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Although the etiology of multiple sclerosis (MS) is not known, several factors play a role in this disease:
genetic contributions, immunologic elements, and environmental factors. Viruses and virus infections have
been associated with the initiation and/or enhancement of exacerbations in MS. Theiler’s murine encephalo-
myelitis virus (TMEV) infection of mice is one of the animal models used to mimic MS. In other animal model
systems, DNA vaccination has been used to protect animals against a variety of virus infections. To explore the
utility of DNA vaccination, we have constructed eukaryotic expression vectors encoding the TMEV capsid
proteins VP1, VP2, and VP3. SJL/J mice were vaccinated intramuscularly once, twice, or three times with the
different capsid protein cDNAs. This was followed by intracerebral TMEYV infection to determine the effects of
DNA vaccination on the course of TMEV-induced central nervous system (CNS) demyelinating disease. We
found that vaccination of mice three times with cDNA encoding VP2 led to partial protection of mice from CNS
demyelinating disease as determined by a decrease in clinical symptoms and histopathology. Vaccination of
mice with cDNA encoding VP3 also led to a decrease in clinical symptoms. In contrast, mice vaccinated with
c¢DNA encoding VP1 experienced a more severe disease with an earlier onset of clinical signs and enhanced
histopathology compared with control mice. There was no correlation between anti-TMEYV antibody titers and
disease course. These results indicate that DNA immunization can modify chronic virus-induced demyelinating

disease and may eventually lead to potential treatments for illnesses such as MS.

Multiple sclerosis (MS) is the most common human demy-
elinating disease, affecting thousands of individuals a year, with
an estimated 2 million cases worldwide (12, 26). Several etiol-
ogies have been proposed for the disease, but none has clearly
been established. However, several factors, including genetic
(3, 13, 17, 36, 37), immunologic (14, 15, 24, 31, 39), and envi-
ronmental factors such as viral infections (4, 21, 29, 38, 40, 47),
appear to play a role. Typical clinical symptoms and signs of
MS include ataxia, optic neuritis, incontinence, and spastic pa-
ralysis. Histologically, areas of demyelination associated with
inflammation in the brain and spinal cord are observed (2).

Myelin breakdown appears to be mediated by infiltrating
cells of the immune system. These activated immune cells are
found in active lesions of MS. For this reason, it is believed that
MS is an immune system-mediated disease. Infiltrating cells
include CD4* and CD8" T cells, B cells, and macrophages,
with the presence of activated astrocytes in the lesions. These
cells are involved in direct or indirect damage to the myelin
sheath (24, 31). A similar picture in the central nervous system
(CNS) can occur by viral infection of the CNS, leading to
immune system-mediated killing of virus-infected cells, virus-
induced autoimmunity through molecular mimicry, or direct
viral lysis of infected oligodendrocytes (4, 6).

A viral model for MS is Theiler’s murine encephalomyelitis
virus (TMEV) infection of SJL/J mice (23, 42). TMEV, a
member of the family Picornaviridae, contains a single, positive
genomic strand of RNA. Like other picornaviruses, TMEV
undergoes proteolytic processing of a large polyprotein en-
coded by the viral RNA. This allows for the production of the
viral capsid proteins VP4, VP2, VP1, and VP3 (27, 42). Rec-
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ognition of viral capsid proteins is crucial in immune clearance
of TMEV. Major T- and B-cell epitopes have been found in
VP1 and VP2 (10, 11, 18, 51). Specific immune responses to
VP1 and VP2 have been shown to play detrimental roles in
TMEV-induced disease (8, 10, 11, 49). In addition, VP3 con-
tains a dominant T-cell epitope recognized during viral infec-
tion or immunization with an epitope-containing peptide (50).
As in MS, areas of demyelination due to TMEYV infection con-
tain B and T cells, macrophages, and reactive astrocytes (44).
Demyelination in TMEV infection may be due to cell death
from direct viral lysis of oligodendrocytes or T-cell-mediated
killing of virus-infected oligodendrocytes. Another possible
source of myelin damage is nonspecific damage of oligoden-
drocytes or myelin by a delayed-type hypersensitivity response
of CD4™" Th1 T cells recognizing other antigens (11). Autoim-
munity to myelin may also develop through molecular mimicry
leading to demyelination (7).

