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The role of virus-specific cytotoxic T lymphocytes (CTL) in Theiler’s murine encephalomyelitis virus
(TMEV)-induced demyelinating disease, a viral model for multiple sclerosis, is not yet clear. To investigate the
specificity and function of CTL generated in response to TMEV infection, we generated a panel of overlapping
20-mer peptides encompassing the entire capsid and leader protein region of the BeAn strain of TMEV.
Binding of these peptides to H-2Kb and H-2Db class I molecules of resistant mice was assessed using RMA-S
cells. Several peptides displayed significant binding to H-2Kb, H-2Db, or both. However, infiltrating cytotoxic
T cells in the central nervous system of virus-infected mice preferentially lysed target cells pulsed with
VP2111–130/121–140 or VP2121–130, a previously defined CTL epitope shared by the DA strain of TMEV and other
closely related cardioviruses. In addition, at a high effector-to-target cell ratio, two additional peptides
(VP2161–180 and VP3101–120) sensitized target cells for cytolysis by infiltrating T cells or splenic T cells from
virus-infected mice. The minimal epitopes within these peptides were defined as VP2165–173 and VP3110–120.
Based on cytokine profiles, CTL specific for these subdominant epitopes are Tc2, in contrast to CTL for the
immunodominant epitope, which are of the Tc1 type. Interestingly, CTL function towards both of these
subdominant epitopes is restricted by the H-2D molecule, despite the fact that these epitopes bind both H-2K
and H-2D molecules. This skewing toward an H-2Db-restricted response may confer resistance to TMEV-
induced demyelinating disease, which is known to be associated with the H-2D genetic locus.

Although the etiology of multiple sclerosis (MS) remains
unknown, epidemiological studies and animal models have
supported a potential role for viruses as causative agents of
demyelination (1, 7, 10). One such virus is Theiler’s murine
encephalomyelitis virus (TMEV), a common enteric mouse
picornavirus. Members of the Theiler’s original (TO) subgroup
of TMEV, such as the BeAn and DA strains, induce a biphasic
disease when injected into the central nervous system (CNS) of
susceptible strains of mice. While the early mild encephalito-
genic phase is clinically undetectable for the BeAn strain, both
of these TO strains eventually induce a chronic, progressive
demyelinating disease that is similar clinically and histopatho-
logically to human MS (27). In addition, TMEV infection of
demyelination-susceptible mice leads to eventual immune re-
sponses against myelin autoantigens (31). Furthermore, the
various immunological and genetic factors that affect disease
outcome in mice closely parallel those associated with the
development of MS in humans (21). Combined with a sus-
pected viral etiology for MS (1, 10, 46), these similarities make
TMEV a relevant infectious model for the study of this human
autoimmune disease.

Demyelination induced in the highly susceptible SJL/J
mouse strain following intracerebral infection with TMEV is

associated with virus persistence in the CNS (4, 28, 45), and
CD4� Th1-type responses to viral epitopes (16, 53) apparently
play a critical role in the immunopathologic tissue damage.
The CD4� T-cell epitopes in this mouse strain have been
identified on the VP1, VP2, and VP3 capsid proteins (15, 51,
52), which form the external structure of the virus. While
similar mapping studies have been done for the antibody re-
sponse to TMEV (18, 20), the role of antibodies in demyeli-
nation remains unclear. Even less well characterized is the role
of virus-specific CD8� cytotoxic T lymphocytes (CTL).

Resistance to demyelination is closely linked to the major
histocompatibility complex (MHC) class I genetic locus (5, 44),
suggesting that class I-restricted CD8� T cells may be impor-
tant mediators of protection in resistant strains or of patho-
genesis in susceptible mice. One group of investigators has
suggested that CD8� T cells are required for the development
of disease, based on the observation that �2-microglobulin-
deficient and perforin-deficient mice, despite exhibiting signif-
icant demyelination, fail to show clinical signs of disease (32,
43). In contrast, our previous studies (36, 40) with the same
deficient strains suggest that perforin-mediated lysis by CD8�

CTL is not required for disease. In our hands, these mice
mount increased CD4� T-cell proliferative and delayed-type
hypersensitivity responses to viral antigens, and while most of
these mice show subclinical demyelination, subcutaneous im-
munization with UV-inactivated TMEV leads to full-blown
demyelinating disease even in the absence of CD8� T cells or
perforin-mediated lytic function. Thus, this remains a contro-
versial issue.

Moreover, H-2Db�/� mice on the resistant C57BL/6 back-
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ground are susceptible to persistent virus infection (2), while
H-2Kb�/� mice are not. Taken together, these data suggest
that an H-2Db-restricted CTL response is likely involved in
virus clearance and is not required for the development of
demyelination. Finally, adoptive transfer of CD8� T cells was
able to confer resistance to TMEV-induced demyelinating dis-
ease in susceptible recipient mice (33), again supporting the
protective role of this cell population. However, the specificity
of the CD8� T cells in these studies remains unknown. Thus,
in order to understand the exact role of TMEV-specific CD8�

T cells in either resistant or susceptible strains, the specificity
and effector function of these virus-specific CD8� T cells must
first be characterized.

