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Theiler’s murine encephalomyelitis virus (TMEV) is a natural mouse pathogen which causes a lifelong
persistent infection of the central nervous system (CNS) accompanied by T-cell-mediated myelin destruction
leading to chronic, progressive hind limb paralysis. TMEV-induced demyelinating disease (TMEV-IDD) is
considered to be a highly relevant animal model for the human autoimmune disease multiple sclerosis (MS),
which is thought to be initiated as a secondary consequence of a virus infection. Although TMEV-IDD is
initiated by virus-specific CD41 T cells targeting CNS-persistent virus, CD41 T-cell responses against self
myelin protein epitopes activated via epitope spreading contribute to chronic disease pathogenesis. We thus
examined the ability of antibodies directed against B7 costimulatory molecules to regulate this chronic
virus-induced immunopathologic process. Contrary to previous studies showing that blockade of B7-CD28
costimulatory interactions inhibit the initiation of experimental autoimmune encephalomyelitis, treatment of
SJL mice at the time of TMEV infection with murine CTLA-4 immunoglobulin or a combination of anti-B7-1
and anti-B7-2 antibodies significantly enhanced clinical disease severity. Costimulatory blockade inhibited
early TMEV-specific T-cell and antibody responses critical in clearing peripheral virus infection. The inhibi-
tion of virus-specific immune responses led to significantly increased CNS viral titers resulting in increased
damage to myelin-producing oligodendrocytes. Following clearance of the costimulatory antagonists, epitope
spreading to myelin epitopes was accelerated as a result of the increased availability of myelin epitopes leading
to a more severe chronic disease course. Our results raise concern about the potential use of B7-CD28
costimulatory blockade to treat human autoimmune diseases potentially associated with acute or persistent
virus infections.

Theiler’s murine encephalomyelitis virus (TMEV) is a pi-
cornavirus and a natural mouse pathogen which causes a life-
long persistent infection of the central nervous system (CNS)
of susceptible mouse strains accompanied by T-cell-mediated
myelin destruction leading to chronic, progressive hind limb
paralysis (23, 24, 35). TMEV-induced demyelinating disease
(TMEV-IDD) is considered to be a highly relevant animal
model for the human autoimmune disease multiple sclerosis
(MS). Both MS and TMEV-IDD are characterized by mono-
nuclear cell infiltrates and areas of demyelination in the white
matter of the CNS. In addition, MS also has a suspected virus
etiology (17), as the incidence of MS varies according to a
distinct geographical distribution, outbreaks of MS epidemics
have been well documented, and higher relapse rates have
been noted in patients after viral infection (11, 32).

Approximately 30 days after intracerebral inoculation of SJL
animals with the BeAn 8386 strain of TMEV, mice demon-
strate hind limb weakness and a waddling gait indicative of
TMEV-IDD (23). Histological evidence shows a mononuclear
cell infiltrate into the CNS consisting primarily of CD41 T cells
and macrophages (26). A wealth of evidence indicates that
myelin destruction is T cell mediated (2, 3, 8, 39, 44). Demy-

elination is initiated by CD41 T cells specific for virus epitopes.
These T-cell responses arise within 7 to 10 days postinfection
(2, 9, 46) and target CNS-persistent virus leading to macroph-
age-mediated bystander destruction of CNS myelin (16, 28,
29). Approximately 4 weeks after onset of clinical disease, i.e.,
8 weeks postinfection, T-cell responses to myelin epitopes arise
in an ordered temporal progression (30) consistent with a role
for both virus- and myelin-specific responses in the chronic
phase of disease. The appearance of myelin-specific responses
and the lack of cross-reactivity between TMEV and myelin
epitopes indicate that CNS autoimmunity arises by epitope
spreading and is not due to molecular mimicry (i.e., shared
virus and myelin epitopes) (27, 30, 42).

For complete activation, T cells require the delivery of at
least two signals by antigen-presenting cells (APCs). Signal one
is antigen specific and is delivered via the T-cell receptor by the
peptide-major histocompatibility complex on the APC. The
second “costimulatory” signal is largely provided via the CD28
molecule on T cells by its ligation with a member of the B7
family of molecules, B7-1 or B7-2, expressed on the APC
(reviewed in references 12 and 20). CD28-mediated signaling
results in the activation of both growth and survival factors for
T cells (20). As the B7-CD28/CTLA-4 costimulatory system
plays a critical role in determining the fate of immune re-
sponses (activation versus down-regulation), it serves as a
promising therapeutic target for regulating autoimmune dis-
eases and in other clinical situations where immune modula-
tion is required (13, 43). Numerous studies from our laboratory
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and others clearly indicate that blockade of the B7-CD28 co-
stimulatory pathway can prevent induction of several autoim-
mune diseases (7, 19, 33, 36), as well as serve as an effective
therapy for established relapsing experimental autoimmune
encephalomyelitis (EAE) (31).

