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Theiler’s murine encephalomyelitis virus (TMEYV) infection induces immune-mediated demyelinating dis-
ease in susceptible mouse strains and serves as a relevant infectious model for human multiple sclerosis. To
investigate the pathogenic mechanisms, two strains of TMEV (DA and BeAn), capable of inducing chronic
demyelination in the central nervous system (CNS), have primarily been used. Here, we have compared the
T-cell responses induced after infection with DA and BeAn strains in highly susceptible SJL/J mice. CD4*
T-cell responses to known epitopes induced by these two strains were virtually identical. However, the CD8*
T-cell response induced following DA infection in susceptible SJL/J mice was unable to recognize two of three
H-2K®-restricted epitope regions of BeAn, due to single-amino-acid substitutions. Interestingly, T cells specific
for the H-2K®-restricted epitope (VP1,, ,,) recognized by both strains showed a drastic increase in frequency
as well as avidity after infection with DA virus. These results strongly suggest that the level and avidity of
virus-specific CD8* T cells infiltrating the CNS could be drastically different after infection with these two
strains of TMEV and may differentially influence the pathogenic and/or protective outcome.

General properties of DA and BeAn viruses. Theiler’s mu-
rine encephalomyelitis virus (TMEV) is a common enteric
pathogen in mice and belongs to the picornavirus family (14,
28). Two major subgroups of TMEV have been identified
based on various biological characteristics such as neuroviru-
lence and antigenicity. The first subgroup of TMEYV includes
GDVII and FA viruses, which cause rapid fatal encephalitis.
The second subgroup, known as Theiler’s original (TO) vi-
ruses, including the BeAn8386 and DA strains, causes a bipha-
sic neurological disease upon access to the central nervous
systems (CNS) of susceptible mice (5, 6, 13, 14). The early,
acute (poliomyelitis) phase is characterized by flaccid limb
paralysis and degeneration of neurons. The late phase is char-
acterized by chronic, inflammatory demyelination. This myelin
destruction in the late phase is accompanied by stripping of
myelin lamellae by mononuclear processes (6, 13). Interest-
ingly, however, the BeAn strain is known to induce a clinically
undetectable level of the early-phase disease whereas DA in-
duces significant polio-like symptoms (5, 6). Nevertheless,
these two virus strains induce similar late-phase demyelinating
disease and share greater than 93% identical amino acid res-
idues in the capsid proteins (19, 21).

Although the major histocompatibility complex class II-re-
stricted CD4* T-cell response is critically important in suscep-
tibility and/or resistance to TMEV-induced demyelinating dis-
ease, the major histocompatibility complex class I H-2D locus
also influences susceptibility to the disease (12, 16, 24). As
demyelination is closely linked to viral persistence (15, 26, 29),
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virus-specific CD8™ cytotoxic T cells perhaps play an impor-
tant role in protection and/or pathogenesis (4). However, in-
vestigations assessing the role of these CD8" T cells (2, 8, 22,
25) have drawn conflicting conclusions. Fully functional CD8*
T cells are necessary for manifestation of clinical symptoms
after infection with TMEV strain DA (18, 23). However, such
T cells from BeAn-infected mice appear to be involved in
protection from demyelinating disease (1, 20, 22). Recently,
the predominant and subdominant epitopes recognized by
CNS-infiltrating CD8" T cells from resistant C57BL/10 or
C57BL/6 mice infected with either DA (3, 7, 10) or BeAn (17)
have been identified. In addition, we have also recently iden-
tified one dominant (VP3,59,,) and two subdominant
(VP10 and VP35 4,) capsid protein epitopes recognized
by CD8" T cells from SJL/J mice infected with BeAn virus
(11). However, it is not yet clear whether DA and BeAn strains
induce differential CD4™* and CD8™" T-cell responses, and the
potential differences in immune responses may account for the
previously reported discrepancies in the protective and/or
pathogenic outcome. Thus, the assessment of the level and
specificity of immune T-cell responses induced by these viruses
would be very helpful for understanding the potential mecha-
nisms of pathogenesis and protection in TMEV-induced de-
myelinating diseases in susceptible mice.

