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Intracerebral inoculation of susceptible strains of mice with Theiler’s murine encephalomyelitis virus
(TMEV) results in a chronic, immunologically mediated demyelinating disease that shares many features with
human multiple sclerosis. CD41 T lymphocytes play a critical role in the pathogenesis of virus-induced
demyelinating disease. We have identified a region within amino acid residues 24 to 37 of the VP3 capsid
protein of TMEV (VP324–37) that is recognized by T lymphocytes from the demyelination-susceptible SJL/J
strain of mice. The T-cell response to VP324–37 represents a predominant Th-cell response against the virus
from either TMEV-immunized or TMEV-infected SJL/J mice, and viral epitopes VP1233–250, VP274–86, and
VP324–37 account for most of the Th-cell response to TMEV.

Epidemiological studies have suggested an infectious etiol-
ogy for human multiple sclerosis (1, 8). In addition, experi-
mental animal models have supported a potential role for
viruses as the causative agent for demyelination (7). In partic-
ular, intracerebral injection of Theiler’s murine encephalomy-
elitis virus (TMEV) into susceptible strains of mice results in a
chronic demyelinating disease that shares many features with
human multiple sclerosis (7, 29). Immunologic, histopatho-
logic, and genetic evidence has strongly supported an immuno-
logically mediated mechanism in the pathogenesis of TMEV-
induced demyelinating disease (TMEV-IDD) (4, 5, 25, 30).
These findings closely parallel those of human multiple scle-
rosis and thus make TMEV-IDD a strong infectious animal
model for studying human multiple sclerosis.
Susceptibility and/or resistance to TMEV-IDD has been as-

sociated with several genes, including the D region of the H-2
complex and a gene mapping near the b chain of the T-cell
receptor (5, 17, 25, 28). Class I-restricted cytotoxic T-lympho-
cyte responses have been detected in TMEV-IDD (22, 26),
although recent evidence suggests that such class I-restricted
T-cell responses are necessary for protection, rather than
the pathogenesis of demyelinating disease (2, 9, 27). Immuni-
zation of TMEV-infected mice with UV-irradiated TMEV
accelerates the disease, suggesting that immunity to TMEV
structural proteins plays an important role in the pathogenesis
of demyelination (6). Several lines of evidence support the
involvement of virus-specific T lymphocytes in the immuno-
logically mediated tissue damage induced by TMEV. Demy-
elinating lesions are characterized by an inflammatory cell
infiltrate, which includes CD41 T cells (21), and the course of
disease correlates with the development of a virus-specific,
class II-restricted T-cell response (4, 5, 11, 13, 33). Direct
evidence comes from the finding that treatment of mice with
antibodies to the CD41 subset of T cells, but not the CD81

subset, can significantly suppress demyelination induced by
TMEV (13, 33). Therefore, identification of the fine epitopes
recognized by TMEV-specific, CD41 T lymphocytes is neces-
sary to determine the mechanisms involved in T-cell-mediated
demyelination.
As with most picornavirus infections, the cellular immune

response is directed primarily at the proteins which form the
icosahedral structure of the virus (14, 24, 31, 32). TMEV is
composed of four capsid proteins, VP1, VP2, VP3, and VP4, of
which VP1, VP2, and VP3 are external and VP4 is internal.
T-lymphocyte responses against the VP1 and VP2 capsid pro-
teins of Theiler’s virus have been characterized the best.
Dominant T-cell epitopes have been identified within amino
acid residues 233 to 244 of VP1 (35) and residues 74 to 86 of
the VP2 capsid protein (12, 14, 35) in the demyelination-
susceptible SJL/J strain of mice infected with TMEV. How-
ever, there is very little information regarding T-cell re-
sponses against the VP3 capsid protein. Previous reports from
other investigators have shown only minimal, if any, T-cell
response to the VP3 capsid protein of TMEV (14, 31). In
contrast, other studies analyzing T cells from humans and mice
vaccinated with poliovirus, a closely related picornavirus, have
identified determinants in the VP3 capsid protein (24, 32).
Furthermore, humoral immune responses against VP3 in
TMEV-IDD have been detected (16, 19). Therefore, we inves-
tigated the cellular immune response to VP3 in virus-infected
SJL/J mice.
Presence of a major T-cell epitope(s) on VP3. To investigate