Since both the initiation and progression of TMEV-IDD are
T-cell-mediated events, we asked if treatment with antagonists
of the B7-CD28 costimulatory pathway would be an effective
means of interfering with disease initiation as has been previ-
ously reported for the various autoimmune disease models
cited above. Interestingly, unlike other autoimmune disease
models, treatment with CTLA-4 immunoglobulin (Ig) or a
combination of antibodies against both B7-1 and B7-2 exacer-
bated the clinical disease course of TMEV-IDD. Blockade of
B7-CD28 costimulation concomitant with virus infection re-
sulted in significantly decreased TMEV-specific T-cell prolif-
erative and antibody responses leading to an increased viral
load in the CNS. During the chronic phase of disease, epitope
spreading to self myelin epitopes was accelerated, presumably
due to increased early direct virus-mediated damage to myelin-
producing oligodendrocytes leading to accelerated release of
myelin antigen, ultimately resulting in enhanced clinical dis-
ease. This study indicates that blockade of costimulatory inter-
actions during the acute phase of a virus-initiated autoimmune
disease such as TMEV-IDD, or perhaps during a virally in-
duced MS relapse, may result in exacerbated clinical disease.

MATERIALS AND METHODS

Mice. Five- to six-week-old female SJL mice were purchased from Jackson
Laboratories (Bar Harbor, Maine). All mice were housed in Northwestern Uni-
versity animal care facility and were maintained on standard laboratory chow and
water ad libitum.

Peptides. Viral peptides VP270–86 (QEAFSHIRIPLPH) and VP324–37
(PIYGKTISTPSDY) and myelin peptides PLP139–151 (HSLGKWLGHPDKF)
and PLP178–191 (NTWTTCQSIAFPSK) were synthesized on a synergy peptide
synthesizer (Applied Biosystems, Foster City, Calif.) or purchased from Peptides
International (Louisville, Ky.). Purity was confirmed by mass spectrometry.

Virus. BeAn strain 8386 of TMEV was used in infection of mice and in
proliferation and delayed-type hypersensitivity (DTH) assays. Virus was pas-
saged in BHK-21 cells and partially purified from BHK lysate using polyethylene
glycol precipitation and centrifugation through sucrose gradients (25).

Induction of TMEV-IDD and disease scores. Mice were anesthetized with
methoxyflurane and inoculated in the right cerebral hemisphere with 9 3 107

PFU of TMEV, BeAn 8386, in 30 ml of Dulbecco modified Eagle medium
(DMEM). Mice were checked two or three times per week for clinical signs of
disease until onset of disease when clinical symptoms were assessed two times
per week. The clinical disease score is based on the development and progression
of chronic gait abnormalities and spastic paralysis. Scores are assigned over a
6-point scale: 0, asymptomatic; 1, mild waddling gait; 2, severe waddling gait; 3,
impaired righting reflexes; 4, impaired righting with accompanying dehydration;
5, total hind limb paralysis; 6, death.

Treatment of TMEV-infected mice with antagonists of costimulation. Murine
CTLA-4 Ig, a fusion protein between the mouse CTLA-4 molecule and the Fc
portion of murine IgG2a, was obtained from Genetics Institute, Boston, Mass.
Anti-B7-1 (16.10.A1) and anti-B7-2 monoclonal antibodies (MAbs; GL-1) were
produced in an Acusyst Jr. bioreactor and purified as previously described (19).
Antibodies were administered by intraperitoneal injection, beginning day 0
postinfection, every other day for a total of five treatments from day 0 to day 8
postinfection. Fifty micrograms of anti-B7-1 or anti-B7-2 antibody was given per
injection for the single-treatment group, while 50 mg of each antibody in com-
bination was administered to the double-treatment group for a total of 0.25 mg
administered over the treatment regimen. Murine CTLA-4 Ig was given at 100
mg per injection, totaling 0.5 mg administered per animal. Control animals
received 50 mg of hamster Ig (Cappell, Durham, N.C.) per antibody administration.

DTH analysis. DTH responses were quantitated using a 24-h ear swelling
assay. Prechallenge ear thickness was determined using a Mitutoyo model 7326
engineer’s micrometer (Schlesinger’s Tools, Brooklyn, N.Y.). Immediately there-
after, DTH responses were elicited by injecting 5 mg of VP270–86, 10 mg of
PLP139–151, or 10 mg of PLP178–191 (in 10 ml of saline) into the dorsal surface of
the ear using a 100-ml syringe fitted with a 30-gauge needle. The increase in ear
thickness was determined 24 h after ear challenge. Results are expressed in units
of 1024 in. 6 the standard error of the mean (SEM). Background swelling
ranged between 3 3 1024 and 10 3 1024 in.

T-cell proliferation assays and IFN-g assays. Spleens of infected animals were
removed and teased into a single-cell suspension over wire mesh in Hanks

balanced salt solution (HBSS). Red blood cells were lysed by treatment with
Tris-NH4Cl solution for 5 min at 37°C. Cells were washed with HBSS and
resuspended in HL-1 media (BioWhittaker, Walkersville, Md.) supplemented
with 1% L-glutamine and 1% penicillin-streptomycin (Gibco, Grand Island,
N.Y.). Bulk splenocytes were plated in flat-bottom, 96-well plates (Costar, Corn-
ing, N.Y.) at 106 cells/well and stimulated with viral or myelin peptides in a range
of concentrations (1 to 200 mM). Whole UV-inactivated virus was added at a
concentration of 5 mg/well. Cell cultures were pulsed with 1 mCi of [3H]thymidine
(TdR) (Amersham, Arlington Heights, Ill.) after 72 h and harvested 18 to 20 h
thereafter (Packard, Meriden, Conn.). [3H]TdR incorporation was measured on
a TopCount-NXT (Packard), and results are expressed as the means of triplicate
cultures 6 SEM (background counts subtracted). Supernatants collected at 24
and 48 h from replicate cultures were assayed for gamma interferon (IFN-g)
using Endogen (Woburn, Mass.) minikits by following the outlined protocol.