The potential role of CTL was initially investigated using
virus-infected cells as target cells, and the cytotoxic function of
CNS-infiltrating lymphocytes was demonstrated in resistant as
well as susceptible mice (26, 37, 39). Using the DA strain of
Theiler’s virus, Rodriguez and colleagues reported that cells
from the spinal cords of resistant C57BL/10 mice specifically
lyse target cells expressing VP1 and VP2, but not VP3 (25).
Subsequently, the VP2121–130 region of the DA strain was in-
dependently identified by two separate groups as a predomi-
nant CTL epitope (3, 9) and appears to constitute greater than
50% of CNS-infiltrating CD8� T cells (19). However, the other
inferred CTL epitopes have not yet been identified. In addi-
tion, no such CTL epitopes have been reported for the BeAn
strain of Theiler’s virus, which is similar to but distinct from the
DA strain in both genome sequence (85% identity at the nu-
cleotide level) and pathogenicity.

As CTL recognize peptides from immunogenic proteins in
association with MHC class I molecules, an obvious prerequi-
site for a potential T-cell epitope is MHC class I binding. In
this study, we have used this requirement of MHC class I
binding to search for potential CTL epitopes within the P1
region of the TMEV polyprotein, which includes the leader
and the VP1, VP2, VP3, and VP4 capsid proteins. Using a
library of overlapping 20-mer peptides encompassing the en-
tire P1 region, we have identified the peptides that can bind the
H-2Db and H-2Kb molecules. The use of 20-mer peptides here
has led to the identification of two new subdominant H-2Db-
restricted CTL epitopes in C57BL/6 mice. Further functional
analysis of the T cells specific for these epitopes, which lie on
VP2 and VP3, will be discussed.

MATERIALS AND METHODS

Animals. Female C57BL/6 mice were purchased from the National Cancer
Institute, Frederick, Md. All mice were housed at the Animal Care Facility of
Northwestern University.

Viruses and cell lines. The BeAn strain of TMEV was propagated in, and its
titer was determined on, BHK cells grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 7.5% donor calf serum. The RMA-S (H-2b), EL4
(H-2b), L929-Db, and L929-Kb cell lines were maintained in RPMI 1640 supple-
mented with 10% fetal calf serum, glutamine-pyruvate, and antibiotics. RMA-S
cells were obtained from Jeffrey Bluestone with permission from Klas Karre (48).
The L929-Db and L929-Kb cell lines were a kind gift from David Woodland.

Synthetic peptides and MHC stabilization assays. Synthetic peptides were
generated with the RaMPS peptide synthesis system (Du Pont Co., Wilmington,
Del.). All peptides were dissolved in dimethyl sulfoxide before dilution. For
MHC-binding assays, RMA-S cells were loaded with various peptides (40 �M)
for 16 to 18 h at 37°C. Levels of surface class I molecules were assessed by flow
cytometric analysis (FACScan; Becton Dickinson) using mouse monoclonal an-
tibodies specific for H-2Kb (Y-3) and H-2Db (28-14-8S). followed by fluorescein

isothiocyanate-labeled anti-mouse immunoglobulin antibodies (Biosource, Cam-
arillo, Calif.).

Infection of mice with TMEV. For intracerebral infection, 30 �l (approximate-
ly 105 PFU) of TMEV BeAn was injected into the right cerebral hemisphere of
6- to 8-week-old mice anesthetized with methoxyflurane.

Isolation of CNS-IL. Mice were anesthetized with methoxyflurane and per-
fused through the left ventricle with 30 ml of sterile Hanks’ balanced salt solution
(HBSS). Brains and spinal cords were removed and placed in cold HBSS. Tissues
were forced through wire mesh and incubated at 37°C for 45 min in 250 �g of
collagenase type 4 (Worthington Biochemical Corp., Lakewood, N.J.) per ml.
Cell suspensions were then washed, resuspended in 20 ml of HBSS, and mixed
with 10 ml of Percoll. CNS-infiltrating lymphocytes (CNS-IL) were isolated from
a continuous Percoll (Pharmacia, Piscataway, N.J.) gradient after centrifugation
for 30 min at 27,000 � g.

For CTL assays, cells were washed with RPMI 1640 and plated in wells of a
24-well plate overnight in RPMI 1640 with 5% fetal calf serum, glutamine-
pyruvate, nonessential amino acids, and �-mercaptoethanol (RPMI-5) and 5 U
of recombinant interleukin-2 (IL-2). Cells were used as effectors the next day in
a standard 51Cr release assay. For Elispot analysis, cells were washed, resuspend-
ed in HL-1 medium (Bio-Whittaker, Walkersville, Md.), and used on the same day.