DNA vaccination has been considered a viable option to
traditional immunization methods for a number of reasons (16,
45). First, there is no possibility for viral reversion to an infec-
tious form or infection in immunocompromised individuals,
since the DNA encodes only portions of the virus. Second, no
laborious protein purification procedures are required. Third,
because the protein(s) is being produced in the host cell itself,
it is mimicking viral protein production and/or processing fol-
lowing infection, which leads to the induction of cellular and
humoral immune responses. In conjunction with this last ad-
vantage, long-lasting immunity is more likely to occur. An add-
ed benefit is the option of integrating multiple vaccines to
particular virus subtypes or even different viruses in the same
plasmid (48).

Immunodominant epitopes of TMEV have been reported to
be located in capsid proteins VP1, VP2, and VP3 (10, 11, 18,
50, 51). We created plasmids capable of expressing TMEV
capsid proteins VP1, VP2, and VP3 to determine whether
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vaccination of mice with these plasmids led to demonstrable
alterations in TMEV-induced demyelinating disease. We found
that injection with cDNA encoding VP1 resulted in enhanced
disease in SJL/J mice, whereas SJL/J mice vaccinated with cDNA
encoding VP2 and VP3 exhibited attenuation of disease.

MATERIALS AND METHODS

Virus. A working stock of the DA strain of TMEV was prepared in BHK-21
cells and used for all experiments (20). Virus titer was determined by a plaque
assay in BHK-21 cells.

Plasmids. VP1, VP2, and VP3 of the DA strain of TMEV (35) were cloned
into the NorI site in plasmid pCMV (52), resulting in pCMV/VP1, pCMV/VP2,
and pCMV/VP3. The pCMYV vector, derived by excision of the B-galactosidase
gene from pCMV} (Clontech, Palo Alto, Calif.), contains the strong immediate-
early gene promoter/enhancer from human cytomegalovirus, the polyadenylation
signal and splice donor/acceptor from simian virus 40, and the Escherichia coli
B-galactosidase gene. Each construct was confirmed by restriction enzyme diges-
tion and was sequenced at the Huntsman Cancer Center DNA Sequencing
Facility (Salt Lake City, Utah). The sequence for VP2 was identical to that of the
original TMEV template. A single base in VP1 at amino acid position 2 changed
a serine to a threonine at this position, and a single base in VP3 at amino acid
position 202 changed alanine to threonine. For all experiments, plasmids were
extracted by using an Endo-Free Plasmid Maxi kit (Qiagen, Inc., Chatworth,
Calif.).

Mice. Four- to six-week-old female SJL/J mice (National Cancer Institute,
Bethesda, Md.) were injected with plasmid pCMV/VP1, pCMV/VP2, pCMV/
VP3, or vector pCMV alone as a control. Each injection contained 100 pg of
endotoxin-free plasmid DNA in 100 pl of saline introduced equally into each
tibialis anterior muscle. Two weeks following the final plasmid injection, each
mouse was challenged intracerebrally with 2 X 10° PFU of DA virus. To confirm
that plasmid expression had occurred in the muscle, pPCMV encoding B-galac-
tosidase was injected into the leg muscle of mouse. Three days after injection, the
muscle was removed and frozen.