Assay of TMEV-specific antibody responses. TMEV-specific antibody levels
were determined by a specific enzyme-linked immunosorbent assay (ELISA).
Ninety-six-well Maxisorp plates (Nunc, Naperville, Ill.) were coated overnight at
room temperature with 1 mg of purified, UV-inactivated TMEV in phosphate-
buffered saline (PBS). Plates were blocked the next day with 200 ml of PBS–2%
bovine serum albumin–2% normal goat serum–0.05% Tween for 2 h. Plates were
then washed four times with the same solution, and dilutions of serum samples
were added in the blocking solution. Plates were incubated for 1 h and washed
four times, and mouse anti-TMEV serum antibody was then detected by the
addition of horseradish peroxidase-conjugated anti-mouse Ig isotypes (Caltag,
San Francisco, Calif.) for 1 h at room temperature. Plates were washed and color
was developed using tetramethylbenzidine substrate (Dako, Carpinteria, Calif.).
The reactions was quenched by addition of 0.18 M H2SO4. Absorbance at 450 nm
was measured using an ELISA reader (Molecular Devices, Menlo Park, Calif.)
and analyzed using SOFTMax software. Purified BHK lysate was used as a
negative control and plate blank. Results are expressed as sample optical density
(OD) 2 blank OD.

Flow cytometry analysis. All antibodies used were purchased from Pharmin-
gen (San Diego, Calif.) except F4/80 fluorescein isothiocyanate (FITC), which
was purchased from Caltag Laboratories. Splenocytes (2 3 106 per tube) were
used for flow analysis. Cells to be stained were washed in isotonic saline–1%
normal goat serum and blocked with 24G2 (anti-FcRIIIg) supernatant and 1%
normal mouse serum. Cells were then stained for three-color analysis with either
anti-CD4 PerCP and anti-CD8 FITC or anti-F4/80 FITC and anti-B220 PerCP
plus phosphatidylethanolamine (PE)-conjugated activation marker antibody for
30 min at 4°C in the dark. PE-conjugated isotype control antibodies were used to
determine background staining levels. Cells were then washed twice in isotonic
buffered saline-normal goat serum before analysis. Data were collected on a
FACSCalibur flow cytometer (Becton-Dickinson, Mountain View, Calif.) and
analyzed using Cellquest software.

Virus plaque assay. Tissues from infected mice (two or three mice/time point)
were pooled for analysis. Tissue was first weighed and then homogenized with a
glass tissue homogenizer (Bellco, Vineland, N.J.) in sterile PBS. Tissue was
diluted appropriately in DMEM–0.1% BSA and plated on a monolayer of BHK
cells in 60- by 35-mm plastic tissue culture dishes (Nunc). Tissue homogenates
were incubated for 45 min with shaking. Tissue homogenate was then removed,
and the cells were overlayed with a warmed 1:1 mixture of DMEM and 0.1%
BSA combined with noble agar solution. Plates were allowed to cool and placed
at 33°C. Plaques were developed after 3 days using 0.025% neutral red (Sigma,
St. Louis, Mo.) in PBS by overlaying the agar for approximately 1 h at 33°C,
decanting, and allowing the plates to develop at 33°C for approximately 3 h.

Statistical analysis. A statistical comparison of the percentages of animals
showing clinical disease between any two groups of mice was performed by x2

test using Fisher’s exact probability. Comparisons of differences in mean peak
disease severity and in immunological parameters between any two groups of
mice were determined using Student’s t test.

RESULTS

Blockade of B7-1 and B7-2 costimulation exacerbates the
clinical and histologic course of TMEV-IDD. As blockade of
B7-CD28-mediated costimulation has been shown to be effec-
tive in prevention and treatment of a variety of autoimmune
diseases, we were interested to study the effects of costimula-
tory blockade for TMEV-IDD, a virus-induced, immune-me-
diated demyelinating disease with a chronic-phase autoim-
mune component (30). Six- to seven-week-old female SJL mice
were infected with 9 3 107 PFU of TMEV. SJL mice were
treated with costimulatory antagonists on days 0, 2, 4, 6, and 8
postinfection and were then monitored for clinical disease pro-
gression. As seen in Fig. 1, clinical signs of disease in all of the
treatment groups began approximately 30 days postinfection,
characteristic of a normal disease course. However, beginning
around 60 to 70 days after TMEV infection, animals given
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mCTLA-4 Ig or combination injections of anti-B7-1 and anti-
B7-2 showed a slightly increased mean clinical disease score.
As disease progressed the CTLA-4 Ig-treated group (90 to 100
days postinfection), and slightly later the combined anti-B7
MAb-treated group (110 to 120 days postinfection), exhibited
significantly increased mean clinical disease scores compared
to the control mice treated with hamster Ig. Early administra-
tion of anti-B7-1 or anti-B7-2 MAbs alone had no significant
effect on the progression of TMEV-IDD, perhaps indicating
overlapping roles for these molecules in TMEV disease.