CD4% T-cell responses are similar in SJL/J mice infected
with DA and those infected with BeAn. To compare the levels
and the potential shared epitope recognition by Th cells in-
duced by these TO viruses, SJIL/J mice were infected with
either DA or BeAn and then the levels of proliferative re-
sponses to DA, BeAn, and the predominant Th epitope pep-
tides of BeAn were assessed (Fig. 1). Either virus (10° PFU)
was administered at the right cerebral hemisphere of 6- to
8-week-old mice anesthetized with methoxyflurane. At 15 days
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FIG. 1. T-cell proliferation responses by splenic T cells from SJL
mice infected with BeAn or DA virus. Reactivity of T cells from mice
infected with the BeAn or DA strain of TMEV was assessed at 15 days
postinfection by proliferation assays in the presence of UV-inactivated
BeAn, DA, or viral epitope peptides. Triplicate cultures were stimu-
lated with different concentrations of UV-inactivated viruses (0.1 to 3
ng) (A) and TMEV T-cell epitopes (0.5 to 10 uM VP1,35.550, VP24, g6,
and VP3,, 5,) (B) for 72-h cultures, pulsed with 1 p.Ci of [*H]thymidine
(TdR), and then harvested 18 h later. Measurements of [*H]thymidine
uptake by the cells were determined in a scintillation counter and
expressed as counts per minute. Background levels in the absence of
specific antigens were less than 2,500 cpm.

postinfection, spleen cells (6 X 10° cells/well) were cultured in
96-well plates with RPMI 1640 containing 0.5% syngeneic
mouse serum and 5 X 107> M 2-mercaptoethanol. Splenic T
cells from DA- or BeAn-infected mice responded equally well
to UV-inactivated DA and BeAn viruses interchangeably, as
well as the individual Th epitope (VP1,35.550, VP2,.46, and
VP3,, 5,) peptides (9, 30, 31), despite the differences in one
amino acid residue in the VP3 epitope region between the
viruses. These results clearly indicate that the level of and
epitope recognition by Th cells induced by DA infection are
very similar to those of cells induced by BeAn infection.
H-2DP-restricted CTL responses to DA and BeAn are sim-
ilar in resistant C57BL/6 mice. A predominant H-2DP-re-
stricted cytotoxic T-lymphocyte (CTL) epitope region
(VP2,,,.150) of DA is identical to that of BeAn (19, 21). In
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FIG. 2. CTL specificity and cytotoxic function in resistant C57BL/6
and susceptible SJL mice infected with BeAn and DA viruses. Cytolytic
function of CD8" T cells in the CNS of virus-infected mice was as-
sessed by the standard >'Cr release assay 8 days post-viral infection.
Mononuclear cells from brains and spinal cords were prepared with a
continuous Percoll gradient (Pharmacia, Piscataway, N.J.) as described
previously (17) and used as effector cells. (A) Cytotoxic function of
CTLs in resistant C57BL/6 mice. RMA-S cells loaded with predomi-
nant and subdominant CTL epitope peptides were used as target cells
with various effector cell numbers. (B) Cytotoxic function of CTLs in
susceptible SJL/J mice. EL-4K® cells loaded with a predominant and
two subdominant CTL epitope peptides were used as target cells. The
EL-4K® cell line was generated by electroporation of EL-4 cells as
described previously (11). E:T ratio, effector/target cell ratio.

addition, subdominant H-2D"-restricted epitopes (VP2,45.173
and VP3,,,.,5,) were recently identified with the BeAn strain
(17), and these regions are also identical between DA and
BeAn viruses. To compare the levels and recognition of these
epitopes, cytolytic levels of epitope-loaded target cells for
CNS-infiltrating CD8" T cells from either DA- or BeAn-in-
fected C57BL/6 mice were assessed with predominant and
subdominant BeAn epitope peptides at 8 days postinfection
(Fig. 2A). The results clearly indicate that the levels and rec-
ognition of the predominant (VP2,,,_,5,) as well as the sub-
dominant (VP3,,,.,59) CTL epitope are virtually identical after
infection with DA and after infection with BeAn. This is not
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FIG. 3. IFN-y production by CD8" T cells infiltrating the CNS of SJL/J mice infected with BeAn and DA viruses. The levels and epitope
specificity of CD8" T cells infiltrating the CNS of virus-infected mice were assessed by measuring IFN-y production upon stimulation with various
peptides by ELISPOT assay (A) and intracellular cytokine staining (B). Mononuclear cell populations isolated from the brains and spinal cords
of mice infected with viruses for 8 days were analyzed. Peptides (2 .M) representing both BeAn epitope regions (VP1-11, VP3-159, and VP3-173)

and DA epitope regions (VP1-11, DA-159, and DA-173) were included.

surprising, since these epitope region sequences are identical
in the two strains of TMEV.