CTL assays. All target cells were incubated overnight with 20-mer peptides or
for 4 to 6 h with truncated peptides. Nonadherent RMA-S and EL4 cells were
labeled with 51Cr (50 �Ci per target) for the last 2 h of incubation on the day of
the assay. After three washes with RPMI 1640, target cells were resuspended at
3 � 104 cells/ml in RPMI-5. Cells were added to a 96-well round-bottomed plate
at 100 �l/well. Adherent L929-Db and L929-Kb target cells were 51Cr labeled for
2 h on the day before CTL assays were performed. Cells were trypsinized,
labeled, washed, and plated at 2.5 � 103 cells/well in 96-well round-bottomed
plates. Cells were incubated overnight to allow adherence to the plate. On the
day of assay, wells were washed once by aspirating off old medium and replacing
it with fresh RPMI-5.

CNS effector cells and in vitro-stimulated spleen cells were harvested from
24-well plates, and dead cells were removed with Histopaque (Sigma, St. Louis,
Mo.) centrifugation. Cells were washed and resuspended in RPMI-5, and 100 �l
was added to target cells at different dilutions. Plates were spun at 353 � g for
1 min to initiate cell-cell contact. Supernatants were harvested after 6 h of
incubation at 37°C, and mean radioactivity values were calculated for duplicate
wells. Percent specific lysis was calculated according to the standard formula
[(experimental counts � spontaneous counts)/(maximum counts � spontaneous
counts)] � 100. Spontaneous release for all experiments was �15%.

Cytokine Elispot assays. Elispot plates (Millipore, Bedford, Mass.) were
coated with 1 to 5 �g of anti-gamma interferon (IFN-�) antibody or anti-IL-5
antibody per ml in 0.05 M carbonate-bicarbonate buffer (pH 9.6). Plates were
washed and then blocked with sterile phosphate-buffered saline (PBS) containing
1% bovine serum albumin (BSA). Plates were incubated with 1 � 104 to 2 � 104

CNS-IL plus 1 � 106 naive syngeneic spleen cells (3,000 rads) in 200 �l at 37°C
under 5% CO2 for 18 h (IFN-�) or 40 h (IL-5) with 2 �M peptide. Optimal
incubation times were predetermined for each cytokine. IFN-� and IL-5 spots
were developed as previously described using biotin-conjugated anticytokine
antibodies (Endogen, Boston, Mass.) and streptavidin-horseradish peroxidase in
1% BSA–PBS (47).

RESULTS

Identification of the 20-mer peptides capable of binding
H-2Kb and/or H-2Db class I molecules. To identify potential
CTL epitopes within the structural proteins of the BeAn strain
of TMEV, 20-mer peptides overlapping by 10 amino acids each
were synthesized based on the previously reported sequence of
the P1 region that encodes the leader and capsid proteins (22,
38). These 20-mer peptides (20 �M) were incubated with the
TAP1-deficient RMA-S cell line. Incubation of RMA-S cells
with H-2Db- or H-2Kb-binding peptides has been shown to
enhance surface expression of the respective MHC class I
molecules on these cells by stabilizing the peptide-MHC com-
plex (29). Thus, peptide-pulsed cells were analyzed for cell
surface expression of MHC class I using monoclonal antibod-
ies specific for H-2Db or H-2Kb molecules.

While incubation with most peptides resulted in low or no
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expression of MHC class I molecules above that seen in the
absence of peptide, some peptides displayed clear H-2K or
H-2D binding as detected by increased MHC class I surface
expression (Fig. 1, Table 1). While the mechanisms involved in
the stable binding of the 20-mer peptides to the class I mole-
cules are not clear, others have shown that peptides longer
than 8 to 11 amino acids (the traditional MHC class I binding
peptide length) can stabilize RMA-S class I expression (11,
42). Use of 20-mer peptides here provided a level of detection
of class I binding similar to that attained using a minimal
10-mer epitope, since VP2111–130 (not shown) and VP2121–140

(Fig. 1A) induced levels of Db expression similar to those
induced by the previously defined VP2121–130 epitope (3).
Analysis of class I binding indicates the presence of three
categories of class I binding peptides within the P1 library
(Fig. 1B). Peptides in the first category (VP2161–180/171–190,
VP341–60, and VP191–110/101–120) preferentially bind to H-2Kb,
while those in the second category (VP2111–130/121–140 and
VP361–80) interact only with H-2Db molecules. The third cate-
gory (VP3101–120 and VP3151–170) binds both H-2Kb and H-2Db,
as suggested by enhancement of surface expression of both of
these class I molecules.