Representative mice from the treatment groups were ana-
lyzed for histologic evidence of inflammation and demyelina-
tion at 60 days postinfection. CNS sections from mice treated
with CTLA-4 Ig exhibited more severe inflammation and de-
myelination (Fig. 2B and C) than TMEV-infected control mice
treated with hamster Ig (Fig. 2A). Interestingly, there was
extensive remyelination in the CTLA-4 Ig-treated mice exam-
ined at 116 days postinfection and the remyelination was me-
diated equivalently by oligodendrocytes and Schwann cells
(Fig. 2D).

Blockade of B7-1 and B7-2 costimulation enhances virus-
specific DTH and epitope spreading to myelin epitopes during
chronic disease. Normally, TMEV-infected SJL mice develop
T-cell responses to the dominant epitope on proteolipid pro-
tein (PLP139–151) via epitope spreading approximately 55 to 60
days postinfection, i.e., 3 to 4 weeks after the onset of clinical-
disease signs (30). PLP139–151-specific DTH responses were
significantly enhanced above control values in the group
treated with anti-B7-1 plus anti-B7-2 and the group treated
with CTLA-4 Ig 50 days postinfection (Fig. 3A). There was
also an enhanced response to the immunodominant viral pep-
tide, VP270–86, in the CTLA-4 Ig-treated mice. Interestingly,
the enhanced autoimmune responses at this early time point
are not yet reflected by an increased disease score. However,
myelin-specific DTH responses to PLP epitope PLP139–151 as
well as to secondary PLP peptide PLP178–191 were still en-

hanced at 105 days postinfection (Fig. 3B), when clinical dis-
ease is exacerbated. The response to PLP178–191 is particularly
significant since responses to this epitope are not detected in
the peripheral immune system until approximately 150 days
postinfection (unpublished results). Thus, increased clinical-
disease severity in the groups treated with anti-B7-1 plus anti-
B7-2 and CTLA-4 Ig is accompanied by increased and accel-
erated epitope spreading in these animals.

Blockade of B7-1 and B7-2 costimulation inhibits early T-
cell proliferative and cytokine responses to TMEV but en-
hances myelin-specific responses. On day 20 postinfection,
approximately the time when peripheral viremia is cleared and
infected animals show potent responses to viral antigen (3), we
assayed T-cell proliferative responses against both TMEV and
myelin epitopes. At 20 days postinfection, splenic T cells from
control mice proliferated (Fig. 4A) and produced IFN-g (Fig.
5A) in response to UV-inactivated TMEV and to the domi-
nant viral epitopes VP270–86 and VP324–37, but not in response
to the immunodominant myelin epitope PLP139–151. Animals
treated with anti-B7-1 alone and anti-B7-2 alone can also re-
spond to whole virus and to the VP270–86 epitope. Stimulation
index (SI) calculations show that all single-antibody treatment
groups had good proliferative responses to whole TMEV and
VP2 peptide (SI range, 3.8 to 11.1). Mice treated with either
anti-B7-1 plus anti-B7-2 or CTLA-4 Ig in which both B7 mol-
ecules are targeted, failed to proliferate or produce significant
levels of IFN-g upon stimulation with whole virus or the viral
epitopes. Interestingly, animals treated with CTLA-4 Ig during
the first few days of viral infection exhibited significant prolif-
erative and IFN-g responses to the myelin peptide PLP139–151
(SI 5 4.6) at this early time point, perhaps indicating acceler-
ated epitope spreading in these animals. Therefore, it appears
that blocking both B7-1 and B7-2 inhibits the ability of the
animals to activate virus-specific cells but may lead to autoim-
mune responses by promoting direct release of self antigens
from infected oligodendrocytes (see below). At 63 days postin-
fection (Fig. 4B and 5B) the groups treated with CTLA-4 Ig
and anti-B7-1 plus anti-B7-2 exhibited significant proliferative
and IFN-g responses to virus, viral peptides, and PLP139–151.
Th2 cytokines were undetectable in any treatment groups at
either time point. This suggests that treatment with costimu-
latory antagonists at the time of viral infection may affect the
early responses to viral antigens, but that animals recover the
ability to mount Th1 responses against virus peptides as dis-
ease progresses and the virus persists in the CNS of the animal.
The early decrease in virus-specific antigen responses in the
periphery may delay viral clearance in the periphery and in-
crease viral persistence in the CNS. An increase in viral load in
the CNS could lead to increased myelin damage, thereby ac-
celerating epitope spreading to endogenous myelin epitopes.

Blockade of B7-1 and B7-2 costimulation impairs antivirus
antibody production. Anti-TMEV antibody responses are re-
quired for infected animals to properly keep viral replication in
check and eventually clear the virus from the periphery (41).
Suppression of B-cell responses in susceptible animals using
anti-IgM antibodies accelerates and increases demyelination in
treated animals (38). The importance of the antiviral antibody
response early in disease led us to investigate whether treating
with costimulatory antagonists during the early stages of viral
infection would inhibit anti-TMEV antibody responses. We
used pooled sera from three animals per treatment regimen in
an analysis of total anti-TMEV IgG responses at 13 days
postinfection to show that vigorous anti-TMEV IgG responses
were produced by the control hamster Ig-treated mice, as well
as the anti-B7-1- and the anti-B7-2-treated mice (Fig. 6). How-
ever, anti-TMEV IgG production was severely impaired in the

