
JOURNAL OF VIROLOGY, Dec. 2002, p. 12834–12844 Vol. 76, No. 24
0022-538X/02/$04.00�0 DOI: 10.1128/JVI.76.24.12834–12844.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Induction of Autoreactive CD8� Cytotoxic T Cells during Theiler’s
Murine Encephalomyelitis Virus Infection: Implications

for Autoimmunity
Ikuo Tsunoda, Li-Qing Kuang, and Robert S. Fujinami*

Department of Neurology, University of Utah School of Medicine, Salt Lake City, Utah 84132

Received 22 May 2002/Accepted 3 September 2002

Theiler’s murine encephalomyelitis virus (TMEV) belongs to the family Picornaviridae and causes demyeli-
nating disease in the spinal cords of infected mice. Although immune responses have been shown to play an
important role in demyelination, the precise effector mechanism(s) is unknown. Potentially autoreactive
cytotoxic cells could contribute to the destruction. We tested whether an autoreactive cell induced by TMEV
infection mediated cytotoxicity by using a 5-h 51Cr release assay in SJL/J mice. Spleen cells from TMEV-
infected mice were stimulated with irradiated TMEV antigen-presenting cells and used as effector cells. The
effector cells differed from conventional cytotoxic T cells since these cells could kill both TMEV-infected and
uninfected syngeneic or semisyngenic cell lines (PSJLSV and BxSF11gSV) but could not kill an allogeneic cell
line (C57SV). The TMEV-induced autoreactive cells were also different from conventional natural killer (NK)
cells or lymphokine-activated killer (LAK) cells, because they could kill neither NK cell-sensitive YAC-1 nor
NK cell-resistant P815 and EL4 cells. Induction of autoreactive cells was not detected in vaccinia virus
infection. The autoreactive killing required direct cell-to-cell contact and was mediated by a Fas-FasL pathway
but not by a perforin pathway. The phenotype of the killer cells was CD3� CD4� CD8�. Intracerebral
inoculation of the effector cells into naive mice caused meningitis and perivascular cuffing not only in the brain
parenchyma but also in the spinal cord, with no evidence of viral antigen-positive cells. This is the first report
demonstrating that TMEV can induce autoreactive cytotoxic cells that induce central nervous system
pathology.

Multiple sclerosis (MS) is the major cause of demyelinating
disease of the central nervous system (CNS) in humans. Al-
though the cause of MS is unknown, epidemiologic evidence
points to an infectious etiology. Experimental viral animal
models also support a viral hypothesis for MS, where inflam-
matory demyelination is a prominent feature of persistent viral
infection (18). These experimental models include Theiler’s
murine encephalomyelitis virus (TMEV) infection of mice, its
natural host (9, 51, 52).

TMEV belongs to the family Picornaviridae and causes ex-
tensive demyelinating disease in the spinal cords of the in-
fected mice (51, 52). Although the precise mechanism(s) of
demyelination in TMEV infection is not clear, demyelination
can result either from direct viral infection of oligodendrocytes
or myelin-forming cells or from immune mediated mecha-
nisms. For a hypothesis of immune mediation, several effector
mechanisms have been proposed, including delayed-type hy-
persensitivity responses initiated by TMEV-specific CD4� Th1
cells and anti-TMEV antibody responses cross-reactive with
the myelin component galactocerebroside (reviewed in refer-
ences 51 and 52). While CD8� T cells have been demonstrated
to be important in viral clearance (29, 30), CD8� T cells may
also be critical effector cells during the chronic TMEV-induced
demyelinating phase of infection. Several reports have pro-

vided evidence showing parenchymal infiltration of CD8� cells
in demyelinating lesions, diminution of demyelination in CD8-
depleted mice infected with TMEV, and an upregulation of
major histocompatibility complex (MHC) class I molecules in
the CNS in TMEV-infected mice (reviewed in reference 9).

Organ-specific autoimmune diseases have been associated
with MHC class II-restricted Th1 type responses. A prototype
model for CNS organ-specific autoimmune disease is experi-
mental allergic (autoimmune) encephalomyelitis (EAE),
another animal model for MS. To date only MHC class II-
restricted CD4� T-cell responses have been extensively inves-
tigated both in MS and its animal models, although clinical and
experimental evidence indicates that MHC class I-restricted
CD8� T-cell responses could also be involved in the patho-
genesis of demyelinating disease (reviewed in reference 56).
CD8� cytotoxic T lymphocytes (CTLs) have been associated
with only a few autoimmune diseases, such as polymyositis,
inclusion body myositis (33), and experimental myocarditis in-
duced by coxsackievirus B3, which is also a member of the
family Picornaviridae (12, 16).

T-cell cytotoxicity is one mechanism that could result in
primary oligodendrocyte destruction during demyelinating dis-
ease. In both MS and TMEV infection, apoptosis of oligoden-
drocytes has been demonstrated (7, 51, 52). However, reports
of CTLs with autoreactivity have been rare. Encephalitogenic
myelin basic protein-specific CD4� T cells having in vitro cy-
totoxic activity against oligodendrocytes, myelin basic protein-
pulsed astrocytes, macrophages and cerebral vascular endothe-
lial cells have been observed (22; reviewed in reference 40).
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Since these CD4� T cells are restricted by MHC class II anti-
gens, with the exception of bystander killing, MHC class II
expression by oligodendrocytes would be a prerequisite for
oligodendrocyte-directed cytotoxicity. However, under in vitro
conditions, oligodendrocytes can be induced by gamma inter-
feron (IFN-�) to express MHC class I antigen but are refrac-
tory to class II induction (13). Therefore, since conventional
CTL responses are mediated by MHC class I-restricted CD8�

T cells, it would not be surprising if CD8� autoreactive T cells
cytotoxic for oligodendrocytes could contribute to immune-
mediated demyelination. To date, Biddison and colleagues
have suggested that this could occur in MS (15, 50).

