL mice for 72 h in the presence of the epitope
peptides. The levels of IFN-� and IL-17 that accumulated in the
culture supernatants were assessed using cytokine-specific en-
zyme-linked immunosorbent assays (ELISAs). Although the pro-
duction of IFN-� was detected in the cultures stimulated with

FIG 6 Distinct cytokine profiles of different epitope-specific CD8� T cells.
CNS-infiltrating MNCs from SJL mice infected with WT virus were restimu-
lated in vitro at 8 days postinfection with PBS, VP3159-166, or VP3173-181 for 6 h.
The mRNA levels of various cytokines in these cultures were analyzed using
either conventional RT-PCR (A) or quantitative real-time PCR (B). The RNA
levels of TMEV, FoxP3, and various cytokines in CNS-infiltrating cells of mice
infected with either WT or variant viruses were assessed using conventional
RT-PCR (C) or real-time PCR (D). Fold increase indicates the relative fold
increases after normalization on the basis of GAPDH levels. One representa-
tive set from three separate experiments is shown. *, P 
 0.05; **, P 
 0.01.
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FIG 7 Different cytolytic functions of epitope-specific CD8� T cells. (A) Splenocytes from naive SJL mice were loaded with control ovalbumin from residues 323
to 339 (OVA323-339) and viral (VP3159-166 or VP3173-181) peptides and labeled with a high and a low concentration of CFSE, respectively. A fixed number of
CFSE-labeled target cells and various numbers of splenic effector cells from mice at 8 days postinfection with WT or variant viruses were cocultured for 60 h at
the indicated effector-to-target cell ratios. The numbers in each histogram represent the percentages of cells labeled with low (VP3159-166 or VP3173-181) and high
(OVA323-339) concentrations of CFSE. (B) At 8 days after infection, in vivo lysis activity was evaluated in virus- and mock-infected mice (n � 3) that received the
peptide-loaded CFSE-labeled target cells. OVA323-339 and viral (both VP3159-166 and VP3173-181) peptides were used to load the target cells. Mixtures of control
and viral peptide-loaded target cells were injected into SJL mice (n � 3) infected with WT, N160V, or P179A virus and mock infected with PBS. Cytolytic profiles
of three individual mice are shown. (C) SJL mice were treated with either the isotype (n � 3) or anti-IL-17 (n � 3) antibody at days 0 and 7 relative to the time
of TMEV infection. At 8 days postinfection, in vivo cytolysis activity was evaluated in virus- and mock-infected mice (n � 3) that received the target cells. (D)
CNS-infiltrating cells from the SJL mice infected with TMEV were stimulated with VP3159-166 or VP3173-181 at different concentrations for 6 h, and intracellular
IFN-� production was assessed by flow cytometry. The numbers of IFN-�-producing CD8� T cells after stimulation with 2 �M peptide were considered to be
100% of the epitope-specific IFN-�-producing cells. (E) CNS-infiltrating cells (1.5 � 106) from SJL mice infected with the TMEV BeAn strain were stimulated
with various concentrations of VP3159-166 or VP3173-181 peptide for 72 h. The production of IFN-� and IL-17 in the culture supernatants was measured using the
respective cytokine-specific ELISA.
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either the VP3159-166 or the VP3173-181 peptide, IL-17 production
was detectable only after VP3173-181 peptide stimulation (Fig. 7D).
Therefore, it is conceivable that differences in the functional avid-
ity toward their cognate epitopes and/or the type of cytokines
produced may affect the consequent cytolytic function of CD8� T
cell populations in an epitope-dependent manner.

DISCUSSION

TMEV infection in susceptible strains of mice induces chronic
demyelinating disease mediated by CD4� T cells and macro-
phages (17, 26, 28). However, epitope-specific CD4� T cells can be
protective, depending on the time of availability in conjunction
with viral infection (36). In addition, the pathogenicity of CD4� T
cells may also be dependent on the recognizing viral epitopes (21,
54). Therefore, epitope-specific cytotoxic CD8� T cells may sim-
ilarly play a protective or pathogenic role depending on the type
and/or reactivity of epitopes. We previously demonstrated that
the level of the VP3159-166-specific CD8� T cell response in suscep-
tible SJL mice is inversely correlated with viral persistence in P1-
transgenic (P1-Tg) SJL mice (40), highlighting the importance of
VP3159-166-specific CD8� T cells in limiting the viral load in vivo.
Surprisingly, however, higher viral persistence in P1-Tg mice did
not lead to a higher disease incidence and/or severity. These results
posed an interesting possibility that VP3159-166-specific CD8� T
cells may be associated with the pathogenesis of TMEV BeAn-
induced demyelinating disease. Because the TMEV DA strain,
which induces a similar chronic demyelinating disease, does not
contain this epitope (23), the DA virus may utilize CD8� T cells
recognizing a different epitope for its pathogenesis.