FIG. 1. Assessment of binding of 20-mer peptides within the BeAn
P1 region to H-2Kb and H-2Db molecules. (A) Examples of peptide
binding assessment, including the known Kb-binding (OVA258–265) and
Db-binding (VP2121–130) peptides as positive controls. VP2161–180 and
VP2121–140 represent Kb- and Db- binding peptides, respectively.
VP241–60 is an example of a nonbinding peptide. Shaded histograms
represent MHC class I expression in the absence of peptide, and open
histograms represent class I expression after incubation with the indi-
cated peptide. (B) Kb- and Db-binding profile of the overlapping pep-
tides covering the entire P1 (leader, VP4, VP2, VP3, and VP1) region.
Mean fluorescence intensity (MFI) difference � MFI with peptide �
MFI without peptide.

VOL. 76, 2002 CAPSID-SPECIFIC CTL INDUCED BY TMEV 3127



TMEV infection induces CTL recognizing one dominant
(VP2121–130) and two subdominant (VP2161–180 and VP3101–120)
epitopes. To identify new CTL epitopes among the H-2Kb- and
H-2Db-binding peptides, RMA-S cells loaded with these pep-
tides were used to assess the CTL activity of CNS-IL 8 days
after intracerebral infection with BeAn virus. Due to the low
numbers of mononuclear cells obtainable from the CNS of a
TMEV-infected mouse (	1 � 105 to 2 � 105), low effector-
to-target cell (E:T) ratios (20:1 and 2:1) were used initially. Of
all the class I binding 20-mer peptides, only VP2111–130 and
VP2121–140 were able to sensitize RMA-S targets for lysis by
CNS-IL at these low E:T ratios (Fig. 2A). Since these two
peptides both contain the previously identified VP2121–130 CTL
epitope of the DA virus (3, 9), this 10-mer peptide was used to
confirm that CTL from BeAn-infected mice recognize the
same epitope as those from DA-infected mice. Our results
(Fig. 2A) clearly indicate that infiltrating CTL in the CNS of
mice infected with BeAn virus recognize the identical epitope
region (VP2121–130) as CTL from DA virus-infected mice.

To examine the possibility that other subdominant epitopes
may exist, we repeated our assays for CTL function at higher
E:T ratios. Using a similar panel of peptides as in Fig. 2A, we
found that two additional peptides, VP2161–180 and VP3101–120,
were able to sensitize RMA-S target cells (or EL4 cells; data
not shown) for lysis by CNS-IL from TMEV-infected mice at
an E:T of 80:1 (Fig. 2B). In addition, splenic T cells from
virus-infected mice that were further stimulated in vitro with
either VP2161–180 or VP3101–120 displayed enhanced cytolytic
activity against the respective peptides, while splenic T cells
stimulated with other class I binding peptides (e.g., VP191–110

and VP3151–170) showed no significant CTL activity against
these peptides (Fig. 3).

Since RMA-S cells do not express surface class II molecules
(50), the observed cytotoxicity most likely represents class I-
restricted, TMEV-specific CTL function. In fact, further as-
sessment of CNS-infiltrating cell populations selected posi-
tively or negatively with magnetic cell separation confirmed
that the CD8� T-cell population delivers the virus-specific
cytotoxicity (data not shown). These results suggest that CD8�

CTL specific for the subdominant epitopes are present in CNS
as well as the peripheral lymphoid organs of virus-infected
mice. It should be noted that CTL activity against these
two epitopes was not observed in every experiment. While

VP3101–120-specific CTL have been detected in more than 70%
of our experiments (11 of 15), the VP2161–180-specific response
was seen less frequently (5 of 15). Thus, an immunodomi-
nance hierarchy exists as follows: VP2121–130 
 VP3101–120 

VP2161–180.

VP2165–173 and VP3110–120 represent H-2Db-restricted min-
imal CTL epitopes. To determine the minimal epitopes recog-
nized by CTL specific for VP2161–180 and VP3101–120, we gen-
erated truncated forms of these peptides and assessed which
truncated peptides could sensitize target cells for lysis by either
CNS-IL or in vitro-stimulated splenic T cells from TMEV-
infected C57BL/6 mice. Within VP2161–180, one 9-mer peptide
corresponding to VP2165–173 (TGYRYDSRT) most closely
matched the known Kb binding motif (41). Since VP2161–180

appeared to bind Kb better than Db (Fig. 1), and since no
sequence within this region matched the known Db binding
motif, we predicted that this peptide might represent a Kb-
restricted minimal CTL epitope within VP2161–180. As shown
in Fig. 4A, VP2165–173 sensitized RMA-S cells for lysis by
CNS-IL from virus-infected mice, as predicted. In order to
determine the MHC restriction of these CTL, we used target
cell lines expressing only H-2Kb or H-2Db (6, 35). To our
surprise, VP2165–173-specific killing appears to be restricted by
Db rather than Kb, since L929-Db transfectants but not
L929-Kb transfectants were killed in a peptide-specific manner
(Fig. 5A).