H-2K®-restricted CTLs induced by DA infection in suscep-
tible SJL/J mice fail to recognize two of three epitope regions
identified with BeAn. Since the susceptibility and pathogenic
mechanisms have been studied extensively with prototypic,
highly susceptible SJL/J mice, it would be of great value to
compare the levels of and epitope recognition by CNS-infil-
trating CD8" T cells in this strain of mice. Recently, three
major H-2K5-restricted BeAn epitopes (VP3,59.166 >
VP3,,5 151 > VP1,,,,) recognized by CNS-infiltrating CD8"
T cells from SJL mice infected with BeAn have been identified
(11). Hence, the levels and recognition of these epitopes by
CD8" T cells from DA and BeAn were compared by using the
BeAn epitope peptides (Fig. 2B). Interestingly, only VP1,; 5,
loaded target cells, not VP3,59_66- Or VP35 ,5,-loaded cells,
were lysed over the background by CNS-infiltrating T cells
from DA-infected mice. In fact, the level of lysis seen with
VP1,,.,, by T cells from DA-infected mice was slightly greater
than that for T cells from BeAn-infected mice. The sequence
comparisons between BeAn and DA indicate an alteration (N
versus V) at the P2 position of the predominant VP35, 46
epitope and a change (P versus A) at the P7 position of the
intermediate VP3,,5 4, epitope, respectively. Thus, these re-
sults indicate that single-amino-acid changes in these two DA

epitope regions prevented the recognition by and/or induction
of CD8" T cells reactive to the BeAn epitopes following in-
fection with DA virus.

Failure of target cell lysis for the predominant and interme-
diate BeAn epitope peptides by CD8* T cells from DA-in-
fected mice could reflect poor epitope recognition due to
amino acid sequence alterations or lack of CTL cell response.
This possibility was examined with ELISPOT and intracellular
cytokine staining (Fig. 3). For ELISPOT experiments, plates
(Millipore, Bedford, Mass.) were precoated with 1 to 5 pg of
anti-gamma interferon (IFN-y) antibody per ml and then in-
cubated for 18 h with 2 X 10* CNS-infiltrating lymphocytes
plus 10° irradiated (3,000-rad) syngeneic spleen cells at 37°C
under 5% CO, in the presence of 2 uM peptides (17, 27).
Intracellular IFN-y staining was performed as described pre-
viously (11) and then analyzed on a Becton Dickinson FACS-
Calibur flow cytometer. Based on the lack of cytolytic function
(data not shown) as well as IFN-y production measured by
ELISPOT and intracellular cytokine staining, CNS-infiltrating
CD8" T cells from DA-infected STL/J mice failed to recognize
the peptides representing the DA epitope sequences. These
results clearly indicate that the sequence differences in these
predominant and intermediate epitope regions of DA virus
prevent the induction of CD8" T-cell responses to these re-
gions following DA infection in susceptible SJL/J mice. Con-
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sequently, the number of capsid epitopes recognized by CD8™
T cells from DA-infected SJL/J mice may be reduced to one,
unless new epitopes are created by differences in the sequences
at other regions. These differences in the epitope recognition
between mice infected with DA and BeAn viruses may differ-
entially affect the outcome for protection from and/or patho-
genesis of TMEV-induced demyelinating disease.