Clinical signs. Throughout the course of disease, mice were weighed to help
gauge the severity of disease. Weighing was performed daily during the acute
stage of disease and biweekly during the chronic stage. A modified righting reflex
was also measured at the time of weighing as described by Rauch et al. (32). A
healthy mouse is able to resist being turned over and is scored 0. If the mouse is
flipped onto its back but immediately rights itself, it is given a score of 1; if it
rights itself in 1 to 20 s, the score is 2; if righting takes >20 s, the score is 3. The
modification from the scheme of Rauch et al. (32) is that if the mouse is not
completely flipped but slips on one or both hind limbs, it is given a score of 0.25
or 0.5, respectively. In addition, mice were viewed for obvious clinical signs of
disease, consisting mainly of a waddling gait, ataxia, and/or paralysis.

Histology. Sixty days after viral challenge, mice were anesthetized, exsangui-
nated, and perfused with phosphate-buffered saline. The tibialis anterior muscle
was collected and frozen in O.C.T. compound (VWR, Salt Lake City, Utah).
Mice were then perfused with 4% paraformaldehyde in phosphate-buffered
saline. Once fixed, the brains were cut coronally into five sections, and the spinal
cord was cut into 6 to 12 cross sections. The sections were embedded in paraffin.
Sections of 3 wm were cut and stained with luxol fast blue. Scoring for brain and
spinal cord was performed as described by Barnett et al. (1) and Rodriguez et al.
(33), respectively (45). Each brain slide contained five coronal sections, repre-
senting areas dorsal to caudal along the length of the brain. Each section was
scored for perivascular cuffing, demyelination, and meningitis as follows: for
perivascular cuffing, no lesion = 0, 1 to 20 lesions = 1, 21 to 50 lesions = 2, and
>50 lesions = 3; for demyelination, not present = 0 and present = 1; for
meningitis, none = 0, slight = 1, and severe = 2. The final score was determined
by adding the individual scores in each group. Each spinal cord slide contained
6 to 12 cross sections representing areas along the length of the cord. Each cross
section was divided into quadrants: dorsal column, ventral column, and two
lateral columns. Any quadrant containing inflammation, demyelination, or men-
ingitis was given a score of 1 in that pathologic class. The total number of positive
quadrants for each pathologic class was determined, then divided by the total
number of quadrants present on the slide, and multiplied by 100 to give percent
involvement for each pathologic class. An overall pathologic score was also
determined by assigning a positive score if any pathology was present in the
quadrant. This, too, was presented as percent involvement.

Frozen muscle was stored at —75°C until sectioned. Sections of 6 pm were cut
and then air dried. Expression of B-galactosidase was tested with Bluo-Gal
(Gibco/BRL, Rockville, Md.).

Antibodies. Three to five mice were injected one, two, or three times at 1-week
intervals. One day before each DNA injection, 1 week after the final DNA
injection, 1 day before viral challenge, 8 days after challenge, and when mice
were sacrificed, serum was collected and stored at —20°C. Concentrations of
TMEV-specific antibodies were determined by enzyme-linked immunosorbent
assay (ELISA) using purified TMEYV as the antigen (20). To demonstrate spec-
ificity of TMEV antibodies to capsid proteins, Western blot analyses were per-
formed as described previously (8). Briefly, purified DA virus proteins were re-
solved on a polyacrylamide gel. Proteins were transferred to a nitrocellulose
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FIG. 1. Effect of plasmid pCMV/VP1 vaccination on the clinical course of
TMEYV infection. pPCMV/VP1 encodes TMEV capsid protein VP1. Two weeks
after a single vaccination with vector pPCMV (m) or pCMV/VP1 (O), SJL/J mice
were injected intracerebrally with TMEV (day 0). Mice were monitored for
weight change (a), righting reflex disturbance (b), and obvious clinical signs (c).
Means * standard errors are shown. Each experimental group consisted of three
to five mice. pCMV/VP1-vaccinated mice showed less weight gain and more
impaired righting reflex than control mice.

membrane. The membrane was blocked with milk and cut into strips containing
a protein lane and molecular weight marker. Each protein/marker strip was
incubated with serum collected from mice from each treatment. Binding speci-
ficity was demonstrated by using horseradish peroxidase-conjugated secondary
antibody with 3,3’-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, Mo.).