We undertook to study cell-mediated cytotoxic responses in
SJL/J mice, which are genetically susceptible to TMEV-in-
duced demyelination. Unexpectedly, we found that spleen cells
from TMEV-infected mice exhibited a high level of cytotoxicity
against uninfected syngeneic target cells, but not against allo-
geneic cells, after in vitro stimulation with TMEV-infected
antigen-presenting cells (TMEV-APCs). The autoreactive cy-
totoxic cells were CD3� CD8� and were different from con-
ventional natural killer (NK) cells or lymphokine-activated
killer (LAK) cells. Cell lysis required direct cell-to-cell contact
and was mediated by the Fas-FasL pathway. Adoptive transfer
of TMEV-induced autoreactive cells into the brains of naive
mice resulted in lesions in the spinal cord. Therefore, these
TMEV-induced autoreactive cells could play an effector role in
CNS pathology in vivo.

MATERIALS AND METHODS

Generation of effector cells. Female SJL/J mice were purchased from the
Jackson Laboratory (Bar Harbor, Maine). Mice were infected intracerebrally
(i.c.) (2 � 105 PFU) or intravenously (i.v.) (1 � 106 PFU) with the DA strain of
TMEV. In most experiments autoreactive cells were induced by the i.v. route of
infection. Three weeks later, spleen cells were isolated from the mice and treated
with an NH4Cl red blood cell-lysing solution. The spleen cells from infected or
control mice were stimulated in vitro with TMEV-APCs for 6 days. TMEV-APCs
were made from whole spleen cells infected with DA virus at a multiplicity of
infection (MOI) of 1 and irradiated with 2,000 rads by using a 137Cs irradiator.
After in vitro stimulation, the cells were washed three times and used as effector
cells in 5-h short-term 51Cr release assays. For induction of vaccinia virus-specific
CTLs, mice were inoculated i.v. with 5 � 106 PFU of VVsc11 virus, a recombi-
nant vaccinia virus encoding �-galactosidase (3).

Target cells. Three simian virus 40-transformed murine fibroblast cell lines
were used as target cells in the CTL assays. C57SV (H2b), PSJLSV (PSJL) (H2s),
and BxSF11gSV (BxSF1) (H2b/s) were kindly provided by Barbara Knowles
(Jackson Laboratory) (23, 28, 29). TMEV-infected and uninfected cell lines used
in these experiments express MHC class I antigens but do not express detectable
levels of MHC class II antigens by immunoperoxidase staining for class II (30).
MHC class I expression on the cell lines was verified by flow cytometry with a
monoclonal antibody that recognizes MHC class I molecules, M1/42 (44, 48).
The M1/42 cell line was obtained from the American Type Culture Collection
(Manassas, Va.). In some experiments, cells were infected with DA virus at an
MOI of 5 for 18 to 24 h (DAL-PSJL) or were pulsed at an MOI of 10 either with
DA virus (DAs-PSJL) or with VVsc11 virus (VV-PSJL) during the 51Cr loading
of the target cells. We also transfected the PSJL cell line with cDNAs encoding
the DA virus capsid proteins, VP1, VP2, VP3, and VP4, and designated them
PSJL-VP1, PSJL-VP2, PSJL-VP3, and PSJL-VP4, respectively.

51Cr release assay. Target cell lysis was assessed by a 51Cr release assay as
described previously (54). Target cells were labeled with Na2

51CrO4 (New Life
Science Products, Inc., Boston, Mass.) for 1 h. The target cells (104) were placed
in wells of 96-well round-bottomed microtiter plates. Effector cells were used at
a concentration of 106/100 �l, and threefold serial dilutions were made to pro-
vide effector-to-target cell (E/T) ratios of 100:1, 33:1, 11:1, and 3:1. After a 5-h
incubation, the radioactivity released from the cells was measured in a model
20/20 gamma counter (Iso-Data, Inc., Palatine, Ill.). The percentage of target cell
lysis was calculated by using the following equation: % lysis � [(experimental

release cpm � spontaneous release cpm)/(maximal release cpm � spontaneous
release cpm)] � 100.

In cold target inhibition experiments, 106 effector cells were incubated for 5 h
with 104 51Cr-labeled PSJL cells in the presence of various numbers of nonla-
beled cold inhibitor PSJL, BxSF1, C57SV, or EL4 cells (37).

To analyze a pathway for cell lysis, effector cells were preincubated with either
brefeldin A (PharMingen, San Diego, Calif.) or concanamycin A (Sigma, St.
Louis, Mo.) as an inhibitor for a Fas-FasL or a perforin pathway, respectively (11,
21, 26). A negative control group was incubated with dimethyl sulfoxide, since
both brefeldin A and concanamycin A were dissolved in dimethyl sulfoxide as
stock solutions. After a 2-h incubation, effector cells were added to the 51Cr-
labeled PSJL target cells. Cells were treated with 0.016 to 10 �g of brefeldin A
per ml, and MHC class I expression was measured by flow cytometry with the
anti-MHC class I antibody M1/42. No decrease in MHC class I expression was
observed over this concentration range of brefeldin A.

Assay for NK cell activity. Since SJL/J mice are known to have a “low” NK
phenotype (20), we induced NK cells in BALB/c mice, either in vitro or in vivo,
using poly(I:C) (Sigma). Poly(I:C) was dissolved in Hanks’ balanced salt solution
at a concentration of 1 mg/ml and stored at �20°C. Mice were injected intra-
peritoneally with 100 �l of poly(I:C) (1 mg/ml) 1 day prior to spleen cell harvests
(20). Spleen cells were isolated from poly(I:C)-injected mice, washed, and used
as effector NK cells. Alternatively, spleen cells were isolated from naive mice,
and 108 spleen cells were stimulated overnight with 100 �g of poly(I:C) per ml
in 1 ml of RPMI 1640 medium supplemented with antibiotics, 1% fetal bovine
serum, and 20 mM HEPES (6, 58). LAK cells were induced from the spleens of
SJL/J mice as described previously (24). The spleen cells were isolated and
cultured at 2 � 106 cells/ml with 1,000 U of interleukin-2 (IL-2) per ml for 6 days.
Bacterial DNA containing CpG motifs was also used for induction of NK cell
activity in SJL/J mice as described previously (54). We incubated spleen cells at
a concentration of 2 � 106 cells/ml with 5 �g of plasmid pCMV DNA (Clontech,
Palo Alto, Calif.) per ml for 6 days.

