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The effect of Theiler’s murine encephalomyelitis
virus (TMEV) VP1 carboxyl region on the virus-
induced central nervous system disease
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Members of the Theiler’s murine encephalomyelitis virus GDVII subgroup,
which includes GDVII strain, are highly neurovirulent and induce a rapidly
fatal polioencephalomyelitis. By contrast, Theiler’s original subgroup mem-
bers, which includes DA strain, are not as neurovirulent, and produce a
chronic, demyelinating disease with virus persistence. We investigated the
importance of the carboxyl region of the capsid protein VP1 in TMEV-
induced disease since a trypsin-cleavable immunodominant neutralization
epitope is situated in the VP1 carboxyl region, and since this region is
believed to lie adjacent to the putative receptor binding site. The present
studies support the role of DA VP1 residue 268 (and the aligned GDVII VP1
270) in Theiler’s murine encephalomyelitis virus-induced CNS disease; how-
ever, the effect of this residue varies depending on its context: mutation of
DA VP1 268 attenuates demyelination; mutation of GDVII VP1 270 in a
GDVII/DA recombinant virus has no effect on demyelination but reduces
early deaths (neurovirulence); mutation of GDVII VP1-270 in GDVII virus
has no effect on neurovirulence. These data suggest that DA VP1 268/GDVII
VP1 270 are not functionally equivalent and that a residue in recombinant
viruses can differ in function from the same residue situated in a parental
strain. Additional mutagenesis studies suggest that: the trypsin cleavage site
of TMEV, which affects virus viability, is located at the lysine at DA VP1 261
(GDVII VP1 263); GDVII VP1 276, the predicted carboxyl terminus of VP1,
affects VP1/2A processing and virus infectivity.
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Introduction

Theiler’s murine encephalomyelitis virus (TMEV), a
member of the picornaviridae family, is a common,
generally asymptomatic enteric mouse virus which
infrequently causes central nervous system (CNS)
disease (reviewed by Roos and Casteel, 1992). CNS
disease is consistently produced, however, follow-
ing intracerebral inoculation of weanling mice with
TMEV. Based on different disease phenotypes, and
antigenic properties, TMEV is divided into two sub-
groups. Members of Theiler’s original (TO) sub-
group, including DA strain, cause a biphasic disease
with early motor neuron disease followed by chron-
ic demyelination. This chronic demyelinating dis-
ease is an excellent experimental model for multi-
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ple sclerosis. In contrast, members of the GDVII
subgroup, including GDVII strain, neither persist
nor demyelinate, but instead cause an acute, fatal
gray-matter neuronal infection.

The mechanisms responsible for the differences
in biological properties between the two subgroups
are unknown. We are interested in determining
regions of the virus which may affect disease phe-
notype by changing interactions with cell receptors
or influencing the antigenic response to the virus.
The carboxyl region of TMEV VP1 is of special
interest because trypsin-sensitive neutralization
epitopes are located in this region (Nitayaphan et
al, 1985a, b) and because X-ray crystallographic
studies of DA suggest that the carboxyl end of DA
VP1 forms a mobile region which can pass over the
rim of the putative receptor binding site, the ‘pit’ -
(Luo et al, 1987; Grant et al, 1992); these latter
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observations suggest that the carboxyl region of VP1
may influence the immune response (and thereby
affect virus clearance) and/or influence the binding
to cell receptors (and thereby affect tropism). In the
present study we mutagenize VP1 amino acid
residues and identifv determinants critical for neu-
tralization, trypsin sensitivity, and processing at the
VP1/2A junction. We also demonstrate that the
effect of a particular residue in a parental strain
may be different from its effect in a recombinant
VITus.

mAb GDVIImAb2 DAmAb2

Figure 1 Western blot of proteins of DA-VP1-268 virus (lanes a
and d), wild-type DA virus (lanes b and e), and the DA mAb2
escape-mutant virus (lanes ¢ and ) immunostained with GDVII
mAb2 (lanes a—c) and DA mAb2 (lanes d—f). See details of the
methods in ‘Materials and methods.” DA mAb2 immunostains
VP1 (arrow) of wild-type DA but not the DA mAb2-escape-
mutant virus or the genetically engineered mutated virus, DA-
VP1-268. Note that GDVII mAb2 is a VP1-specific mAb with an
epitope distinct from that of DA mAb2 and, therefore, immunos-
tains VP1 of wild-type and the mutated DA.

Results

The presence of VP1 268 Phe in DA virus attenuates
demyelination

We showed previously that a virus resistant to neu-
tralization by a VP1- and TO-subgroup-specific neu-
tralizing mAb, DA mAb2, had a mutation in the
VP1 carboxyl region, changing DA residue VP1 268
from Val to Phe (Ohara et al, 1988). When inoculat-
ed into weanling mice, this virus caused little or no
demyelination compared to wild-type DA virus
(Roos et al, 1989). In order to ensure that this single
VP1 mutation was responsible for resistance to DA
mADb2 neutralization and for the change in disease
phenotype. we prepared and characterized virus
that was genetically engineered to carry the same
mutation.