RESULTS

Clinical signs. A decrease in weight gain is associated with
TMEV-induced disease (46), as is a loss in righting reflex (32),
indicated by an increase in righting reflex grade. These char-
acteristics were analyzed throughout the course of this study.
We also observed obvious abnormal physical signs (waddling
gait, spastic paralysis, and other movement problems) in the
mice during the course of disease. Mice demonstrating any of
these symptoms were given a positive score, and data are
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FIG. 2. Effect of plasmid pCMV/VP2 vaccination on the clinical course of
TMEYV infection. pPCMV/VP2 encodes TMEV capsid protein VP2. Two weeks
after three vaccinations with vector pCMV (m) or pPCMV/VP2 (O), SIL/J mice
were injected intracerebrally with TMEV (day 0). Mice were monitored for
weight change (a), righting reflex disturbance (b), and obvious clinical signs (c).
Means * standard errors are shown. Each experimental group consisted of three
to five mice. pPCMV/VP2-vaccinated mice gained more weight and showed less
severe righting reflex grade and later onset of the disease than control mice.

presented as the percentage of mice in each group showing
positive signs. The results correlate well with those demon-
strated by other methods, that is, mice having greater weight
gain and a smaller righting reflex grade than controls exhibiting
fewer movement abnormalities.

Among the pCMV/VP1-immunized groups, we found that
the singly immunized mice showed both less weight gain and a
greater righting reflex score than control mice, while there was
no difference in obvious clinical signs (Fig. 1). Interestingly,
however, there was no exacerbation of clinical disease in mice
injected with pCMV/VP1 two and three times (data not shown).
These results suggest that pPCMV/VP1 vaccination could exac-
erbate TMEV-induced demyelinating disease, the effect ap-
pearing in a non-dose-dependent fashion.
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In contrast, both pCMV/VP2 and pCMV/VP3-immunized
mice gained more weight and showed a much less severe right-
ing reflex grade than did control mice (Fig. 2 and 3). These
mice also showed late onset and less severe obvious clinical
signs of TMEV-induced demyelinating disease. The mice in-
jected twice with either pCMV/VP2 or pCMV/VP3 also
showed less severe clinical signs than controls, but none of
these differences were significant (data not shown). Neither the
weight differences nor the righting reflex grades were different
between mice injected once with pCMV/VP2 or pCMV/VP3
and the corresponding controls (data not shown). These results
suggest a dose-dependent attenuation of disease in pCMV/
VP2- and pCMV/VP3-vaccinated mice.

Histology. (i) Spinal cords. The spinal cord is consistently
involved during the chronic stage of TMEV infection in SJL/J
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FIG. 3. Effect of plasmid pCMV/VP3 vaccination on the clinical course of
TMEYV infection. pPCMV/VP3 encodes TMEV capsid protein VP3. Two weeks
after three vaccinations with vector pCMV (m) or pCMV/VP3 (O), SIL/J mice
were injected intracerebrally with TMEV (day 0). Mice were monitored for
weight change (a), righting reflex disturbance (b), and obvious clinical signs (c).
Means * standard errors are shown. Each experimental group consisted of three
to five mice. pCMV/VP3-vaccinated mice gained more weight and showed less
severe righting reflex grade and later onset of the disease than control mice.
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FIG. 4. Pathologic scores of the spinal cord of TMEV-infected mice following DNA vaccination with pCMV/VP1 (a), pPCMV/VP2 (b), or pPCMV/VP3 (c) one, two,
or three times. Control mice were injected with vector pCMV. Mice were infected with TMEYV intracerebrally 2 weeks after the final DNA vaccination and sacrificed
60 days after TMEV injection. Three injections with cDNA encoding VP2 and VP3 led to a decrease in all pathologic scores, while mice injected once with pCMV/VP1
showed enhanced histopathology. *, P < 0.05 compared with mice immunized with pCMYV, determined by ANOVA.
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FIG. 5. Histopathology of the ventral root entry zone of the spinal cord of TMEV-infected mice following DNA vaccination with pPCMV (a), pPCMV/VP1 (b),
pCMV/VP2 (c), or pCMV/VP3 (d). Mice injected once with pCMV/VP1 showed more inflammation (0 ) and demyelination () than control mice, while those injected
three times with pCMV/VP2 and pCMV/VP3 had less inflammation (O) and demyelination (»). Luxol fast blue stain; magnification, X50.