The NK cell-sensitive YAC-1 and NK cell-resistant P815 cell lines were kindly
provided by Raymond M. Welsh (Department of Pathology, University of Mas-
sachusetts Medical Center, Worcester). NK cell-resistant EL4 cells were pur-
chased from the American Type Culture Collection. At the indicated E/T ratios,
NK cells with YAC-1, P815, or EL4 target cells were incubated in triplicate for
5 h.

Double-chamber experiments. Double-chamber experiments were carried out
using Transwell-Clear tissue culture-treated polyester membrane chambers
(pore size, 0.4 �m; Costar, Cambridge, Mass.) (55). Effector cells (4 � 106) were
placed in the lower compartment of the Transwell chamber (i.e., in the main
well) in a total volume of 0.6 ml. 51Cr-labeled PSJL cells (4 � 104) in 0.1 ml were
placed in the upper compartment of the Transwell chamber. Five hours after
culture, the total culture mixture of 0.7 ml was collected and centrifuged; the
radioactivity in 0.3 ml of supernatant was counted, and the percent specific lysis
was calculated.

Phenotypic characterization of the autoreactive cell. The blocking analyses
were carried out at an E/T ratio of 100 in the presence of anti-CD3, anti-CD4,
or anti-CD8 antibody. Both anti-CD4 antibody (GK1.5) and anti-CD8 antibody
(2.43) are blocking antibodies (5, 30, 43), while the anti-CD3 antibody, (145-
2C11) has been reported to either block or enhance cytotoxicity when used in
cytotoxicity assays (17, 25). TMEV-induced autoreactive cells were preincubated
with monoclonal antibody or medium alone for 30 min, after which 51Cr-labeled
PSJL target cells were added. We incubated the cultures for 5 h and determined
the amount of 51Cr released into the supernatant.

In additional experiments, anti-CD4 or -CD8 antibody and LOW-TOX-M
rabbit complement (Cedarlane, Hornby, Ontario, Canada) were added to effec-
tor cells to deplete T-cell subsets from the effector cell population. CD3� T cells
were enriched or purged with either a murine CD3�-T-cell enrichment cocktail
or a murine CD3�-T-cell purging cocktail, respectively, according to the proto-
cols of the manufacturer (StemCell Technologies, Vancouver, British Columbia,
Canada).

Adoptive transfer of autoreactive cells. We induced autoreactive cells from
spleens of TMEV-infected mice, which was followed by in vitro stimulation with
TMEV-APCs. Cytotoxic activity of the transferred cells for syngeneic cells was
confirmed by using a 51Cr assay, and no live virus was detected in the inocula by
viral plaque assay (the lower limit of the viral plaque assay is 5 PFU/ml). As a
negative control, we used either normal spleen cells or in vitro-TMEV-APC-
stimulated spleen cells from mock-infected mice. To five naive mice in each
group, 2 � 107 cells i.v. or 2 � 106 cells i.c. at the right cerebral hemisphere were
adoptively transferred. Mice were weighed daily, killed 6 or 10 days after cell
transfer, and perfused with 4% paraformaldehyde. Brains and spinal cords were
embedded in paraffin, and CNS sections were stained with Luxol fast blue.
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TMEV antigen-positive cells were detected by the avidin-biotin peroxidase com-
plex technique with hyperimmune rabbit serum to DA virus (53, 54).

RESULTS

Autoreactive cytotoxicity correlates with H2 haplotype. Au-
toreactive cytotoxic cells were induced in TMEV-infected
SJL/J mice, which are susceptible to TMEV-induced demyeli-
nating disease. Spleen cells isolated from TMEV-infected mice
were stimulated in vitro with TMEV-APCs for 6 days and used
as effector cells in a 5-h short-term 51Cr release assay. Using
syngeneic and allogeneic target cells, we first tested whether
the TMEV-induced autoreactive cells were different from clas-
sical CTLs. Three murine fibroblast cell lines were used: a
syngeneic cell line, PSJL (H2s), derived from SJL/J mice; an
allogeneic cell line, C57SV (H2b), derived from C57BL/6/J
mice; and BxSF1 (H2b/s), derived from an F1 mouse resulting
from a cross between C57BL/6 and SJL/J mice. All target cells
were uninfected. The largest amount of killing was observed
with syngeneic cells, and the degree of the killing correlated
with the H2 haplotype of the target (Fig. 1). If the killer cells
were classical virus-specific CTLs, they would not be expected
to kill naive uninfected syngeneic cells. A primary SJL/J astro-
cyte cell line that was also used as a target cell was killed the
least. However, if the astrocytes were treated for 48 h with IFN-�,
killing was enhanced by greater than 80% (data not shown).
Incubation of target cells with IFN-� also significantly increased
the killing of BxSF1 cells (108%) but had only a modest effect
on the killing of C57SV cells (27%) (data not shown).

Killing does not require recognition of TMEV antigen.
CD4� and CD8� T-cell and B-cell epitopes are encoded within
the capsid proteins of TMEV and play important roles in the
pathogenesis of TMEV-induced demyelinating disease (49,
52). Therefore, we hypothesized that the putative epitope on
uninfected PSJL cells that is recognized by TMEV-induced
autoreactive cells could be identical to or have molecular mim-
icry with the TMEV-encoded proteins, particularly the capsid
proteins. If this were the case, TMEV-infected or TMEV cap-
sid-expressing cells may be more efficiently killed than unin-
fected cells. As targets, we used uninfected PSJL cells, PSJL
cells pulsed with DA virus at an MOI of 10 (DAs-PSJL), PSJL
cells infected with DA virus at an MOI of 5 for 18 to 24 h
(DAL-PSJL), and PSJL cells expressing the VP1, VP2, VP3,
and VP4 capsid proteins of TMEV (PSJL-VP1, PSJL-VP2,
PSJL-VP3, and PSJL-VP4, respectively). TMEV-induced au-
toreactive cytotoxic cells were used as effector cells in a 51Cr
release assay. Although TMEV-infected target cells showed
slightly higher killing, uninfected PSJL cells showed a similarly
high level of lysis as the other cell lines (Fig. 2). These data
suggest that the TMEV-induced autoreactive cells do not rec-
ognize TMEV antigen for killing and therefore differ from
conventional virus-specific CTLs.