T-cell reactivity to the VP3 capsid protein of TMEV, we pro-
duced a fusion protein containing the entire VP3 capsid pro-
tein following glutathione S-transferase (GST). The VP3 cod-
ing sequence was amplified from the full-length BeAn cDNA
clone (3) by PCR using primers containing a BamHI site plus
the 59-end sequence (AGTCCTATTCCAGTCACAGTG) and
an XhoI site plus the complementary 39-end sequence (TTG
TGGAACCCACTTGGTGGG) of VP3. The amplified VP3
product was inserted at the BamHI-XhoI site of plasmid
pGEX-5X-1 (Pharmacia Biotech, Uppsala, Sweden) and ex-
pressed as described previously for the production of GST-
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VP1 (35). We subsequently utilized this GST-VP3 fusion pro-
tein to determine whether T cells from virus-immunized or
virus-infected SJL/J mice react with the VP3 capsid protein.
The BeAn 8386 strain (3 3 106 PFU) was used to infect SJL/J
mice intracerebrally. To induce a virus-specific T-cell response,
mice were immunized with 30 to 50 mg of purified, UV-inac-
tivated TMEV (23) in complete Freund’s adjuvant (Difco,
Detroit, Mich.). Lymph node cells from TMEV-immunized
mice were able to mount a strong proliferative response to the
fusion protein containing the VP3 capsid protein to a level
similar to its response to the VP1 fusion protein. Furthermore,
splenocytes from TMEV-infected mice were also able to prolif-
erate in response to the VP3 fusion protein (data not shown).
Although the response of splenocytes from TMEV-infected mice
toGST-VP3 was weaker than that against GST-VP1, proliferative
responses against GST-VP3 were consistently detectable. These
results indicate that T cells from both virus-immunized and in-
fected mice recognize an epitope(s) on the VP3 capsid protein of
TMEV.
Localization of the VP3 T-cell epitope within amino acid

residues 24 to 37. To define the VP3 T-cell epitope(s) on
TMEV, we utilized T-cell hybridomas derived from TMEV-
infected SJL/J mice. Figure 1A demonstrates the reactivity of
one representative hybridoma clone, TV-C13.3, to either the
native VP3 capsid protein, purified by preparative sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (experiment
1), or the recombinant fusion protein containing the entire
VP3 capsid protein (experiment 2). As shown in Fig. 1A, this
representative hybridoma clone is reactive to TMEV, as well as
the VP3 capsid protein but not to GST, since it produced
interleukin 2 (IL-2) when stimulated only with either the native
or recombinant VP3 capsid protein. Furthermore, this repre-
sentative hybridoma clone did not respond to other fusion
proteins containing either the VP1, VP2, or VP4 capsid pro-
tein (data not shown). These results suggest that the T-cell
reactivity measured with the fusion protein represents recog-
nition of a VP3 epitope on native VP3.
To further define the epitope region reactive with T cells, we

initially examined the reactivity of a VP3-specific hybridoma
(TV-C13.3) against a synthetic peptide consisting of amino
acids 24 to 37 of VP3 (VP324–37) that contains a previously
identified antibody epitope (16). As shown in Fig. 1B, this hy-
bridoma clone produced IL-2 upon stimulation with VP324–37
but reacted with neither another VP3 peptide (VP3215–232) nor
a nonspecific control peptide corresponding to residues 34 to
45 of chicken egg lysozyme. Therefore, this representative T-
cell hybridoma is specific for VP324–37, a region identical to
that recognized by antibodies from mouse strains C57BL/6,
BALB/c, and SJL/J (16).
Presence of single major T-cell epitopes on VP1, VP2, and