Since no clear class I binding motif exists within VP3101–120

and this peptide binds both H-2Db and H-2Kb molecules (Ta-
ble 1), a panel of truncated peptides was generated in order to
determine the minimal epitope within this region. Of all the
truncated peptides, only VP3110–120 (NFLFVFTGAAM) sen-
sitized target cells for lysis (Fig. 4B). Since this peptide consists
of 11 amino acids, shorter peptides were generated to precisely
define the minimal epitope. However, unlike the 11-mer, these
shorter peptides (VP3111–120 and VP3112–120) were unable to
sensitize target cells for lysis by CNS-IL (data not shown),
suggesting that VP3110–120 represents the minimal CTL
epitope. Interestingly, even though VP3104–120 contains this
11-mer sequence, effector CTL did not lyse target cells pulsed
with this longer peptide. Also, the 20-mer VP3101–120 appears
to be more efficient than VP3110–120 at sensitizing target cells
for lysis. Although the reason(s) for this is unclear, it likely
involves the different solubilities of these different-sized hydro-
phobic peptides.

As before, we used L929-Db and -Kb transfectants to deter-
mine the MHC class I restriction element for this VP3 epitope.
Because the 20-mer VP3101–120 more efficiently sensitized tar-
get cells for CTL-mediated lysis in the previous experiments,
we used this peptide instead of VP3110–120 in subsequent ex-
periments. As shown in Fig. 5B, the Db class I molecule clearly
restricts this CTL response. Thus, despite efficient binding to
the Kb class I molecule, both of the epitopes defined here
represent subdominant, H-2Db-restricted CTL epitopes.

Dominant and subdominant epitopes induce differential cy-
tokine production. In addition to lysing infected target cells,
CD8� T cells may also secrete various cytokines in response to
foreign pathogens. To analyze cytokine responses to the three
CTL epitopes, IFN-� (a Tc1 type cytokine) and IL-5 (Tc2)
production by magnetic bead-isolated CD8� CNS-IL from vi-
rus-infected mice was assessed by an Elispot assay at 8 days

TABLE 1. Summary of peptide sequence, binding activity, and CTL
function for the MHC class I-binding P1 region peptides

Peptide Bindinga CTL
responseb Sequence

VP191–110 Kb � VQWRWVRSGG VNGANFPLMT
VP1101–120 Kb � VNGANFPLMT KQDYAFLCFS
VP2111–130 Db ��� RVQVQCNASQ FHAGSLLVFM
VP2121–140 Db ��� FHAGSLLVFM APEFYTGKGT
VP2161–180 Kb 
 Db � QGAPTGYRU SRTGFFATNH
VP341–60 Kb � FSDLLELCKL PTFLGNPTNP
VP361–80 Db � NKRYPYFSAT NSVPATSMVD
VP3101–120 Kb and Db � NFNQYRGSLN FLFVFTGAAM
VP3151–170 Kb and Db � WDLGLNSSFN FTAPFISPIH

a Peptides that induced a substantial increase in MHC expression (MFI dif-
ference 
7) are shown here.

b �, mean value of 
5% and �20%; ���,
 30% specific lysis above back-
ground for five experiments.
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postinfection. While T cells specific for VP2121–130 preferen-
tially produced IFN-�, VP2161–180 and VP3101–120 induced pro-
duction of predominantly IL-5 (Fig. 6). Also, the overall num-
ber of spots correlated well with the level of specific lysis
against the respective epitopes when effector cells from the
same group of mice were analyzed for cytokine production and
lytic activity (data not shown). In addition, the overall number
of cytokine-producing T cells specific for each epitope in four
separate experiments is consistent with the immunodominance
hierarchy: VP2121–130 (110 � 40 T cells) 
 VP3101–120 (32 �
14) 
 VP2161–180 (12 � 5). Thus, the predominant CD8�

T-cell response is primarily a Tc1 type of response, while the

response to the two newly defined subdominant epitopes is
primarily Tc2. Although interesting, the significance of this
differential cytokine production remains unclear.

To examine the possibility that CNS-IL populations from
TMEV-infected animals might contain nonlytic, cytokine-pro-
ducing CD8� T cells specific for other capsid protein epitopes,
we performed Elispot analysis with the entire P1 peptide li-
brary. Although several peptides induced cytokine production
by class II-restricted CD4� T cells, CD8� T-cell responses to
other peptides were not observed (data not shown). These data
suggest that the overall CD8� T-cell response against the
leader and capsid proteins of TMEV is directed toward only
three distinct epitope regions.