Induction of autoreactive cells is specific for TMEV infec-
tion. To confirm that the cytotoxicity of the uninfected synge-
neic PSJL cells was not a property of CTLs in general, we
tested whether uninfected PSJL cells could be killed by vac-
cinia virus-specific CTLs. Vaccinia virus-specific CTLs were
induced in mice, and the spleen cells were isolated and used in
a primary CTL assay ex vivo. With no prior in vitro stimulation,

FIG. 1. TMEV-induced cytotoxic responses against various cell
lines. Three weeks after TMEV infection, spleen cells were isolated
from SJL/J mice, incubated with TMEV-APCs for 6 days, and used as
effector cells in a 51Cr release assay. As target cells, three mouse fi-
broblast cell lines were used: syngeneic PSJL (H2s) (E), BxSF1 (H2b/s)
(‚), and allogeneic target C57SV (H2b) (F). PSJL and C57SV cells
were derived from SJL/J mice and C57BL mice, respectively. BxSF1
cells were derived from F1 mice resulting from a cross between SJL/J
and C57BL mice. We detected high and moderate autoreactive cyto-
toxic responses against PSJL and BxSF1 cells but much lower cytotox-
icity against C57SV cells. An astrocyte cell line (�) was also used as a
target and was killed the least. Results are representative of those from
10 independent experiments. Error bars indicate standard errors.

FIG. 2. Cytotoxicity against target cells that express TMEV anti-
gens. In a 51Cr release assay, we used TMEV-induced autoreactive
cells as effector cells. As target cells, we used uninfected PSJL cells
(F), PSJL cells pulsed with TMEV at an MOI of 10 (DAs-PSJL) (‚),
PSJL cells infected with DA virus at an MOI of 5 for 18 to 24 h
(DAL-PSJL) (�), and PSJL cell lines transfected with TMEV capsid
proteins VP1, VP2, VP3, and VP4 (PSJL-VP1 [ƒ], PSJL-VP2 [�],
PSJL-VP3 [�], and PSJL-VP4 [E], respectively). Although TMEV-
infected targets showed slightly higher killing, uninfected PSJL cells
showed killing similar to that of other cell lines. Results are represen-
tative of those from four independent experiments.
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the cells could kill vaccinia virus-infected PSJL (VV-PSJL)
cells but not uninfected PSJL cells (Fig. 3c). Therefore, lysis of
uninfected PSJL cells by conventional CTLs did not occur. In
additional experiments, vaccinia virus-specific CTLs were stim-
ulated with TMEV-APCs in vitro to see whether stimulation
with TMEV-APCs was sufficient to generate autoreactive cells.
However, no cytotoxicity against uninfected PSJL or TMEV-
infected PSJL (TMEV-PSJL) cells by vaccinia virus-specific
CTLs stimulated with TMEV-APCs was observed (Fig. 3d).
On the other hand, in a primary CTL assay, spleen cells from
TMEV-infected mice killed neither uninfected PSJL nor
TMEV-PSJL cells (Fig. 3a). Similarly, when CNS mononuclear
cells were isolated from TMEV-infected mice and used in a
primary CTL assay with uninfected PSJL cells as targets, no
killing was observed (4% killing at an E/T ratio of 100:1).

However, after a 6-day in vitro secondary stimulation with
TMEV-APCs, the cells from TMEV-infected mice killed not
only TMEV-PSJL cells but also uninfected PSJL cells and
VV-PSJL cells (Fig. 3b). In contrast, when spleen cells from
TMEV-infected mice were incubated with uninfected APCs
for 6 days, the cells showed only minimal cytotoxicity against
uninfected PSJL cells (8 and 1% lysis at E/T ratios of 100 and
33, respectively [average from two experiments]).

Comparison of poly(I:C)-induced NK cells, LAK cells, and
DNA-induced NK cells. The data thus far suggested that this
killer cell is not a conventional CTL. Another possibility is that
the killer cell is an NK cell. To determine whether these cells
were functionally similar to NK cells, we tested for NK cell
cytotoxic activity. TMEV-induced autoreactive cells (Fig. 4a)
were compared with various lymphocytes with NK cell activity.

FIG. 3. Generation of autoreactive cells. (a) Three weeks after i.v. infection with TMEV, spleen cells were isolated and used as effector cells
in a primary CTL assay. The spleen cells did not show significant cytotoxicity towards either 51Cr-labeled uninfected PSJL cells (F) or
TMEV-infected PSJL cells (TMEV-PSJL cells [‚]). (b) The spleen cells were further incubated with TMEV-APCs for 6 days and were used as
effector cells in a secondary CTL assay. The effector cells showed significant cytotoxicity not only to TMEV-PSJL cells but also to uninfected PSJL
or vaccinia virus-infected PSJL (VV-PSJL [�]) cells. (c) Three weeks after infection with vaccinia virus, spleen cells were isolated and used as
effector cells in a primary CTL assay. The effector cells killed VV-PSJL cells but could not kill uninfected PSJL cells. (d) The spleen cells in panel
c were incubated with TMEV-APCs for 6 days in vitro and then used as effector cells in a secondary CTL assay. The effector cells killed only
VV-PSJL cells. Results are representative of those from three independent experiments. Error bars indicate standard errors.
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First, NK cells were induced with poly(I:C) either in vitro or in
vivo (Fig. 4b). Second, in vitro LAK cells were generated by
culturing spleen cells with IL-2 (Fig. 4c). Third, spleen cells
were stimulated with bacterial DNA encoding CpG motifs to
stimulate NK cell activity (Fig. 4d) (54, 58). As targets, we used
the NK-sensitive cell line YAC-1, the NK-resistant cell lines
P815 and EL4, and the syngeneic cell line PSJL.