FIG. 1. Early treatment with CTLA-4 Ig or a combination of anti-B7-1 and
anti-B7-2 antibodies exacerbates clinical disease in Theiler’s virus-infected SJL
mice. Five- to six-week-old female SJL mice were infected intracerebrally with
9 3 107 PFU of TMEV. Beginning on the day of infection mice (n 5 14 mice per
group) were treated every other day for five total treatments with hamster
control Ig or costimulatory antagonists according to the protocol in Materials
and Methods. The mice were monitored for disease onset and progression of
clinical symptoms for 142 days postinfection. p, clinical score significantly greater
than that of hamster Ig-treated controls, P , 0.05. Disease course is represen-
tative of three or four separate experiments. Arrows indicate where animals were
sacrificed for assay purposes.
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groups treated with anti-B7-1 plus anti-B7-2 and CTLA-4 Ig.
This lack of antibody response can be attributed to blockade of
Th-cell activation required to produce IgG antibodies and con-
trol viral replication. Analysis of serum anti-TMEV IgG levels
54 days postinfection shows that the groups treated with
CTLA-4 Ig and anti-B7-1 plus anti-B7-2 made anti-TMEV-
specific antibody, although at lower levels than the other treat-
ment groups (data not shown). Recovery of antibody respon-
siveness later in disease parallels a similar recovery of both
proliferative responses and IFN-g secretion seen in mice
treated with the costimulatory molecule antagonists (Fig. 4 and
5), indicating that the effects of CD28 costimulation blockade
are not long lasting (over 50 days). However, blockade early in
disease dramatically affects early antiviral responses and even-
tually leads to increased disease severity.

Blockade of B7-1 and B7-2 costimulation alters peripheral
levels of costimulatory molecule expression. Because the initial

peripheral response to virus is critical in viral clearance, inhi-
bition of this response early in disease in mice treated with
costimulatory antagonists could indicate a lack of activation of
virus-specific cells. Flow cytometry analysis was performed on
splenocytes from treated mice taken 12 days after the last
antibody treatment (20 days postinfection). Early in disease,
CTLA-4 Ig treatment decreased levels of B7-2 on the surfaces
of both CD41 and CD81 T cells (Fig. 7A) as well as the
number of B7-21 CD41 and CD81 cells (8 and 21.5%, respec-
tively, versus .50% in all other groups; data not shown). B7-1
surface expression was decreased by both the CTLA-4 Ig and
anti-B7-1 plus anti-B7-2 treatments for both T-cell subsets,
with CD41 populations less than 5% B7-11 compared to
;40% in other treatment groups and ,3% CD81 compared to
10% B7-11 in other groups. The combination treatment also
decreased B7-1 expression on the surfaces of splenic F4/801

macrophages (4% B7-11) and B2201 B cells (2% B7-11) (Fig.

FIG. 2. CTLA-4 Ig treatment leads to enhanced CNS myelin destruction and increased remyelination in TMEV-infected mice. (A) Section of spinal cord of hamster
IgG-treated, TMEV-infected animal 60 days postinfection showing moderate myelin degeneration in both anterior columns. (B) Section from the spinal cord of a
CTLA-4 Ig-treated mouse 63 days postinfection showing severe inflammation and demyelination in both anterior columns. (C) Section from a different area of the
spinal cord of the CTLA-4 Ig-treated animal shown in panel B showing an area of active demyelination with numerous macrophages on the left and an area of chronic
demyelination on the right. Arrowheads, axons surrounded by thin myelin, characteristic of remyelination. (D) Section from CTLA-4 Ig-treated animal 116 days
postinfection shows mild residual inflammation, with both anterior columns showing extensive remyelination. Remyelinating cells are equally distributed between
oligodendrocytes and Schwann cells. All sections are 1-mm-thick Epon-embedded sections stained with toluidine blue. Magnification, 3220.
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7B). In groups treated with either anti-B7-1 or anti-B7-2 alone,
surface expression of B7-1 and B7-2 and the percentage of
positive cells were comparable to levels in hamster Ig-treated
controls. Thus, it is unlikely that the decreased levels of B7-1 or
B7-2 observed in the groups treated with CTLA-4 Ig and anti-
B7-1 plus anti-B7-2 are due to interference by the treatment
antibodies with the detection antibodies used in the flow anal-
ysis, but rather is likely due to an alteration in surface levels of
costimulatory molecules due to antagonist treatment. Treat-
ment with the costimulatory antagonists also altered the level
of the T-cell costimulatory molecule CD28, decreasing CD28
levels in the combination therapy-treated mice and increasing
CD28 levels in CTLA-4 Ig-treated mice. Analysis of other
T-cell activation markers showed no difference between the
treatment groups.