mice. Areas of demyelination associated with perivascular cuff-
ing can be found throughout the spinal cord white matter,
particularly in the ventral root entry zone. In addition, menin-
gitis is frequently seen. Spinal cords were analyzed and graded
for the percentage of area involved in inflammation, demyeli-
nation, and meningitis separately and for the percentage of
area involved in any of the three, combined. Mice injected
once with pPCMV/VP1 showed more inflammation, meningitis,
and combined pathology than did parallel controls (P < 0.05,
analysis of variance [ANOVA]) (Fig. 4a, 5a, and 5b). There
were no differences among the groups injected two and three
times with pCMV/VP1 and control vector pPCMV. In contrast,
mice injected three times with pCMV/VP2 or pCMV/VP3
were found to have less inflammation and demyelination, and
overall much less pathology of the spinal cord, than mice in-
jected with vector alone (Fig. 4b, 4c, 5c, and 5d). The mice
injected twice with either pCMV/VP2 or pCMV/VP3 also
showed less pathology than controls, while none of these dif-
ferences were significant. No difference was found between
mice injected once with pCMV/VP2 or pCMV/VP3 and the
corresponding controls. Therefore, the pathological scores for
the spinal cord correlate well with clinical scores.

(ii) Brains. Since pathologic evidence in chronic TMEV
infection is generally localized to the spinal cord, little pathol-
ogy was seen in the brains of these mice at day 60 after viral
challenge. When pathology was evident in the brain, it was
localized to the brainstem area. Five sections of each brain,
representing five different areas, rostral to caudal, were scored
for inflammation, demyelination, and meningitis. Mice vacci-
nated three times with pCMV/VP2 had significantly less pa-

thology (pathology score = 1.0 = 1.0) than did the control
mice (pathology score = 5.0 = 0.6; P < 0.05, ANOVA). No
differences were found in any other groups (data not shown).

(iii) Muscle. To confirm that intramuscular injection of plas-
mid DNA results in expression of the plasmid-encoded gene
within the muscle, we injected into the tibialis anterior muscle
either plasmid pCMVR or plasmid pCMV. Three days after
injection, the muscles were removed, and the section was his-
tochemically stained for B-galactosidase activity. With the
pCMVB injection, positive B-galactosidase staining was found
within muscle cells (data not shown). No staining was seen in
control pCMV-injected mice. We also examined the expres-
sion of TMEV capsid proteins in muscle injected with pCMV/
VP1-VP3, using immunohistochemistry against TMEV antigen
(46). Capsid protein expression was not detected at day 3 or
60; most likely the antigen level was below the limit of our
system. However, antibody to capsid protein was detected be-
fore TMEV infection, indicating that in vivo expression by
plasmid DNA did occur (see below).

Antibodies. (i) ELISA. Blood was taken from mice before
treatment and throughout the experiment before each injec-
tion of plasmid, before and after challenge with virus, and at
the time of sacrifice. Sera for antibody titers to TMEV were
analyzed by ELISA. Of interest are the apparent high antibody
titers for TMEV found in mice injected three times with
pCMV/VP1 prior to challenge with the virus itself. The anti-
body titers in all groups, control and experimental, increased
over the course of the experiment (Fig. 6). There was no cor-
relation between anti-TMEV antibody titer and disease course.
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FIG. 6. Serum anti-TMEYV antibody titers of mice following DNA vaccination with pCMV/VP1 (a), pPCMV/VP2 (b), or p>CMV/VP3 (c) one, two, or three times
(empty columns). Control mice were injected with vector pCMV (solid columns). After the final DNA vaccination, mice were injected intracerebrally with TMEV.
ELISA was used to measure the level of serum anti-TMEV antibody. A, day of vaccination; *, day of viral inoculation. A significant anti-TMEV antibody titer was
detected in mice injected three times with pCMV/VP1 prior to TMEV inoculation.