As expected, the NK-sensitive cell line, YAC-1, was effi-
ciently killed by all effector cells with NK activity, i.e., poly(I:
C)-induced NK, LAK, and DNA-induced NK cells. However,
TMEV-induced autoreactive cells did not kill YAC-1 cells.
The NK-resistant cell lines, P815 and EL4, were killed neither
by TMEV-induced autoreactive cells nor by poly(I:C)-induced
NK cells, but they were killed by LAK cells and DNA-induced

NK cells. While LAK cells and DNA-induced NK cells killed
PSJL cells, poly(I:C)-induced NK cells did not kill PSJL cells.
We found no difference in killing between poly(I:C)-induced
NK cells induced in vitro and poly(I:C)-induced NK cells in-
duced in vivo (data not shown). These results indicate that the
autoreactive cell is not an NK cell.

Cold target inhibition suggests haplotype specificity and a
requirement for cell-to-cell contact. The haplotype specificity
of the autoreactive cells was also supported by cold target
inhibition studies. Cytolysis of 51Cr-labeled PSJL cells (H2s) by
autoreactive cells was more efficiently inhibited by the addition
of either cold PSJL or cold BxSF1 cells (H2b/s) than by the
addition of cold allogeneic C57SV cells (H2b) (Fig. 5). Cold
EL4 (H2b) cells inhibited the least. However, at a hot/cold

FIG. 4. Autoreactive cells are not NK cells. (a) TMEV-induced autoreactive cells were compared with various cells with NK activity. (b) NK
cells were induced by intraperitoneal injection of poly(I:C). (c) LAK cells were induced by culture with IL-2 in vitro. (d) Spleen cells were incubated
with bacterial DNA to induce NK cell activity. As target cells, we used the NK-sensitive cell line YAC-1 (E), the NK-resistant cell lines P815 (‚)
and EL4 (�), and the syngeneic cell line PSJL (F). Poly(I:C)-induced NK cells, LAK cells and DNA-induced NK cells killed the NK-sensitive cell
line, YAC-1, whereas TMEV-induced autoreactive cells did not kill YAC-1. While poly(I:C)-induced NK cells did not kill PSJL cells, LAK cells
and DNA-induced NK cells killed not only PSJL cells but also the NK-resistant cell lines, P815 and EL4. Results are representative of those from
four independent experiments. Error bars indicate standard errors.
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target cell ratio of 1:64, even EL4 cells inhibited killing. A
similar dose-dependent inhibition of CTL killing by specific as
well as nonspecific cold target cells, particularly where killing
was dependent on bystander mechanisms, has been reported

by Ozaki et al. (37). This inhibition could be explained in two
ways. First, the cold target inhibition could be due to interfer-
ence with effector-to-target contact or proximity. Thus, a large
number of the low-affinity nonspecific cold target cells could
compete with the specific target cells. Second, the cold target
cells could absorb or could result in the consumption of soluble
cytotoxic factors.

Cytolysis requires cell-to-cell contact and is not mediated by
a soluble factor. Killing or lysis of cells by immune effector cells
can be caused by the interaction of membrane-bound effector
molecules or by the release of soluble factors. The production
of death-inducing factors by effector cells could be upregulated
after binding of the target cell or be preformed, such as per-
forin granules. To test the need for cell-to-cell contact, exper-
iments using Transwell chambers were conducted. Transwell
chambers are wells separated by a membrane (0.4-�m pore
size), where soluble factors can flow between the chambers but
cells cannot. In a 51Cr release assay, we used TMEV-induced
autoreactive cells and syngeneic PSJL cells as effector and
target cells, respectively. Effector cells were placed in the lower
chamber, and 51Cr-labeled target cells were placed either to-
gether in the same chamber (well) as the effector cells or
separated in the upper compartment (Fig. 6a). When effector
and target cells were placed in a single well together, a high
level of killing was observed. However, when a membrane
separated cells, no lysis of the labeled target cells occurred. In
our experiment, the effector cell population was mixed with
TMEV-APCs. Therefore, it is conceivable that the APCs could

FIG. 5. Cold target inhibition experiments. During a 51Cr release
assay, TMEV-induced autoreactive cells and 51Cr-labeled PSJL cells
(hot target) were mixed at an E/T ratio of 100 with various numbers of
nonlabeled cells (cold target). Cold PSJL (E) and BxSF1 (H2b/s) (‚)
cells inhibited autoreactive killing more effectively than H2b cell lines
C57SV (�) and EL4 (F). �, P � 0.05; ��, P � 0.01 (compared with
cold PSJL cells, as determined by analysis of variance). Results are
representative of those from two independent experiments. Error bars
indicate standard errors.

FIG. 6. Cell-to-cell contact is required for killing. In a 51Cr release assay, we used TMEV-induced autoreactive cells as effector cells and the
syngeneic PSJL cell line as target cells at an E/T ratio of 100. (a) Double-chamber experiments. Effector cells (F) were placed in the lower compartment
of the Transwell chamber, and 51Cr-labeled target cells (E) were placed either in the same compartment as the effector cells or in the upper compartment
of the Transwell chamber. Target cell lysis did not occur when effector and target cells were separated. (b) After a 5-h incubation of TMEV-induced
autoreactive cells with syngeneic PSJL cells at E/T ratios of 100, 33, and 11 or with no effector cells, supernatants were harvested from the cultures.
51Cr-labeled PSJL cells were incubated with the supernatants, regular RPMI 1640 medium, or Triton X-100 (maximum release), for 5 h. No cytotoxic
activity was seen in the supernatants. Results are representative of those from two independent experiments. Error bars indicate standard errors.
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stimulate the effector cells, leading to the production of soluble
or membrane-bound death-inducing molecules without the
binding to target cells as was reported in bystander killing
studies by Wang et al. (55). However, the Transwell experi-
ments exclude the possibility that soluble cytotoxic factors pro-
duced in a bystander fashion are responsible for the killing we
observe.