Interestingly, B7-1 and B7-2 expression levels were still al-
tered later in the disease course (63 days postinfection), when
clinical disease in the murine CTLA-4 Ig and anti-B7-1 plus
anti-B7-2 treatment groups began to accelerate above control
levels (Fig. 7C and D). B7-2 levels on both T-cell and APC
populations in the CTLA-4 Ig-treated mice remained low even
months after cessation of treatment, with numbers of APCs
expressing B7-2 decreasing dramatically over time. F4/801

B7-21 cells decreased from 64 to 33% while B2201 B7-21 cells
dropped from 55 to 22% (data not shown). B7-2 surface ex-
pression was also still decreased in mice treated with the com-
bination of anti-B7-1 and anti-B7-2 antibodies despite a com-
parable number of cells expressing B7-2. In contrast, B7-1
surface expression was only minimally affected at this later
time point. However, while numbers of T cells expressing B7-1
in the groups treated with CTLA-4 Ig and anti-B7-1 plus anti-
B7-2 increased over time (;20% CD41 and ,10% CD81) the
numbers remain lower than those for other treatment groups.
This long-lasting alteration in peripheral costimulatory mole-
cule expression may contribute to the increased disease sever-
ity and accelerated epitope spreading in the animals treated
with CTLA-4 Ig and anti-B7-1 plus anti-B7-2. Sustained down-
regulated levels of costimulatory molecule expression, as well
as the numbers of cells expressing the individual costimulatory
molecules, may thus influence immune activation events long
after costimulatory antagonists are cleared.

Blockade of B7-1 and B7-2 costimulation significantly en-
hances early CNS viral titers. Early decreases in virus-specific

FIG. 3. In vivo DTH responses to virus and myelin epitopes in costimulatory
antagonist-treated mice. Three representative animals from each treatment reg-
imen were analyzed for DTH response at 48 (A) and 105 days (B) postinfection.
Mice were ear challenged with either 5 mg of VP270–86, 10 mg of PLP139–151, or
10 mg of PLP178–191, and ear swelling was measured 24 h later. Results are
expressed as the change in ear swelling. p, DTH responses significantly above
that of hamster Ig-treated controls, P , 0.05.

FIG. 4. Splenic T-cell proliferative responses to viral and myelin epitopes in
costimulatory antagonist-treated mice. Splenocytes from three representative
animals were taken at 20 (A) and 63 days (B) postinfection. Splenocytes (106/
well) were challenged with 5 mg of UV-inactivated TMEV or 200 mM concen-
trations of the indicated peptides for 72 h and pulsed with [3H]TdR for an
additional 18 to 20 h. All groups made equivalent responses to concanavalin A
(1 ng/ml) stimulation. Results are expressed as changes in counts per minute
(backgrounds subtracted).
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proliferation, IFN-g secretion, and IgG antibody production in
the animals treated with CTLA-4 Ig and anti-B7-1 plus anti-
B7-2 indicate that initial antiviral immunity was temporarily
inhibited in these groups. This TMEV-unresponsive state
could lead to an increased rate of viral replication delaying
clearance of the peripheral viremia. The subsequent increase
in viral load in the periphery and impaired antiviral immune
responses may subsequently lead to an increased level of viral
persistence in the CNS. To test this hypothesis, TMEV titers
from spinal cord tissue of antagonist-treated and control ani-
mals were analyzed. Spinal cord tissue isolated on day 21
postinfection shows that treatment with CTLA-4 Ig fusion pro-
tein increases viral load by 40-fold over the hamster control
Ig-treated group. Interestingly, mice treated with both anti-
B7-1 and anti-B7-2 had CNS virus levels comparable to that of
the control mice, while mice treated with anti-B7-2 alone dis-
played an increased CNS virus load at this time point. This
suggests that B7-2-mediated costimulatory events may play a
critical role in regulating the virus levels in the CNS. This is
supported by the flow cytometry analysis (Fig. 7) wherein cell
surface levels of B7-2 are decreased in animals treated with
CTLA-4 Ig and anti-B7-1 plus anti-B7-2. Perhaps decreased
cell surface levels of B7-2 on peripheral or CNS APCs, as is

seen in these treatment groups, delays early host cytotoxic T
lymphocyte responses, which have been shown to play a critical
role in limiting CNS viral replication (6, 18). While the anti-
B7-2-treated animals showed a high viral load in the CNS early
in disease, the group also exhibited efficient proliferation and
effector functions (Fig. 4 and 5) in response to stimulation by
viral antigen, which is not displayed in the combination therapy
and which may explain the increased viral titers seen in this
group. Thus, in the anti-B7-2 treatment group, high viral load
is accompanied by a fully competent antiviral response. How-
ever, complete blockade of CD28 costimulation in the groups
treated with CTLA-4 Ig and anti-B7-1 plus anti-B7-2 also in-
terferes with the host’s ability to activate virus-specific prolif-
erative responses, IFN-g, and antibody production leading to
increased viral persistence and accelerated myelin damage in
the CNS.

DISCUSSION

TMEV-IDD is a CD41 T-cell-mediated demyelinating dis-
ease of mice which serves as a model of human MS, a disease
suspected to have a viral etiology (1, 4, 11, 17, 32). Demyeli-
nation is initiated by virus-specific CD41 T cells targeting
CNS-persistent virus thereby leading to macrophage-mediated
bystander destruction of CNS myelin (2, 9, 16, 28, 29, 46).
However, the chronic phase of disease is associated with the
development of autoimmune responses to multiple myelin
epitopes which arise via epitope spreading in an ordered tem-
poral progression consistent with a role for both virus- and
myelin-specific responses in the chronic phase of disease (27,
30).