To further address the possibility that VP3159-166-specific
CD8� T cells play a pathogenic role in disease development, a
series of mutant viruses containing a single amino acid substitu-
tion or double amino acid substitutions in the predominant
and/or subdominant CD8� T cell epitopes of TMEV was gener-
ated (Fig. 1). These variant viruses failed to mount the corre-
sponding epitope-specific CD8� T cell responses (Fig. 2) without
affecting CD4� T cell responses (Fig. 5). Interestingly, the viral
load was higher in the CNS of the VP3159-166-deficient N160V
virus-infected mice during the early stages of infection, suggesting
that VP3159-166-specific CD8� T cells are critical for viral clearance
(Fig. 3). The high viral load is unlikely to reflect more rapid viral
replication, as these variant viruses did not replicate differently in
BHK-21 cells and mouse astrocytes or bone marrow-derived den-
dritic cells (Fig. 1) and in the CNS of Rag1�/� mice (not shown).
Since these cell populations are the major cell populations infected
by the WT virus, it is unlikely that the mutant viruses infect dif-
ferent cell types. In addition, similar viral loads in the CNS of
Rag1�/� mice, which do not have adaptive immune responses,
would reflect the comparable tropism of these variant viruses.
However, differences in the infectivity to minor cell populations
or viral trafficking to different CNS compartments would be pos-
sible.

Interestingly, the loss of a VP3159-166-specific CD8� T cell re-
sponse in the N160V virus-infected mice was compensated for by
an increase in CD8� T cells reactive to the subdominant VP3173-181

epitope (Fig. 2). However, the VP3173-181-specific CD8� T cells
whose levels were elevated in the N160V virus-infected mice were
apparently unable to efficiently limit the viral load (Fig. 4). The
inefficient control of viral load was due to the poor cytolytic func-
tion of VP3173-181-specific CD8� T cells compared to VP3159-166-

specific CD8� T cells (Fig. 7). In contrast, the VP3173-181-deficient
P179A virus-infected mice, which mount a greater VP3159-166-
specific CD8� T cell response, efficiently controlled the viral load
in the CNS. Interestingly, however, the virus level in the CNS did
not correlate with the development of clinical disease (Fig. 4),
which is consistent with the previous observation in P1-Tg mice
(40). Therefore, viral persistence alone may not be sufficient for
the induction of demyelinating disease, and CD8� T cell re-
sponses to certain viral epitopes may be an integral component of
the pathogenesis, as previously suggested (34).

It is known that the presence of a strong CD8� T cell response
is essential for protection from viral diseases. However, the ma-
jority of the N160V virus-infected animals (�90%), which lacked
the predominant cytolytic VP3159-166-reactive CD8� T cells bear-
ing high functional avidity (Fig. 7), remained free of clinical signs
(Fig. 3). In contrast, the majority of the P179A virus-infected an-
imals (80%), which had high levels of VP3159-166-reactive CD8� T
cells in the absence of VP3173-181-reactive CD8� T cells, developed
the full-blown disease (Fig. 3). In addition, the N160V/P179A
virus-infected SJL mice, which lacked both VP3159-166- and
VP3173-181-reactive CD8� T cells, were also largely free of demy-
elinating disease. The observation that a highly cytolytic CD8� T
cell response in the CNS is associated with the development of
TMEV-induced demyelinating disease in SJL mice was unex-
pected (Fig. 3 and 7). Taken together, these results strongly sug-
gest that cytolytic CD8� T cells with high avidity (Fig. 7) may
cause an initial infliction of CNS damage leading to the develop-
ment of demyelinating disease.

It is not clear at this time whether CD4� T cells and CD8� T
cells independently or cooperatively induce clinical disease. It has
previously been assumed that CD4� T cells alone induce TMEV-
induced demyelinating disease, based on the amelioration of dis-
ease development after treatment with antibodies against CD4� T
cells (17, 46, 53) and the development of severe demyelinating
disease in �2-microglobulin-deficient SJL mice (2). However, �2-
microglobulin is critical for all types of T cells restricted with class
I and class I-like molecules, including NK T cells and other non-
classical class I-restricted T cells. Therefore, it is difficult to discern
the potential role and function of these T cell populations in the
pathogenesis and/or protection from viral disease development. It
is interesting to note that CD4-deficient susceptible SJL and PLJ
mice display more severe demyelination than CD8-deficient
counterpart mice (38). These results suggest that subpopulations
of both CD4� and CD8� T cell types could be cooperatively in-
volved in the pathogenesis of demyelinating disease.