The Transwell experiments still left open the possibility that
a cytotoxic soluble factor could be released from the effector
cells after binding to the target cells, resulting in the lysis of the
target cell. Therefore, supernatant fluids from the cultures
were harvested after a 5-h incubation of TMEV-induced au-
toreactive cells with syngeneic PSJL cells at E/T ratios of 100,
33, and 11 or with no effector cells. 51Cr-labeled PSJL cells
were then incubated with culture supernatants, RPMI 1640
medium (negative control), or a Triton X-100 solution (maxi-
mum release). No cytotoxic activity could be attributed to or
was found in the supernatant fluids (Fig. 6b). These data con-
firm our experiments showing that cytolysis requires cell-to-cell
contact and is not mediated by a soluble factor.

Cytotoxicity is mediated through a Fas-FasL pathway but
not by a perforin pathway. Kagi et al. (19) and Lowin et al. (31)
demonstrated that perforin- and Fas-based mechanisms ac-
count for all T-cell mediated cytotoxicity in short-term CTL
assays. In our experiments, lysis of target cells required only a
short-term incubation with effector cells, i.e., less than 5 h.
Therefore, a Fas-FasL- or perforin-dependent pathway most
likely mediates the killing. Kataoka et al. (21) clearly demon-
strated that brefeldin A and concanamycin A are selective
inhibitors that block Fas-based cytotoxicity and perforin-based
killing, respectively. Since then, brefeldin A and concanamycin
A have been used to clarify the contributions of the two distinct
cytolytic pathways (11, 26). To help distinguish between the
two pathways, we tested inhibitors for each. TMEV-induced
autoreactive cells were preincubated with brefeldin A, con-
canamycin A, or vehicle alone. We incubated effector cells with
51Cr-labeled PSJL target cells for 5 h. Only brefeldin A showed
a dose-dependent inhibition of the killing (Fig. 7). The killing
was also inhibited by incubation with anti-Fas antibody (data
not shown). This suggests that the killing is mediated by a
Fas-FasL pathway but not by the perforin pathway.

Killing is mediated by CD3� CD8� T cells. We then inves-
tigated the cell surface phenotype of the cells mediating the
killing. TMEV-induced autoreactive cells were incubated with
51Cr-labeled PSJL at an E/T ratio of 100 in the presence of
anti-CD3, anti-CD4, anti-CD8, or no antibody. Figure 8a
shows that the killing was significantly inhibited by addition of
anti-CD8 antibody but not by addition of anti-CD4 antibody.
In contrast, anti-CD3 antibody enhanced the killing (data not
shown). This antibody has been previously reported to either
block or enhance cytotoxicity when added to killing assays (17,
25). We further confirmed the phenotype of effector cells by
depletion of T-cell subsets from effector cell population, using
anti-CD4 or anti-CD8 antibody and complement. Removal of
CD8� T cells resulted in a marked decrease in killing, while
removal of CD4� T cells showed no decrease (Fig. 8b). In
addition, using StemSep cocktails, we were able to either en-
rich for or purge CD3� T cells from the effector cell popula-
tion. CD3 enrichment enhanced the killing, whereas CD3 de-
pletion suppressed the killing of PSJL target cells (data not

shown). Thus, the autoreactive cytotoxic cells appear to be
CD3� CD4� CD8�.

Adoptive transfer of autoreactive cells induces CNS inflam-
mation. Finally, we investigated whether TMEV-induced au-
toreactive cells could participate in vivo in CNS inflammation.
We generated autoreactive cells in vitro and adoptively trans-
ferred the cells into naive mice by either the i.v. or i.c. route. As
a negative control, we used normal spleen cells or spleen cells
from mice mock infected with phosphate-buffered saline in-
stead of DA virus. Mice were killed either on day 6 or 10, and
CNS tissue was examined. Although no mice showed obvious
clinical signs, the group that received autoreactive cells i.c.
showed less weight gain than the other groups (mean weight
gains and standard errors on day 6 [in grams per mouse] were
as follows: control cell i.v., 1.04 	 0.22; control cell i.c., 0.5 	
0.19; autoreactive cell i.v., 0.95 	 0.24; autoreactive cell i.c.,
�0.01 	 0.13 [P � 0.05 by analysis of variance]).

Histologically, i.v. transfer of normal or mock-infected cells
into 7 control mice or of TMEV-induced autoreactive cells into
10 mice did not induce CNS changes. In eight mice that re-
ceived control spleen cells i.c., a mild meningitis was detected
only at the injection site. In contrast, in 8 of 10 mice receiving
TMEV-induced autoreactive cells i.c., perivascular cuffing and
meningitis were found distant from the injection site, including
bilateral lesions of the cerebral cortex, corpus callosum, hip-
pocampus, thalamus, pontine tegmentum, and gray and white
matter of the spinal cord (Fig. 9b and c). Using immunohisto-
chemistry, no viral antigen-positive cells were found in the
lesions or in other parts of the CNS (Fig. 9d). This suggests
that the autoreactive cells themselves can induce brain pathol-
ogy in vivo.