Western blot analysis. Western blot analyses were per-
formed with pooled mouse sera for each group from various time
points throughout the experiment. Sera from mice after challenge
with virus, in all cases, contained antibodies to capsid proteins
VP1, VP2, and at times VP3. No responses to VP4 were de-
tectable. We also detected antibodies to VP1 and VP2 in mice
treated with pCMV/VP1 and pCMV/VP2, respectively, prior
to challenge with TMEV but not in mice treated with pCMV/
VP3 (Fig. 7). This finding indicates that viral protein was being
produced in vivo by using these plasmids and that an immune
response was made to the protein before viral challenge.

DISCUSSION

We demonstrate that vaccination of SJL/J mice with cDNA
encoding the capsid proteins of TMEV can alter the course
of TMEV-induced demyelinating disease. A single vaccination
with cDNA encoding VP1 led to increased pathology in the
CNS and increased clinical demonstration of disease. In con-
trast, vaccinating mice three times with plasmids encoding the
capsid proteins VP2 and VP3 reduced TMEV-induced disease,
as demonstrated by a decrease in clinical expression of disease
and reduced CNS pathology.

Because vaccination with cDNA encoding the capsid pro-
teins of TMEYV led to alteration in disease expression, it can be
inferred that host cells incorporated the cDNA and proteins
were expressed. In support of this possibility is the detection of
B-galactosidase expression in muscle by using the same vector
system and also detection of antibodies to VP1 and VP2 by
Western blot analyses after vaccination with plasmid DNA but
before challenge with TMEV.

Recently, bone marrow-derived macrophages or other pro-
fessional antigen-presenting cells have been suggested to pro-
cess plasmid DNA encoding proteins for expression in major
histocompatibility complex (MHC) class I molecules (5, 19,
41). Thus, one explanation for the modulation found in the
disease course is that cDNA encoding viral capsid protein was
synthesized intracellularly, followed by normal cellular pro-
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FIG. 7. Sera from various time points were tested for TMEV-specific anti-
bodies by Western blot analysis. Two weeks after three DNA injections, mice
were injected with TMEV intracerebrally. Prior to TMEV inoculation, mice
vaccinated three times with pCMV/VP1 (lane 2) and pCMV/VP2 (lane 3), but
not with pCMV (lane 1) or pCMV/VP3 (lane 3), demonstrated antibodies to
TMEV capsid proteins VP1 and VP2, respectively. Sixty days postinfection (p.i.),
antibodies to VP1, VP2, and at times VP3 were detectable in all vaccinated mice
(lanes 5 to 7). Hyperimmune serum to TMEV was used as a positive control
(lane 8). Molecular weights: VP1, 37,000; VP2, 34,000; VP3, 27,000.
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cessing for expression in association with MHC class I mole-
cules by professional antigen-presenting cells. This could lead
to induction of MHC class I-restricted TMEV-specific T-cell
responses. MHC class I-restricted T-cell responses, including
cytotoxic T-lymphocyte (CTL) response, are suggested to play
a role as either suppressor or effector in TMEV-induced de-
myelinating disease (22, 34).

Another possible explanation for our observations is that
these proteins were released into the extracellular milieu and
recognized by specific B cells, leading to antibody production
and/or uptake by macrophages or other professional antigen-
presenting cells, processing, and presentation in MHC class 11
molecules. There is evidence that influenza virus proteins are
secreted extracellularly by some cell types (30).