Level of DA-induced CD8* T cells against the common
epitope (VP1,,,,) in SJL mice is significantly increased. Be-
cause the epitopes recognized by CD8™" T cells induced by DA
infection are drastically different from those recognized by
cells induced by BeAn infection, the levels of CNS-infiltrating
CD8™ T cells specific for the common epitope (VP1,, ,,) were
further compared by enumerating IFN-y-producing cells gen-
erated in response to the epitope (Fig. 3). ELISPOT assays
indicated that the number of VP1,, ,,-reactive CD8™ T cells in
DA-infected mice is increased compared to that in BeAn-
infected SJL/J mice, although the total number of capsid-spe-
cific CD8" T cells is much higher in BeAn-infected mice. This
is more readily detectable by flow cytometric analysis following
intracellular IFN-vy staining. A threefold increase, from 11 to
37%, is seen in the VP1,, ,,-specific CD8" T cells infiltrating
the CNS of DA-infected mice compared to those for BeAn-
infected mice. This is similar to the proportion (39%) of CD8"
T cells reactive to the predominant VP3,5 4, €pitope in
BeAn-infected mice. None of the other epitope region pep-
tides, regardless of the origin of the viruses, were able to
stimulate cytokine production, confirming the lack of CD8"
T-cell responses to these two epitope regions. Since the num-
bers of infiltrating mononuclear cells were similar between
BeAn- and DA-infected mice (1.6 X 10° versus 1.5 X 10° cells,
respectively), this increase in the proportion of CD8" T cells
specific for VP1,,,, in DA-infected mice represents an in-
crease in the number of CD8™ T cells reactive to this epitope.
More than 60% of the CNS-infiltrating CD8" T cells can be
accounted for as specific for these epitopes following BeAn
infection, whereas only 37% can be done so following DA
infection. Therefore, the overall relatively lower level of CTLs
specific for TMEV in DA-infected SJL/J mice may be associ-
ated with susceptibility to the early acute-phase disease in
DA-infected mice compared to BeAn-infected mice, despite
the fact that the VP1-specific CTL level is increased in DA-
infected mice. The possibility of CTL escape mutations is un-
likely to be an important factor, since our preliminary se-
quence analysis of the epitope regions in the persisting viruses
does not indicate any mutations. However, it is not yet clear
whether the remainder of CD8" T cells infiltrating the CNS
recognize a new epitope region(s) of the capsid proteins, due
to amino acid sequence differences, and hence the overall
numbers of infiltrating CD8* T cells are similar. Alternatively,
it is conceivable that a larger proportion of CD8" T cells from
DA-infected SJL/J mice than from BeAn-infected mice recog-
nize epitopes in the nonstructural proteins. Nevertheless, the
CD8™ T-cell response to this epitope in DA-infected mice may
have a selective advantage over such T cells reactive to other
undefined epitopes, in the absence of reactivity to the other
capsid epitopes. The lack of response to other capsid epitopes
and/or an increased generation of VP1,,,, peptide due to
sequence differences in the flanking regions may facilitate a
competitive advantage for the T-cell response to this epitope in
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FIG. 4. Avidity toward VP1,,,, peptide by CD8" T cells from
BeAn- and DA virus-infected SJL/J mice. Avidity to the peptide ligand
was assessed by measuring IFN-y production in response to various
concentrations of VP1,,_,, by flow cytometric analysis following intra-
cellular IFN-vy staining as described above.

DA-infected mice. Perhaps such a preferred expansion of
CD8™ T cells reactive to VP1,,,, may facilitate the recruit-
ment of CD8" T cells with higher avidity to the epitope.
Avidity of CD8™ T cells to VP1,, ,, is drastically altered in
SJL/J mice infected with DA virus. We have previously ob-
served for SJL/J mice infected with BeAn that CNS-infiltrating
CD8™" T cells reactive to the predominant epitope, VP3,50_166s
display relatively higher avidity than do CD8" T cells reactive
to the other epitopes, including VP1,,,, (11). Because the
level of CD8" T cells reactive to VP1,,,, was significantly
increased in mice infected with DA, comparable to the level
specific for the predominant epitope in BeAn-infected mice,
the potential increase in the avidity of VP1,, ,,-specific CD8™
T cells from the DA-infected mice was assessed (Fig. 4). The
flow cytometric enumeration of IFN-y-producing cells from
BeAn- or DA-infected mice in response to various concentra-
tions of VP1,, ,, peptides clearly demonstrates that VP1,, -
specific CD8" T cells from DA-infected mice have much
greater avidity to the cognate peptide than do those from
BeAn-infected SJL/J mice. For example, the level of IFN-vy-
producing cells in BeAn-infected mice was reduced to ~50%
when the concentration of peptide was lowered from 4 to 2
wM, whereas that in DA-infected mice was reduced to less
than 5%. These results strongly suggest that a subdominant
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CD8" T-cell epitope of BeAn functions as a predominant
epitope of DA virus by increasing the avidity as well as the
proportion in the infiltrating CD8" T-cell population.

The effect of these differences in the epitope recognition on
the pathogenic mechanisms of and/or protection from TMEV-
induced demyelinating disease is not yet clear. However, it
would be interesting to speculate that this difference in the
CD8" T-cell responses may result in the induction of signifi-
cant early-phase disease, a polio-like encephalomyelitis in
SJL/J mice infected with DA compared to an undetectable
level of disease in BeAn-infected mice. Although CD8" T-cell
infiltration is similar between mice infected with these viruses,
overall a lower CD8" T-cell response to capsid proteins in
DA-infected mice may provide less efficient initial viral clear-
ance, and this may lead to induction of encephalomyelitis due
to elevated viral replication in the CNS. Nevertheless, our
findings indicating the differences in the levels and recognition
of capsid epitopes in these two representative pathogenic
TMEV strains will provide an important tool for dissecting one
of the important aspects of the immune response and its cor-
relation with the pathogenic mechanisms.

This work was supported by grants NS23349, NS28752, and NS33008
from the USPHS and RG3126-A-4 from the National Multiple Scle-
rosis Society.
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