DISCUSSION

The phenomenon of TMEV-induced autoreactive cytotox-
icity described here is unlike any previously reported phenom-

FIG. 7. The Fas-mediated pathway is favored. Two hours prior to
the 51Cr release assay, TMEV-induced autoreactive cells were incu-
bated with brefeldin A (BFA) (E), concanamycin A (CMA) (‚), or
vehicle (�). Brefeldin A and concanamycin A are known to inhibit
Fas- and perforin-mediated cytotoxicities, respectively. Effector cells
together with 51Cr-labeled PSJL target cells were cultured for 5 h. Only
brefeldin A showed dose-dependent inhibition of autoreactive killing.
Results are representative of those from two independent experiments.
Error bars indicate standard errors.
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ena of virus-associated cytotoxicity. Yang et al. (59, 60) dem-
onstrated that polyclonal stimulation of CD8� CTLs occurred
during infection with a variety of viruses, i.e., lymphocytic cho-
riomeningitis, murine cytomegalovirus, Pichinde virus, and
vaccinia virus. The CTL responses were allospecific but not
autoreactive or xenoreactive. Holmes et al. (14) and Welsh et
al. (57) demonstrated that spleen cells from uninfected mice
selectively lysed BALB/c fibroblasts infected with mouse hep-
atitis virus, a murine coronavirus. These virus killer (VK) cells
differed from conventional NK cells and T cells. Since VK cells
were positive for B-cell markers, immunoglobulin G (IgG),
IgM, IgD, and B220 (CD45R), VK cells appeared to be cyto-
toxic B cells. VK cells were not cytotoxic for uninfected cells,
and SJL/J mice lacked VK cell activity. Therefore, TMEV-
induced autoreactive cytotoxic cell activity differs from either
the CTL activity seen in lymphocytic choriomeningitis infec-
tion or the VK cell activity seen in mouse hepatitis virus in-
fection.

The SJL/J mouse is a genetically low-NK cell strain, and
cytotoxic activity cannot be augmented by using conventional
NK inducers (20). In this report, however, we demonstrated
that both bacterial DNA and IL-2 were able to induce NK cells
or LAK cells, which killed the NK-sensitive target YAC-1.
Induction of unique cytotoxicity in SJL/J mice has also been
reported by two groups, i.e., reticulum cell sarcoma-induced
NK cells (27) and oligodendrocyte-specific autoreactive T-cell
clone, C2 (17). Reticulum cell sarcoma-induced NK cells were
CD8� and could kill YAC-1 cells. The C2 cell was CD8� and
could kill not only syngeneic murine oligodendrocytes but also
rat oligodendrocytes. This killing was blocked by anti-myelin
oligodendrocyte glycoprotein antibody but not by anti-class I
(H-2K) or anti-class II antibody. Our TMEV-induced autore-
active cells did not show cytotoxicity against YAC-1 or xeno-
geneic cells (data not shown), and thus they are different from
other cytotoxic cells reported to be induced in SJL/J mice.

Another candidate cell population for the TMEV-induced
autoreactive cells is the NKT cell. NKT cells have been dem-
onstrated to be autoreactive and exhibit potent lytic activity
(2). Originally, SJL/J mice were reported to be deficient in
NKT cells (61). However, Murakami and Paul (34) reported
that there is an age-dependent appearance of NKT1.1� T cells
in livers of SJL/J mice. Conversely, Beutner et al. (4) found
NKT-like cells that were IL-2R�� but NK1.1� in the livers of
SJL/J mice. Although the cytotoxic activity of these NKT cells
is not known, the low numbers of these cells present in the
spleens of SJL/J mice may explain why we detect cytotoxic
activity only after an in vitro secondary stimulation.

In TMEV infection, both CD4� (38) and CD8� (9, 29) T
cells have been demonstrated to kill TMEV-infected or TMEV
antigen-pulsed targets but not uninfected syngeneic targets.
Lin et al. (28, 29) demonstrated nonspecific cytotoxicity asso-
ciated with CNS-infiltrating cells from either resistant or sus-
ceptible mouse strains infected with TMEV. The killer cells
could lyse an anti-CD3 antibody-secreting hybridoma cell line
and the xenogeneic cell line Jurkat. Here, CD8� T cells and a
perforin pathway mainly mediated the cytotoxicity. The killer
cell could not lyse syngeneic target cells. Thus, although this
cell appears to have an non-antigen-specific killing phenotype,
its characteristics are different from those of the autoreactive
cells described here.

Thus far, we do not know what is being recognized on the
target cells by the TMEV-induced autoreactive cells. One pos-
sibility is that various self-peptides presented by MHC mole-
cules are recognized. Enhancement of killing of BxSF1 cells
and astrocytes after IFN-� treatment supports this hypothesis,
since IFN-� is known to upregulate MHC molecules on various
cells. Using flow cytometry, we could not detect the presence of
MHC class II molecules on PSJL cells with anti-class II anti-
body prior to or after IFN-� treatment (data not shown).
Therefore, MHC class II-presented peptides are unlikely tar-
get epitopes. In contrast, an anti-class I antibody, M1/42,
showed that PSJL cells had high levels of class I on their
surface without stimulation. IFN-� treatment significantly in-
creased the amount of class I on both BxSF1 cells and the
primary astrocytes, correlating with their ability to be killed by
the TMEV-induced autoreactive cells (data not shown). On
the other hand, we found that syngeneic concanavalin A-stim-
ulated lymphoblasts were resistant to killing by TMEV-in-

FIG. 8. Anti-CD8 inhibits killing. (a) TMEV-induced effector cells
were incubated with PSJL target cells at an E/T ratio of 100 in the
presence of anti-CD4 (‚), anti-CD8 (�), or no antibody (No Ab).
Both anti-CD4 and anti-CD8 antibodies are blocking antibodies (5, 30)
when added to CTL assays. Although anti-CD4 antibody showed no
effect, anti-CD8 antibody significantly inhibited the killing (the spon-
taneous release of PSJL target cells without effector cells was 1,137 cpm).
(b) CD4� or CD8� T cells were depleted from the effector cell pop-
ulation by using anti-CD4 or anti-CD8 antibody with complement. In
the control group, effector cells received no treatment or treatment with
complement alone (C
 alone). Results are representative of those from
two independent experiments. Error bars indicate standard errors.
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duced autoreactive cells (0 and 3% lysis in two experiments
[data not shown]). This implies that not all syngeneic cells,
including those that express MHC class I molecules, are capa-
ble of being killed by the autoreactive cells.