VP3. As a means of comparing the levels of T-cell responses to
the three major T-cell epitopes of TMEV, we determined the
T-cell proliferative responses of either virus-immunized or in-
fected mice to peptides containing these epitope regions. As
shown in Fig. 2A, lymph node cells from TMEV-immunized
SJL/J mice produced strong proliferative responses against
peptides containing the major T-cell epitopes, VP1233–250,
VP274–86, and VP324–37. At the higher molar peptide concen-
trations, the proliferative response to VP324–37 was compara-
ble to the proliferative response to VP274–86. The proliferative
responses against the peptides could be blocked by antibodies
specific for I-AS or CD4 (14, 35; data not shown), demonstrat-
ing that these T-cell responses are CD41 and major histocom-
patibility complex class II restricted. Splenocytes from virus-
infected mice also mounted strong proliferative responses
against the three major epitopes of TMEV (Fig. 2B), further

demonstrating that these epitopes are recognized by T cells
generated upon virus infection. In addition, the response
against VP324–37 in these virus-infected mice is comparable to
the response against the other previously defined T-cell epi-
topes of TMEV. Taken together, these data demonstrate
that VP324–37 is also a dominant epitope recognized by T cells
induced following either immunization or infection with
TMEV.
Because it is conceivable that measurement of T-cell prolif-

erative levels does not reflect the T-cell repertoire specific for
the epitopes, the precursor frequency of epitope-specific T cells
from TMEV-immunized mice was determined by limiting-
dilution analysis as described previously (35), with a minor
modification: antigen-containing cultures were considered
positive if the incorporated [3H]thymidine level was greater
than the mean counts per minute plus 3 standard deviations of
naive lymph node cell cultures with the respective antigen. The

FIG. 1. Analysis of the fine specificity of a representative T-cell hybridoma
clone, TV-C13.3, with native capsid protein VP3, fusion protein GST-VP3, and
synthetic VP3 peptides. Hybridoma cells (105) were tested for antigen specificity
on the basis of IL-2 production after antigen stimulation in the presence of 5 3
105 irradiated, syngeneic splenocytes as antigen-presenting cells. IL-2 production
by antigen-specific hybridoma cells was determined on the basis of the ability of
culture supernatants to support the growth of an IL-2-dependent cell line,
CTLL-2. (A) IL-2 production after stimulation of hybridoma cells with native
capsid protein VP3 (experiment 1) or fusion protein GST-VP3 (experiment 2).
UV-irradiated BeAn was used as a positive control, and either phosphate-
buffered saline (PBS) or GST was used as a negative control. The results rep-
resent IL-2 production after stimulation of hybridoma cells with 5 mg of the
appropriate antigen. (B) IL-2 production upon stimulation of hybridoma cells
with various concentrations of VP324–37 (PIYGKTISTPSDYM). A synthetic
peptide representing residues 34 to 45 (FESNFNTQATNR) of chicken egg
lysozyme or a peptide containing residues 215 to 232 of VP3 (GDDFTLRMP
ISPTKWVPQ) was used as a negative control. The results shown are expressed
as [3H]thymidine incorporation (mean counts per minute6 the standard error of
the mean) by an IL-2-dependent cell line, CTLL-2, in the presence of antigen-
stimulated hybridoma culture supernatants (18) and are representative of several
experiments. TdR, thymidine.
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precursor frequency analysis based on x2 minimization indi-
cates that immunization of SJL/J mice with TMEV generates
VP324–37-specific T cells at a frequency (1/57,468) similar to
that of T cells specific for VP1233–250 (1/52,520) or VP274–86
(1/34,872). The combined frequencies of T cells specific for
these predominant epitopes were equivalent to the frequency
(1/16,975) of T cells reactive to the whole virus. Therefore,
these results strongly suggest that VP324–37-specific T cells are
a dominant population of TMEV-specific T cells in virus-im-
munized mice.
A relative frequency of T cells reactive to the major T-cell

epitopes was verified by analyzing the epitope specificity of a
panel of 17 TMEV-specific T-cell hybridoma clones derived
from the spleens of TMEV-infected SJL/J mice. T-cell hybri-
domas were derived from the spleens of TMEV-infected SJL/J
mice at 35 days post viral infection following in vitro stimula-
tion of spleen cells (6 3 106/ml) with UV-inactivated TMEV
(25 mg/ml) for 4 days as described previously (34, 35). Hy-
bridomas reactive to TMEV were selected and subsequent-