The mechanisms underlying the differences in viral clearance and
cytotoxic function among epitope-specific CD8� T cells are un-
known. Although CD8� T cells recognizing the VP3159-166 and
VP3173-181 epitopes can produce relatively high levels of IFN-�, the
efficiency of the VP3173-181-specific CD8� T cells to induce IFN-�
production was as much as 100-fold lower than that of the VP3159-166-
specific CD8� T cells (Fig. 7D). In contrast, the VP3173-181-specific
CD8� T cells induced significantly higher levels of IL-10, IL-17,
IL-22, and TGF-�1 mRNA expression than VP3159-166-specific
CD8� T cells (Fig. 6). This CD8� T cell population appears to be
similar to the IL-17-producing CD8� T cell population recently
named Tc17 (14), including the expression of FoxP3 (Fig. 6D) and
retinoic acid-related orphan nuclear receptor gamma t (ROR-�t)
transcription factors (not shown). It is interesting to note that the
Tc17-type response is largely epitope dependent (Fig. 6 and 7E).
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As far as we know, this is the first report indicating that the induc-
tion of a Tc17 response is epitope dependent. The drastic difference
in functional avidity between the VP3159-166- and VP3173-181-specific
CD8� T cells (Fig. 7) may lead to the differential induction of CD8�

T cell types. In addition, it is possible that various cytokines favor-
ing the development of pathogenic Th17 cells in TMEV-infected
mice (17) may also promote the epitope-dependent development
of Tc17 cells. For example, TGF-� and IL-6 genes are highly ex-
pressed in various glial cells and infiltrating antigen-presenting
cells in the CNS of TMEV-infected SJL mice (4, 18, 22, 50). There-
fore, viral infection-induced TGF-�, together with IL-6, may also
participate in the development of IL-17-producing CD8� T cells
in the presence of a low level of IFN-� (14, 19), similar to the
development of Th17 cells (15, 17, 33, 52).

The VP3173-181-specific CD8� T cells producing IL-17 also ex-
pressed TGF-�1 mRNA in response to their cognate epitope (Fig.
6). Furthermore, these CD8� T cells upregulated the surface ex-
pression of CD103 (not shown), which is a marker for the recent
expression of TGF-� (9, 39). TGF-� interferes with the effector
functions of CD8� T cells by inhibiting the expression of perforin
and FasL on T cells, both of which are important for the cytotoxic
function of CD8� T cells (6, 13, 45, 49). In addition, IL-17 inhibits
the cytolytic function of CD8� T cells by protecting the virus-
infected target cells from apoptosis (17). Consequently, IL-17-
producing CD8� T cells may exhibit deficient cytolytic function in
vitro (Fig. 7A) and in vivo (Fig. 7B), as shown previously (14, 19).
Although the presence of anti-IL-17 antibody enhanced cytolytic
function (Fig. 7C), the IL-17 level produced by VP3173-181-specific
CD8� T cells appears to be too low to detect using intracellular
cytokine staining to assess the amount of intracellular IL-17 pro-
duced in 6 h (not shown). However, these CD8� T cells produced
a significant level of IL-17 in 3 days (Fig. 7E), suggesting that the
amount of IL-17 produced by the epitope-specific CD8� T cells is
significant, although smaller than that produced by CD4� T cells.
Therefore, a relatively small amount of IL-17 locally produced by
CD8� T cells may be sufficient for blocking cytolysis of target cells
during the cognate cell-cell interaction.

The role of the IL-17-producing CD8� T cell subtype in the
protection or pathogenesis of demyelinating disease is unclear. A
protective role of Tc17 in influenza viral infection has been pro-
posed, as mice treated with anti-IL-17 antibody showed higher
mortality (14). Perhaps the increased mortality after treatment
with the anti-IL-17 antibody reflects extensive tissue damage in
the absence of IL-17, which prevents apoptotic cell death (17).
However, mice with high levels of Tc17 cells harbor higher viral loads
in the CNS (Fig. 4), suggesting less efficient viral clearance by the cells.
Interestingly, this CD8� T cell population failed to result in the de-
velopment of TMEV-induced demyelinating disease, in contrast to
conventional IFN-�-producing Tc1 CD8� T cells (Fig. 2 and 3). It is
surprising to observe that the highly cytolytic VP3159-166-specific Tc1
population is associated with the pathogenesis of demyelination
and axon damage, whereas the noncytolytic VP3173-181-specific
Tc17 population is not (Fig. 3). This is unexpected, in light of our
recent findings that IL-17-producing CD4� T cells (Th17) play a
critical pathogenic role in the development of virus-induced de-
myelinating disease (17). Therefore, it is conceivable that IFN-�-
producing VP3159-166-specific CD8� T cells with high cytolytic
function are required to initiate the pathogenic process by de-
stroying infected neurons and/or releasing sequestered autoanti-
gens, whereas IL-17-producing low-cytolytic VP3173-181-specific

CD8� T cells fail to do so. Because Th17 cells secreting high levels
of IL-17 play a critical role in the pathogenesis of TMEV-induced
demyelinating disease (17), virus-specific cytolytic CD8� T cells
may initiate the process, followed by Th17-mediated inhibition of
cytolytic function promoting viral persistence and subsequent ex-
tensive tissue damage. Thus, both Th17 and Tc1 populations re-
active to viral epitopes may cooperatively be involved in the
pathogenesis of virally induced demyelinating disease.
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