We showed that TMEV-induced autoreactive cytotoxicity is
most likely mediated by a Fas-FasL pathway but not by a
perforin pathway. In TMEV infection, perforin-deficient mice
have been reported to develop exacerbation and/or prolonga-
tion of acute polioencephalomyelitis followed by demyelinat-
ing disease in spite of the C57BL/6 genetic background, which
is normally resistant to demyelinating disease (35, 39). There-
fore, although the perforin-mediated pathway seems to play an
important role in virus clearance and gray matter inflammation
during the acute stage of TMEV infection, it is not required for
induction of demyelinating disease. On the other hand, TMEV
induces chronic brain pathology instead of demyelination in
the spinal cord white matter in lpr (Fas mutation) and gld
(FasL mutation) mice having a resistant B6 genetic back-
ground (35).

TMEV-induced autoreactive cytotoxic cells could play a role
in vivo as either effector or regulatory cells. Potentially, the
CD8� autoreactive cells could induce cell death of Fas� oli-
godendrocytes directly if oligodendrocytes express class I mol-
ecules on the surface or indirectly without expression of class I
molecules in a bystander manner. This could lead to demyeli-
nation during TMEV infection. Fas-dependent bystander lysis
has been reported to be caused not only by CD4� T cells (47,
55) but also by CD8� T cells (1). Although this hypothesis
needs to be substantiated, supportive data suggest that this
could occur: (i) in TMEV infection, we demonstrated apopto-

sis of oligodendrocytes, which are myelin-forming cells (41, 51,
53); (ii) class I molecules are known to be inducible on oligo-
dendrocytes (13); (iii) FasL� infiltrates and Fas� oligodendro-
cytes are detected in MS (8, 10, 62; reviewed in reference 42);
and (iv) oligodendrocytes are susceptible to Fas-mediated kill-
ing in vitro (10).

Within this context, a possible scenario for demyelination by
TMEV-induced autoreactive cells is that first APCs present
TMEV capsid proteins to CD3� CD8� T cells. These activated
cells now express FasL on the surface and recognize Fas� cells
together with self-antigen, possibly through molecular mimicry
between TMEV capsid proteins and host proteins. If oligoden-
drocytes express self-antigen with Fas on its surface, this would
lead to oligodendrocyte apoptosis and demyelination. Alterna-
tively, if some other host cell presents self-antigens near Fas�

oligodendrocytes, this will also lead to oligodendrocyte death
in a bystander manner.

Alternatively, CD8� cytotoxic autoreactive T cells could play
a suppressive role. Pathogenesis of autoimmune disease in
some animal models involves defects in immunoregulation,
where immune responses to self are normally downregulated.
Fas-defective lpr mice and FasL-defective gld mice are known
to develop a systemic lupus erythematosus-like autoimmune
disease with accumulation of lymphocytes in the periphery
(32). MS has also been associated with loss of negative regu-
lation, including suppressor cells and regulatory cells (reviewed
in references 40 and 56). In some EAE models, CD8� T
suppressor cells have been reported, although their actual role
and mechanism of action are controversial (reviewed in refer-
ences 40 and 51). Sun et al. (45) demonstrated that CD8�

FIG. 9. Neuropathology caused by i.c. adoptive transfer of TMEV-induced autoreactive cells. Naive mice received control cells (a) or
autoreactive cells induced in TMEV-infected mice (b, c, and d). Mice were killed 10 days after cell transfer. No lesions were found in the spinal
cords of mice receiving control cells (a). In contrast, adoptive transfer of autoreactive cells caused meningitis (arrowheads) and parenchymal
inflammation (arrows) not only in the brain (b) (the cerebral cortex) but also in the spinal cord away from the injection site (c). Viral
antigen-positive cells were not detected in consecutive sections of the CNS (d). (a to c) Luxol fast blue stain; (d) immunohistochemistry for TMEV
antigens. Magnifications, �140 (a, c, and d) and �70 (b).
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regulatory (suppressor) T cells could kill the encephalitogenic
T-cell line (S1) in vitro and suppress EAE in vivo. The S1-
specific regulatory cells seem to be FasL� and lytic for a FasL-
sensitive mouse lymphoma cell line, A20, although soluble Fas
was able to only partially inhibit cytolysis of S1 cells (46). In
TMEV infection, Nicholson et al. (36) suggested that the re-
sistance of BALB/c mice to demyelinating disease might be
due to regulatory CD8� T cells rather than TMEV-specific
cytotoxic CD8� T cells, while the mechanism of regulation was
not defined.

The autoreactive cells in TMEV infection might act as reg-
ulatory cells that suppress effector cells in TMEV-induced
demyelination. Although the precise mechanism(s) of demy-
elination is not clear, possible effector cells include TMEV-
specific CD4� and CD8� T cells, myelin-specific Th1 cells
generated by determinant spreading, TMEV-specific B cells
that produce myelinotoxic antibody, and macrophages (re-
viewed in references 9, 51, and 52). In this study, we detected
autoreactive cells only after in vitro stimulation and not in a
primary CTL assay. Therefore, a failure to produce regulatory
CTLs in vivo in susceptible SJL/J mice could be a key factor for
survival of effector cells that might be otherwise killed in re-
sistant mice. We are currently investigating whether we can
detect TMEV-induced autoreactive cells in a primary CTL
assay in TMEV-resistant mice.

Potentially, our inability to detect killing by the autoreactive
cells in primary CTL assays could be due to insufficient num-
bers of cells. Moreover, cytotoxicity in freshly isolated killer
cells has been reported to require different conditions. Arase
et al. (2) showed that detection of cytotoxicity of freshly iso-
lated NKT cells required a longer incubation period for the
CTL assay than was necessary with NKT cells that were stim-
ulated in vitro.

To further characterize the TMEV-induced autoreactive
cells, we are in the process of cloning these cells. Thus far, in
order to obtain these cells we had to select either positively or
negatively for CD8� T cells and then clone these cells by
limiting dilution. Several clones and T-cell hybridomas which
can kill both TMEV-infected and syngeneic cells have been
generated. Investigation to compare the phenotypes of these
cell lines with those in the bulk cultures described above is
under way. These cell lines should provide us with important
tools to further investigate the nature of the autoreactivity
generated by TMEV infection.
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