ly tested for reactivity with peptides containing previously
defined T-cell epitopes VP1233–250 (35), VP274–86 (12), and
VP324–37. Most (88%) of the T-cell hybridomas generated
from the spleens of virus-infected mice were specific for one of
the three dominant T-cell epitopes: six were specific for
VP1233–250 (33.3%), three were specific for VP274–86 (16.7%),
and six were specific for VP324–37 (33.3%). Of the 17 hybrido-
mas, 2 that were reactive to TMEV were not specific for any of
the three major T-cell epitopes of TMEV, suggesting that
other minor T-cell epitopes reside on TMEV. Nevertheless,
our data collectively suggest that the T-cell response induced
after TMEV infection is directed primarily at the three dom-
inant T-cell epitopes (Fig. 3) on the external capsid proteins,
VP1233–250, VP274–86, and VP324–37.
The identification of a T-cell epitope within residues 24 to 37

of VP3 is very interesting because this region has previously
been defined as a site recognized by antibodies induced by
immunization or infection of resistant BALB/C or C57BL/6
mice with TMEV (16, 19). Susceptible SJL/J mice are also able
to produce antibodies against this region upon immunization
with UV-inactivated TMEV. It is less clear whether infected
SJL/J mice produce antibodies against VP324–37, since the an-
tibody titer against this region is generally low in virus-infected
mice (16, 19). Helper T-cell epitopes located within or near
antibody sites have been identified in several viruses, including
poliovirus (15, 20) and foot-and-mouth disease viruses (10).
Our findings are consistent with these observations: two of the
three major T-cell epitopes of TMEV (those on VP1 and VP3)
are overlapping or adjacent to sites recognized by antibodies
(Fig. 3). However, it is unclear whether there is any functional
relationship between the closely positioned B- and T-cell
epitopes within capsid proteins VP1 and VP3 of TMEV. It is
conceivable that adjacent or overlapping T-cell determinants
are able to more efficiently elicit antibody, as well as T-cell,
responses.
The role of VP324–37-specific T cells in TMEV-induced de-

myelination is not known. It has been hypothesized that local
production of cytokines by T cells within the central nervous
system results in recruitment and activation of macrophages,
which nonspecifically destroy myelin via a ‘‘bystander’’ mech-
anism (5). Immunization of suboptimally virus-infected mice
with peptides or fusion proteins containing the VP1233–250
and VP274–86 epitopes significantly exacerbates the onset and
severity of demyelination (13, 36). Therefore, we speculate
that T cells specific for VP324–37 may also contribute to demy-
elination. We are currently examining the role of VP324–37-
specific T cells in the pathogenesis of TMEV-induced demy-
elination by testing the effect of immunization with T-cell
epitope-containing peptides, as well as the adoptive transfer of
epitope-specific T-cell lines into suboptimally infected SJL/J
mice.

FIG. 3. Immunogenic regions of the BeAn strain of TMEV recognized
by demyelination-susceptible SJL/J mice. The diagrams represent the exter-
nal TMEV structural proteins and linear determinants recognized by anti-
bodies (s) or T cells (■) generated from TMEV-immunized and/or
TMEV-infected SJL/J mice. The scale above the diagrams shows amino acid
positions.

FIG. 2. Comparison of proliferative responses of SJL/J mice immunized (A)
or infected (B) with TMEV to peptides containing various TMEV T-cell
epitopes. (A) Ten days after immunization with 30 mg of UV-irradiated BeAn,
draining lymph node cells were cultured in triplicate in 96-well plates (Costar,
Cambridge, Mass.) with various concentrations of VP1233–250 (F), VP274–86 (ç),
VP324–37 (■), or VP3215–232 (E). The amino acid sequences of VP1233–250 and
VP274–86 are SASVRIRYKKMKVFCPRP and QEAFSHIRIPLPH, respec-
tively. [3H]thymidine incorporation by the cultures was determined after 96 h as
described previously (35). The positive control proliferative response to 5 mg of
UV-irradiated BeAn was 160,866 6 10,545 cpm. (B) At 34 days after viral
infection, the pooled splenocytes (5 3 105) from three mice were cultured in
triplicate with 10 mM peptide antigen or 2.5 mg of UV-irradiated BeAn for 4
days. Chicken egg lysozyme amino acids 34 to 45 were used as a negative control.
The results shown are the mean counts per minute of antigen-stimulated cultures
minus the mean counts per minute of cultures stimulated with chicken egg
lysozyme amino acids 34 to 45 6 the standard error of the mean and are
representative of several experiments. TdR, thymidine.
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