T cells require both T-cell receptor and CD28-mediated
costimulatory signals to undergo full activation (12, 20). We
and others have shown that blockade of B7-CD28 costimula-
tory interactions is an effective means to regulate the induction
and progression of EAE and other autoimmune diseases (7,
10, 19, 31, 33, 36). Since myelin destruction in TMEV-IDD is

FIG. 5. IFN-g responses to viral and myelin epitopes in costimulatory antag-
onist-treated mice. Forty-eight-hour culture supernatants taken from the prolif-
eration assays shown in Fig. 3 were used in IFN-g ELISAs. ELISA analysis was
performed as outlined in Materials and Methods. Results are means.

FIG. 6. TMEV-specific antibody responses are abolished in virus-infected
mice treated with CTLA-4 Ig or anti-B7-1 plus anti-B7-2 MAbs. Serum was
collected 13 days postinfection from three representative mice per group and
pooled for analysis. Anti-TMEV antibody levels were determined on triplicate
samples as detailed in Materials and Methods. Results are expressed as the net
absorbance at 450 nm (OD for representative blank wells subtracted). Values are
representative of three or four separate experiments.
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a T-cell-mediated pathologic process, we were interested in
determining if blockade of B7-CD28 costimulatory interac-
tions would also be efficacious in regulating the initiation
and/or progression of a disease characterized by a persistent
CNS virus infection. Interestingly, we report that treatments
which abrogate autoimmune disease in EAE, NOD diabetes,
and lupus models of autoimmunity exacerbated disease sever-
ity in TMEV-IDD when administered at the time of virus
infection. Treatment of TMEV-infected SJL mice beginning
on the day of virus infection with anti-B7-1 or anti-B7-2 alone
had no effect on disease progression, indicating that either
B7-1 or B7-2 can provide costimulation for TMEV-specific
CD41 T-cell responses. However, total blockade of B7-medi-
ated signals by either treatment with a combination of anti-
B7-1 and anti-B7-2 antibodies or with the fusion protein mu-
rine CTLA-4 Ig significantly increased clinical and histologic
disease severity in TMEV-infected mice (Fig. 1 and 2). Inter-
estingly, the increase in clinical disease severity was delayed,
with differences only becoming apparent 50 to 60 days after the
final antibody treatment. This slow development of exacer-
bated clinical disease in the groups treated with CTLA-4 Ig
and anti-B7-1 plus anti-B7-2 MAb was associated with inhibi-
tion of early antivirus immune responses leading to a signifi-
cantly increased CNS virus load.

Our results show that blocking both B7-1 and B7-2 early in
the disease course significantly inhibits early TMEV-specific
immune responses, including both Th1 reactivity (Fig. 4 and 5)
and antibody responses (Fig. 6), resulting in a greatly increased
CNS viral load (Fig. 8).. The diminution of virus-specific im-
munity by interfering with costimulation is not surprising. It is
well known that interfering with costimulation causes immu-
nosuppression in vivo. Complete blockade of CD28 costimu-
lation often diminishes both antigen-specific antibody re-
sponses and proliferative responses and can lead to specific
unresponsiveness in antigen-specific T cells (21, 22). Interest-
ingly, the early immunosuppression and increase in CNS virus
replication ultimately, after clearance of the B7 antagonists,
lead to enhanced antiviral responses later in disease, facilitat-
ing accelerated and increased T-cell responses via epitope
spreading to the immunodominant myelin PLP139–151 epitope.
It is these accelerated antimyelin responses which are likely
responsible for the enhanced clinical and histologic disease.
One potential explanation consistent with our results which
would account for both the enhanced antivirus and myelin-
specific responses is that the lack of the early antiviral response
leads to the production of increased levels of virus antigen and
to direct virus damage of myelin-producing oligodendrocytes,
thus enhanced release of myelin epitopes. Following clearance

FIG. 7. Phenotypic analysis of costimulatory molecule expression on splenic lymphocytes of TMEV-infected SJL mice treated with costimulatory molecule
antagonists. Splenocytes from three representative animals per treatment group were harvested at 20 (A and B) and 63 days (C and D) postinfection and analyzed for
cell surface expression of B7-1 and B7-2. For the analysis, cell gates were placed on CD41, CD81, F4/801, or B2201 populations by histogram and these specific cell
populations were analyzed for their levels of costimulatory molecule expression. Results are changes in mean fluorescent intensity (MFI) (MFI of cells stained with
anti-B7 MAb 2 MFI of cells stained with isotype control antibody).

VOL. 74, 2000 COSTIMULATORY REGULATION OF TMEV-INDUCED DEMYELINATION 8355



of the costimulatory antagonists the enhanced levels of virus
and myelin antigens would lead to elevated virus-specific im-
mune responses and to earlier and more potent autoimmune
Th1 responses to the immunodominant myelin epitope as in-
dicated by enhanced proliferative responses and IFN-g secre-
tion (Fig. 4 and 5). This is also supported by the enhanced
macrophage infiltration and demyelination (Fig. 2) observed in
CTLA-4 Ig-treated mice at 60 days postinfection; these are
accompanied by increased Schwann cell remyelination, an in-
dication of severe myelin damage and attempted repair (37,
40).