Dominance hierarchy of CTL response is maintained
throughout the course of TMEV infection and during recall
response. The peak CTL response to TMEV in C57BL/6 mice
is observed between 7 and 10 days postinfection. While the
dominant response is directed against VP2121–130 during this
time, it is possible that the immune response may be directed
toward different epitopes at different times during the course
of virus infection. To address this possibility, we analyzed the
CTL response against all three epitopes at 8, 23, and 40 days
postinfection (Fig. 7). While a strong CTL response against the
dominant epitope was observed early, this response waned by
day 23 and remained low at day 40. A low but detectable re-
sponse against VP3101–120 was observed early, but disappeared
by day 23. No CTL response was observed against VP2161–180

at any of the time points for this particular experiment.
The overall reduction in virus-specific CD8� T cells in the

CNS at 23 and 40 days after virus infection appears to reflect

FIG. 2. Ex vivo assessment of lytic function of infiltrating T cells in
the CNS from BeAn-infected C57BL/6 mice against target cells loaded
with the class I binding peptides. (A) The peptides capable of binding
to H-2b class I molecules were loaded in RMA-S target cells, and
specific cytolysis by CNS-infiltrating T cells from virus-infected mice (8
days postinfection) was determined at different E:T ratios. VP2121–130,
which is identical to the previously reported DA virus epitope, was able
to sensitize RMA-S cells for lysis and likely represents the minimal
epitope within VP2111–130/121–140. (B) To identify potential subdomi-
nant CTL epitopes, cytotoxicity at a higher E:T ratio (80:1) was exam-
ined (left panel). The right panel shows cytolytic activity at both high
and low E:T ratios. Low but significant levels (
5% or 2 SD above
background) of cytolysis were observed with target cells loaded with
two additional peptides (VP2161–180 and VP3101–120). Spontaneous re-
lease was less than 10%. Data are representative of multiple (
5)
experiments.

FIG. 3. In vitro expansion of subdominant epitope-specific CTL
from splenic T cells of virus-infected mice. Spleen cells from BeAn-
infected mice at 8 days postinfection were stimulated for 5 days with
the indicated peptide and used as effector cells in a 6-h 51Cr release
assay. RMA-S cells loaded with stimulating peptide or unloaded cells
were used as target cells. No lysis was observed against control pep-
tides. Spontaneous release was less than 13%.
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reduced numbers of infiltrating CD8� T cells (unpublished
observation). Nevertheless, our results clearly indicate that
such CD8� T-cell responses to subdominant epitopes are not
increased over those specific for the dominant epitope during
the course of infection. In addition, we analyzed the recall CTL
response to TMEV in mice that were infected a second time 33
days after the primary infection (Fig. 7). The secondary re-
sponse following this repeat infection was nearly identical to
that seen very early (8 days). These data suggest that the
immunodominance hierarchy is maintained throughout the
course of TMEV infection as well as during the recall response
to subsequent virus challenge.

DISCUSSION

Various methods have been employed for mapping patho-
gen-specific class I-restricted CTL epitopes. The most common
method involves the expression of potential CTL target pro-
teins in cell lines for use as target cells in CTL assays (8, 49).
Synthetic peptides are then used to determine the exact min-
imal epitope within a given antigenic protein. Although others
have used similar methods to map the immunodominant
TMEV CTL epitope in C57BL mice (3, 25), we have found it
very difficult to generate stable transfectants expressing Thei-
ler’s virus capsid proteins. The reason for this apparent insta-
bility is not clear.

Another method for determining CTL epitopes makes use
of sequence motifs that characterize the peptides that associate
with different MHC class I molecules (41). Our search of the

TMEV protein sequence (�2,300 amino acids) revealed sev-
eral potential H-2b class I binding peptides. However, none of
these peptides appear to be T-cell epitopes in C57BL/6 mice as
detected by our CTL assays (unpublished observation). Thus,
the predictive value of MHC binding motifs does not always
prove reliable. Furthermore, not all class I-restricted epitopes
adhere to the reported binding motif of their restricting MHC
molecule. In fact, neither the VP2165–173 epitope nor the
VP3110–120 epitope exactly matches the reported H-2Db motif.

Although the presence of multiple CTL epitopes has been
suggested for the C57BL/6 strain, only one of these epitopes
has been defined for Theiler’s virus. In the present study, we
assessed the binding of 20-mer peptides to the Db and Kb

molecules as a means to define potential new CTL epitopes
(Fig. 1). Although class I binding peptides are usually smaller
peptides of 8 to 11 amino acids, the use of 20-mer peptides
here reduced the number of peptides required (only 90 pep-
tides) to screen the 922-amino-acid P1 region. Others have also
shown that longer peptides can stabilize surface expression of
MHC molecules on RMA-S cells (11, 42), although the mech-
anism for this phenomenon is unknown. Possible mechanisms
may include any one or a combination of the following: addi-
tional TAP-independent processing of the 20-mers by the
RMA-S cells (30), cleavage of the 20-mers into shorter pep-
tides by serum proteases during overnight incubation (13, 23),
or the presence of contaminating truncated peptides in the
synthetic 20-mer preparations.