In order to produce virus with a change in
residue 268 from Val to Phe, we mutated the full-
length DA cDNA clone, pDAFL3, at nucleotide (N)
3805 from G to T. The resultant virus, DA-VP1-268,
was tested in a Western blot against DA mAb2. As
expected, DA mAb2 immunostained VP1 of wild-
type DA virus (Figure 1, lane e), but failed to
immunostain DA-VP1-268 virus (Figure 1, lane d)
just as it failed to immunostain the DA mAb2
escape mutant virus (Figure 1, lane ). GDVII mAb2
is a VP1-specific mAb with an epitope distinct from
that of DA mAb2 and, therefore, immunostains VP1
of wild-type (Figure 1, lane b) and the two DA
mutants (Figure 1, lanes a,c).

In order to test the effect of DA-VP1-268 virus on
the demyelinating disease, weanling mice were
inoculated, and spinal cord sections were examined
at 6 weeks or 3 months post-inoculation (Table 1).
Of the 30 mice observed for 6 or more weeks follow-
ing inoculation with DA-VP1-268 virus, only two
showed signs of any spinal cord pathology (Figure
2a), and this pathology was minimal, eg, one small
focus of meningitis. By contrast, 37 of 39 mice
observed for 6 or more weeks following inoculation

Table 1 Pathological findings after infection with DA wild-type virus or DA-VP1-268 virus®

Postinoculation interval

Titer (no. affected/no. inoculated)
Virus (PFU miI?)
12 days 14days 21 days 4 wks 6 wks 3 months
DA wild type 3.2 x 107 ND" ND 3/3 ND ND 13/13
8.0 x 10° 5/5 717 ND ND ND 8/10
4.0 x 108 5/5 717 ND ND 3/3 13/13
DA-VP1-268¢ 2.4 %107 4/5 6/7 ND 0/2 1/5 ND
1.8 > 10° 3/5 ND 0/3 ND ND 1/25

“The pathological findings that were evaluated consisted of meningitis and gray-matter inflammation in animals inoculated < 21 days
post-infection and white matter inflammation and demyelination = 4 weeks post-infection

b ND, Not done

¢ DA-VP1-268 virus was engineered through site-specific mutagenesis to have the same change in VP1 residue 268 as DAmAb2 escape-

mutant viruses



Figure 2 Histopathology of mouse spinal cords harvested 3
months after intracerebral inoculation with wild type DA or DA-
VP1-268 virus. (a) The spinal cord from a representative mouse
inoculated with DA-VP1-268 virus shows no histopathology.
(Hematoxylin-eosin stained paraffin section; magnification, x20).
(b) The spinal cord from a representative mouse inoculated with
wild-type DA virus which demonstrates an accumulation of
inflammatory cells and extensive myelin loss. (Hematoxylin-
eosin stained paraffin section; magnification, x 16).
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with DA virus at three different titers showed
prominent pathology, which included inflammatory
cells and disrupted myelin (Figure 2b). These
results are similar to those obtained after inocula-
tion with the DA mAb2 neutralization-resistant
escape mutant (Roos ef al, 1989) and support the
critical role of DA VP1 268 in the late inflammatory
demyelinating disease.

The presence of VP1 270 phenylalanine in GD1B-
2C/DAFL3 virus affects neurovirulence but not
demyelination

When sequences at the VP1 carboxyl end of DA and
GDVII are compared, the most carboxyl-terminal 14
residues are identical, including DA residue 268.
Residue 268 is aligned with GDVII VP1 residue 270,
but numbered differently, because of a six
nucleotide insertion in the upstream DA VP1 cod-
ing region. Although GDVII is generally considered
a non-demyelinating virus, recombinant virus stud-
ies involving replacement of parts of the GDVII
genome with DA sequence suggest that GDVII has
determinants for demyelination that are obscured
by the rapid fatality induced by GDVII (Fu et al,
1990a). Therefore, in order to test the effect of
GDVII VP1 270 on demvelinating activity, we
mutated GD1B-2C/DAFL3 recombinant virus which
is known to induce demyelination; this recombi-
nant virus contains most of the coding region for
GDVII capsid proteins including VP1 as well as sev-
eral non-structural proteins substituted in the DA
genome.