It is interesting to compare the present results with our
previous results which showed that induction of TMEV-spe-
cific immunological tolerance induced by the intravenous ad-
ministration of TMEV-pulsed, ethylene carbodiimide-fixed
APCs within the first several weeks following TMEV infection
resulted in long-term protection from clinical and histologic
demyelinating disease (16). Tolerization with TMEV-coupled
syngeneic splenocytes decreased TMEV-specific DTH re-
sponses at 60 days postinfection and also led to a significant
diminution of serum anti-TMEV IgG2a antibody levels (15,
16). Since this form of tolerance is thought to work by blocking
delivery of costimulatory signals in an antigen-specific manner,
it is somewhat surprising that this therapy prevented develop-
ment of TMEV-IDD. However, this tolerization regimen is
known to target primarily Th1 responses, resulting in long-
term unresponsiveness, while Th2 reactivity is unaffected and
tolerant mice actually make enhanced levels of Th2-directed
IgG1 antiviral antibodies (15, 34). Thus, unlike what was found
for the short-term blockade of antivirus responses using either
CTLA-4 Ig or anti-B7-1 plus anti-B7-2, the “tolerant” mice are
most likely able to control viral replication via their enhanced
ability to produce Th2-directed IgG1 antibodies, thus avoiding
significant direct virus-induced pathology of oligodendrocytes,
while at the same time proinflammatory cytokine production
by the pathologic TMEV-specific Th1 cells is suppressed.

Interestingly, although the percentage and numbers of
splenic lymphoid subsets were not significantly different from
those of controls in any of the treatment groups, administra-

tion of CTLA-4 Ig and anti-B7-1 plus anti-B7-2 led to pro-
found and, for B7-2, sustained down-regulation of costimula-
tory molecule expression on peripheral lymphoid and APC
populations (Fig. 7). This early down-regulation of B7 expres-
sion on APC populations would help to account for the early
suppressed antivirus T-cell and antibody responses likely re-
sulting from a combination of TMEV-specific cells becoming
anergic due to direct blockade of CD28-mediated costimula-
tory signals and antagonist-mediated down-regulation of their
cell surface expression. Effects of the different treatment reg-
imens on cell surface molecule expression may explain some
differences in disease profiles resulting from treatment with
anti-B7-1 plus anti-B7-2 and CTLA-4 Ig. Figure 7 shows that
both treatments alter costimulatory molecule expression but
that each treatment has a distinct effect on B7-1 and B7-2
expression. CTLA-4 Ig appears to have a dramatic and sus-
tained effect on B7-2 levels, while the combination therapy
more profoundly changes levels of B7-1 on the APC popula-
tions early in disease development (Fig. 7B). This altered sur-
face molecule expression may indicate that the treatment mol-
ecules interact with their respective ligands using different
methods. It has been proposed that the kinetics of CTLA-4 Ig
fusion protein binding is significantly different from the kinet-
ics of binding of the separate antibodies to B7-1 or B7-2. This
difference in kinetics and whether the molecules do or do not
cross-link the surface molecule may contribute to the differing
levels of cell surface molecule expression and may ultimately
contribute to the difference in viral titers seen in Fig. 8. How-
ever, it appears that complete blockade of costimulatory mol-
ecules in either manner significantly affects TMEV-IDD pro-
gression by interfering with the initiation of an efficient
antiviral immune response. Additionally, the spreading of T-
cell reactivity to endogenous myelin epitopes in relapsing EAE
in the SJL mouse is highly dependent on B7-1-mediated co-
stimulation (14, 31); thus it is possible that the “relative” in-
crease in the capacity of B7-1 to deliver costimulatory signals
after clearance of the B7 antagonists promoted the enhanced
levels of Th1 responses to the PLP139–151 epitope and to the
later recovery of responses to the immunodominant viral
epitopes. Up-regulation of B7-1 costimulatory molecules has
also been reported in lesions from MS patients (5, 45), impli-
cating these molecules in immune-mediated CNS myelin dam-
age.

Overall, the current data raise an important caution regard-
ing the potential use of antagonists of the B7-CD28 costimu-
latory pathway in (auto)immune-mediated diseases associated
with persistent virus infections. The results clearly show that
blockade of this critical costimulatory pathway during a period
of active viral replication leads to suppression of virus-specific
immune responses and subsequent exacerbation of clinical de-
myelination. In fact our preliminary data show that treatment
of TMEV-infected SJL mice with CTLA-4 Ig or anti-B7-1 plus
anti-B7-2 beginning on either day 25 or day 45 postinfection
(after initial virus clearance but prior to initiation of PLP139–151
responses) results in significantly decreased clinical disease
accompanied by decreased myelin-specific T-cell responses.
The ability of antagonists of CD28 costimulation to down-
regulate antimyelin responses in TMEV-infected mice during
chronic disease is encouraging for use as therapy in ongoing
human autoimmune disease. Treatment with costimulatory an-
tagonists during autoimmune disease would target T cells spe-
cific for self proteins, regardless of their antigen specificity.
However, if autoimmune diseases such as MS are initiated
and/or exacerbated by viral infection, treatment with antago-
nists of costimulatory molecules will have to be carefully ap-
plied, as blocking of costimulation may interfere with not only

FIG. 8. Viral titers in the CNS of costimulatory antagonist-treated mice are
significantly enhanced in CTLA-4 Ig-treated mice. Spinal cords from three rep-
resentative animals per treatment group were isolated 21 days postinfection,
pooled, and homogenized in PBS. Viral plaque assays were carried out as
outlined in Materials and Methods to determine the amount of live virus per-
sisting in TMEV-infected mice. Results are representative of three or four
separate experiments.
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antiself responses but also antiviral responses necessary in sus-
tained regulation of persistent viral infection.
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