We report here that two 20-mer peptides containing the

FIG. 4. Identification of the minimal CTL epitopes within VP2161–180 and VP3101–120. (A) The VP2165–173 (TGYRYDSRT) peptide was
synthesized based on the Kb binding motif and compared with VP2161–180 for its ability to sensitize RMA-S target cells for lysis by CTL from the
CNS of TMEV-infected mice. Spontaneous release was �9%. (B) A panel of truncated peptides spanning VP3101–120 was synthesized and used
to identify the minimal epitope within this region. Ex vivo lytic activity of CNS-IL was tested against peptide-loaded or unloaded target cells (E:T
� 30:1). Spontaneous release was less than 12%.
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previously defined VP2121–130 epitope bound the Db molecule
nearly as well as (VP2111–130) or better than (VP2121–140) the
minimal 10-mer peptide (Fig. 1). Thus, regardless of the mech-
anism, the use of longer peptides proved effective in determin-
ing the predominant MHC class I binding regions within the
capsid proteins of the BeAn strain of TMEV.

An earlier report (25) suggested that VP1 and VP2, but not
VP3, were the primary targets of the CTL response to TMEV
(DA strain) in C57BL/10 mice. Later work by this group and
others (3, 9) defined VP2121/122–130 as the predominant Db-
restricted epitope. We report here that in addition to the
VP2121–130 epitope, C57BL/6 mice also generate detectable
CTL responses against two subdominant epitopes located on
VP2 (amino acids 165 to 173) and VP3 (amino acids 110 to
120). We also observed that mice infected with either the DA
strain of TMEV or encephalomyocarditis virus generate a CTL
response to both the VP3 epitope defined here and the pre-
dominant VP2121–130 epitope (data not shown). Thus, it ap-
pears that the CTL responses to these closely related cardio-
viruses are restricted to the same epitope regions.

No CTL activity was observed against any of the H-2b class

I binding VP1 peptides (Fig. 2), and Elispot analysis showed no
cytokine production by CNS-IL against any of the VP1 pep-
tides (data not shown). These data suggest that, in contrast to
previous studies with the DA strain of TMEV, no CD8� T-cell
epitopes exist within VP1 for BeAn-infected C57BL/6 mice.
Thus, the CTL response generated against DA may differ from
that against BeAn due to the sequence difference within the
potential VP1 epitope or in the epitope-flanking regions that
may affect antigen processing (54).

Another factor that may account for differences between the
DA strain studies mentioned above and the work presented
here involves the different methods used in these studies. For
example, processing of viral antigen by transfected cell lines
may not mimic in vivo processing by CNS cells. Thus, the
absence of a lytic response against VP3 transfectants in the
previous study (25) may reflect the inefficient presentation of
VP3 epitopes in these cell lines rather than the lack of VP3-
specific CTL in virus-infected mice. By using peptide-loaded
target cells in our experiments, we have obviated the need for
antigen processing by these target cells.

It is interesting that while both VP3101–120 and VP3110–120

sensitized target cells for lysis by CNS-IL, a peptide of inter-
mediate length (VP3104–120) did not (Fig. 4B). Also, CTL ac-
tivity was higher against the VP3101–120 peptide compared to
VP3110–120. While it is possible that the CNS-infiltrating T cells
preferentially recognize the longer version of this peptide as-
sociated with Db, this difference in activity may simply be due
to differential processing of the two peptides into a smaller
minimal epitope by target cells. Alternatively, differential sol-
ubility of the peptides, VP3110–120 in particular, may partially
contribute to these inconsistent observations. However, the
lack of detectable CTL activity against VP3111–130 (Fig. 2),
VP3111–120, and VP3112–120, combined with the observed lytic

FIG. 5. Determination of MHC class I restriction element for sub-
dominant CTL epitopes. (A) Spleen cells from TMEV-infected mice
were stimulated in vitro for 5 days with the VP2165–173 peptide and
used as effector cells to assess lytic activity against L929-Kb or L929-Db

target cells loaded with the stimulating peptide. (B) CNS-IL were
assayed ex vivo for the ability to lyse VP3101–120-loaded L929-Kb and
L929-Db target cells. Spontaneous release was similar for both target
cell lines used (�10 to 15%).

FIG. 6. Cytokine profiles of CD8� T cells specific for dominant and
subdominant CTL epitopes. CD8� CNS-IL were magnetically sepa-
rated and assayed by Elispot at 8 days postinfection for the production
of either IFN-� or IL-5 upon stimulation with each of the three CTL
epitope peptides. Results are expressed as the mean number of spots
above background (�7 spots for both IFN-� and IL-5) from triplicate
wells. CNS preparations from naive mice contain few if any CD8� T
cells, and no peptide-specific cytokine spots were detected above un-
stimulated control cultures. A representative experiment from four
separate experiments is shown here. The presence and number of spots
for each peptide correlated closely with the presence or absence of lytic
activity, as responses to subdominant epitopes were not detectable in
every experiment.
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activity against VP3110–120, suggests that the minimal epitope
must include residue 110.