For the reasons noted above, we mutated pGD1B-
2C/DAFL3 VP1 residue 270 from Val to Phe to pro-
duce GD1B-2C (VP1 270)/DAFL3 virus. Three
months after inoculation with GD1B-2C (VP1
270)/DAFL3, spinal cord sections from all 13 sur-
viving animals showed a degree of inflammation
and demyelination similar to that seen in the one
surviving mouse inoculated with wild-type GD1B-
2C/DAFL3 virus-inoculated mice as well as in mice
inoculated with GD1B-2C/DAFL3 virus as described

Table 2 Mortality and pathology following infection with GD1B-2C/DAFL3 and GD1B-2C (VP1 270)/DAFL3 viruses

Postinoculation interval

Titer (no. affected/no. inoculated)
Virus (PFU ml?)
1 month® 3 months®
GD1B-2C/DAFL3 2.2 x 108 5/5 NAS
2.2x10° 4/5 1/1
GD1B-2C (VP1 270)/ 1.3 x 10° 1/5 4/4
DAFL3 1.3 x 10° 0/5 5/5
1.3 x10* 1/5 4/4

4 No. deaths/no. inoculated

b Histopathology includes inflammatory infiltrates and demyelination

¢ NA, Not applicable since there were no survivors after 1 month that could be tested
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in previously published studies (Fu et al, 1990a;
Rodriguez and Roos, 1992), ie, the presence of
GDVII VP1 270 valine to phenylalanine in GD1B-
2C/DAFL3 did not decrease demyelination (Table
2). :

We also determined the effect of this mutation on
the neurovirulence of the virus (Table 2). The LD,
for GD1B-2C (VP1 270)/DAFL3 was > 3.9 x 10* PFU.
In contrast, the LD,, for mice inoculated with
GD1B-2C/DAFL3 virus in this experiment was less
than the least amount of virus inoculated, 6.6 x 103
PFU; in previous experiments involving smaller
amounts of virus, the LD,, for GD1B-2C/DAFL3
virus was 2 x 10? PFU. Thus, a Phe rather than Val
in VP1 270 of GD1B-2C/DAFL3 virus attenuates
neurovirulence but does not affect demyelination.

The presence of VP1 270 phenylalanine in GDVII
virus does not affect neurovirulence

Since GD1B-2C (VP1 270)/DA virus had an attenua-
tion of neurovirulence compared to the unmutated
recombinant virus (Fu et al, 1990b), we questioned
whether the presence of this same mutation in
GDVII virus would also have an attenuating effect
on neurovirulence. Analysis of the results of intrac-
erebral inoculation (Table 3) showed that the LD
for GD-VP1-270 was < 12 PFU. Since GDVII Wll(i
type virus has an LD,, of 0.7 PFU (Fu et al, 1990b),
the presence of Phe VP1 270 in GDVII virus has no
significant effect on neurovirulence; this result con-
trasts with the attenuation seen following inocula-
tion with GD1B-2C (VP1 270)/DAFL3.

At 3 months following inoculation with GD-VP1-
270, we examined mice for demyelination (Table 3).
The nine survivors (that had received small
amounts of virus) had no evidence of demyelina-
tion, as is true for the few survivors following
GDVII virus infection (Fu et al, 1990a). These
results suggest that demyelination may depend on
infection with relatively large amounts of virus
which, in the case of GD-VP1-270 and GDVII virus,
is lethal.

DA VP1 residue 261 (GDVII 263) lysme is the
probable site of trypsin cleavage and is necessary
for virus viability

Trypsin treatment of DA or GDVII virus results in
loss of about 2000 daltons from the carboxyl end of
VP1 (Nitayaphan et al, 1985b) and disruption of the
epitopes for the VP1-specific neutralizing mono-
clonal antibodies, DA mAb2 and GDVII mAb1/2
(Nitayaphan et al, 1985b). There are two possible
sites for trypsin cleavage in the carboxyl region of
DA VP1, an arginine at residue 259 and a lysine at
residue 261. We were interested in identifying
which of these two residues is the site for trypsin
cleavage of DA and in determining the conse-
quences of trypsin cleavage, especially in relation to
DA-induced demyelination. We produced a number
of mutations in DA VP1 residues 259 and 261.
Constructs that had both the Arg and Lys mutated to
Iso and Leu or Met and Gln were not infectious
(Figure 3). The lack of infectivity was presumably
related to the critical importance of one or both of
these residues, and not due to an error in the con-
struction of the clones since: multiple constructs
were not infectious; the mutated nucleotides and
the surrounding area were sequenced and found to
be correct; translation of RNA transcripts derived
from these clones demonstrated the correct reading
frame (data not shown), and a construct in which

Table 3 Mortality and pathology following infection with GD-
VP1-270 virus

Postinoculation interval

Titer (no. affected/no. inoculated)
Virus (PFU ml?)
1 montha 3 months®
GD-VP1-270 4.0x 103 5/5 NAs
4.0 x 102 5/5 NA
4.0 x 101 1/5 0/4
4.0 x 10° 0/5 0/5

2 No. deaths/no. inoculated

b Histopathology includes inflammatory infiltrates and demye-
lination

¢ NA, Not applicable since there were no survivors after 1 month
that could be tested

Infectious pDAFL3 Non-infectious mutated Infectious clones made
template clones from non-
infectious transcripts
ARG.LYS ILE.ILE ARG.LYS
MET.GLN MET.LYS
ARG.GLN

Figure 3 Infectivity of constructs with varied amino acids at two putative trypsin cleavage sites, DA VP1 residues 259 and 261. Wild-
type (WT) residues are underlined. Note that constructs in which DA VP1 residue 261 is mutated are non-infectious.