Although antibody expression detected by ELISA was not
found in our work to be correlated with disease modulation,
antibodies to both VP1 and VP2 were detectable with Western
blot analysis prior to infection with TMEV in pCMV/VP1- and
pCMV/VP2-treated mice, respectively. Inoue et al. (18) dem-
onstrated several linear antibody epitopes to TMEV. These
epitopes were located in VP1, VP2, and VP3. Interestingly,
these investigators found that the major antibody epitope in
disease-susceptible SJL mice infected with TMEV was to VP1;
however, in mice resistant to TMEV-induced disease, the ma-
jor epitopes were located in VP2. These investigators suggest
that antibody to VP1, which is high in SJL mice, may be in-
volved in disease, whereas antibody to VP2, which is high in
BALB/c and C57BL/6 mice, could be a reason for protection.
They also found that even with high neutralizing antibody titers
to VP1 in SJL mice, protection was not effective. In addition,
we have found a monoclonal antibody, HS, which reacts both
with TMEV VP1 and with galactocerebroside, a major lipid
component of myelin (8). When injected into mice with exper-
imental allergic encephalomyelitis, H8 increased the size of
demyelinating lesions 10-fold, while no demyelination was ob-
served in mice treated with H8 alone (49). pCMV/VP1 injec-
tion could induce the production of a similar antibody, leading
to the enhancement of TMEV demyelinating disease. Induc-
tion of antibody production to VP1 detected by Western blot
analysis, before challenge with live virus, had no beneficial
effect and may even have been detrimental in some mice.
However, upon introduction of VP2 prior to TMEV infection,
mice were able to establish an antibody response to epitopes in
this protein. This may have allowed animals to produce virus-
neutralizing antibodies.

In other DNA vaccination studies, both CTL and antibody
responses have been shown to increase after boosting with
plasmid injections (52). This is in accord with our observation
that pCMV/VP2- and pCMV/VP3-immunized mice showed
highest protection against TMEV-induced demyelinating dis-
ease after three plasmid injections, an effect that appeared to
be dose dependent.

Interestingly, however, the mice immunized with pCMV/
VP1 showed exacerbation of demyelinating disease only after a
single plasmid injection, not after two or three injections. Us-
ing a plasmid encoding influenza virus nucleoprotein, Pertmer
et al. (28) demonstrated that nucleoprotein-specific CTL ac-
tivities were highest in mice that received a single immuniza-
tion and significantly lower in groups that received additional
immunizations. They also showed that the decline in CTL
activity following the administration of booster plasmid immu-
nizations appeared to be correlated to decreasing gamma in-
terferon (IFN-y) production after boosting. A decreased CTL
response following additional plasmid immunizations has also
been reported for mice receiving human immunodeficiency
virus type 1 gp120 DNA vaccine; the decline in the CTL re-
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sponse is paralleled by a decrease in IFN-y production and
increase in interleukin-4 production (9). On the other hand,
Mor et al. (25) reported a similar but reversed cytokine pattern
following DNA immunization with a Plasmodium yoelii circum-
sporozoite protein plasmid DNA. In this case, initial interleu-
kin-4 production was replaced by IFN-y production upon
boosting. Pertmer et al. (28) suggest that the identity of the
encoded antigen may be one of the most important factors in
determining the ultimate responses generated. Cytokine milieu
is known to affect both humoral and cellular immune responses
as well as TMEV-induced demyelinating disease course (40a,
43). Therefore, in our studies, divergent immune responses,
including alteration in cytokine microenvironment, might be
induced with pCMV/VP constructs, leading to different mod-
ulation in TMEV-induced demyelinating disease.

This work demonstrates that DNA immunization can be a
viable method to modulate CNS viral infections that may con-
tribute to MS. Although further work will be needed to deter-
mine specific T-cell responses, T-cell types, and B-cell involve-
ment in our model, this work may lead to vaccination against
virus-induced demyelinating disease and MS.
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