The H-2Db molecule restricts CTL responses to the predom-
inant epitope and the subdominant epitopes defined here (Fig.
5). Although antibodies to the Db and Kb molecules are dif-
ferent and may not give the same level of sensitivity with
respect to surface class I stabilization by peptide, it appears
that both VP2161–180 and VP3101–120 can bind Kb as well as or
better than Db. Also, the minimal VP2165–173 epitope was pre-
dicted based on the Kb binding motif. Nevertheless, CNS-IL
were unable to lyse target cells bearing these peptides in con-
junction with Kb. While preferential restriction of TMEV-
specific CTL responses by Db has been observed by others
(24), the reason for this preference remains unclear. One pos-
sible explanation, as previously suggested (34), involves the
differential expression of these two MHC molecules by anti-
gen-presenting cells in either the CNS or the lymphoid tissues
involved in initiating the anti-TMEV CTL responses. Lower
Kb expression and higher Db expression on such cells could

selectively enhance the Db-restricted response. Another possi-
bility is that Db-restricted CTL traffic more efficiently to the
CNS than CTL specific for Kb-restricted epitopes. Both possi-
bilities are consistent with the observation that Kb-restricted
CTL are found in peripheral lymphoid organs but not in the
CNS (24, 43).

Finally, the Db-restricted CTL response may dominate or
outcompete the Kb-restricted response just as VP2121–130-spe-
cific CTL dominate the responses to the two epitopes defined
here. However, H-2Db�/� mice are unable to mount a vigorous
compensatory Kb-restricted response to TMEV (2), and these
mice are susceptible to persistent infection. This suggests that
the lack of Kb-restricted CTL in the CNS of normal C57BL/6
mice is not due simply to “competition” from Db, but rather
results from an intrinsic defect in the Kb-restricted virus-spe-
cific response.

Analysis of the capsid protein-specific CD8� T-cell response
to the BeAn strain of TMEV in this study has led to the
identification of two previously undefined epitopes and sug-

FIG. 7. Analysis of CTL response throughout the course of TMEV infection and during recall response to secondary virus challenge. CNS-IL
were taken from TMEV-infected mice at different time points postinfection and assayed for lytic activity against RMA-S target cells loaded with
the indicated peptides. Recall responses were measured in mice that received a second TMEV injection 33 days after the primary challenge (2°
at d33). CTL assays were all done on the same day to minimize experimental variation. Similar reductions in CNS-infiltrating virus-specific CD8�

T-cell responses over time were observed in three separate experiments, and a representative result is shown here. Spontaneous release was less
than 13%.
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gests that a clear immunodominance hierarchy exists for the
three defined epitopes: VP2121–130 
 VP3101/110–120 

VP2165–173. We report here that CTL specific for the two
subdominant epitopes are present in the CNS by 7 to 8 days
postinfection. Thus, the kinetics of this response parallels
the rapid response to the immunodominant epitope. In ad-
dition, the recall response to VP3101–120 and VP2121–130 is
identical to the primary response (Fig. 7), suggesting that the
relative contribution of the subdominant CTL to the overall
response does not change significantly upon secondary virus
challenge.

Although the role of CTL specific for the subdominant
epitopes defined here remains to be elucidated, studies of
other virus-specific immune responses suggest that responses
to subdominant CTL determinants can mediate at least partial
protection against virus challenge (reviewed in reference 14).
This may be especially important for the elimination of viral
escape mutants that have undergone mutation within immu-
nodominant epitopes or during chronic infections where the
initial immunodominant CTL response proves insufficient for
viral clearance. Thus, responses to nondominant viral epitopes
may play a key role in clearing rapidly mutating RNA viruses
such as TMEV (12), whose pathogenesis is associated with
chronic viral infection.

In addition to direct lysis of infected cells, CD8� T cells also
secrete cytokines such as IFN-� and tumor necrosis factor
alpha that may aid in the elimination of infectious virus from
the host (17). We show here that CTL specific for VP2121–130

produce IFN-�, while CTL specific for the two subdominant
epitopes produce mainly IL-5 (Fig. 6). The significance of this
phenomenon with respect to resistance to TMEV-induced de-
myelinating disease and whether or not the Tc2-type cells
specific for the epitopes defined here play any protective role
in C57BL/6 mice are unclear. However, as Th1 cells appear to
play a role in TMEV-induced demyelinating disease pathogen-
esis, it is easy to speculate that these Tc2-type cells may help to
regulate the proinflammatory response directed against either
viral or self-epitopes during the course of TMEV infection.
Now that the specificity and function of these CD8� T cells are
known, their precise role in the immune response to TMEV
can be readily investigated.
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