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Abstract Theiler’s murine encephalomyelitis viruses
(TMEV) are ubiquitous pathogens of mice, producing
either rapidly fatal encephalitis (high-neurovirulence
strains) or persistent central nervous system infection and
inflammatory demyelination (low-neurovirulence strains).
Although a protein entry receptor has not yet been iden-
tified, carbohydrate co-receptors that effect docking and
concentration of the virus on the cell surface are known for
both TMEV neurovirulence groups. Low-neurovirulence
TMEV use «2,3-linked N-acetylneuramic acid (sialic acid)
on an N-linked glycoprotein, whereas high-neurovirulence
TMEV use the proteoglycan heparan sulfate (HS) as a
co-receptor. While the binding of low-neurovirulence
TMEV to sialic acid can be inhibited completely, only a
third of the binding of high-neurovirulence TMEV to HS is
inhibitable, suggesting that high-neurovirulence strains use
another co-receptor or bind directly to the putative protein
entry receptor. Four amino acids on the surface (VP2 puff
B) of low-neurovirulence strains make contact with sialic
acid through non-covalent hydrogen bonds. Since these
virus residues are conserved in all TMEV strains, the capsid
conformation of this region is probably responsible for sialic
acid binding. A persistence determinant that maps within the
virus coat using recombinant TMEYV is also conformational
in nature. Low-neurovirulence virus variants that do not
bind to sialic acid fail to persist in the central nervous system
of mice, indicating a role for sialic acid binding in TMEV
persistence. Analysis of high-neurovirulence variants that
do not bind HS demonstrates that HS co-receptor usage
influences neuronal tropism in brain, whereas, the HS
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co-receptor use is not required for the infection of spinal
cord anterior horn cells associated with poliomyelitis.
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Abbreviations

BeAn virus low-neurovirulence TMEV strain

BHK-21 baby hamster kidney fibroblast cells

CNS central nervous system

CHO Chinese hamster ovary cells

CSA chondroitin sulfate A

DA virus low-neurovirulence TMEV strain

DS dermatan stulfate

EMCV encephalomyocarditis virus (related Car-
diovirus)

GAG glycosaminoglycan

GDVII virus  high-neuroviruclence TMEV strain

HS heparan sulfate

KS keratin sulfate

Mengo virus  related Cardiovirus

PG proteoglycan

PNGase N linked-specific endoglycosidase

TMEV Theiler’s murine encephalomyelitis virus

UGT UDP-galactose transporter

Introduction

Theiler’s murine encephalomyelitis viruses (TMEV) are
enteric pathogens that belong to the cardiovirus genus
in the family, Picornaviridae, and are closely related to
encephalomyocarditis virus (EMCV) [1]. Isolated by Max
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Theiler in the early 1930s from mice with spontaneous paral-
ysis [2], TMEV are known to biomedical investigators be-
cause they are ubiquitous in mice not housed under barrier
conditions. In nature, TMEV are widespread in feral Mus
musculus, and to a certain extent, in species of water voles
[3]. Virus transmission occurs by the fecal-oral route, result-
ing in an inapparent infection of the gut. On rare occasions
[4], TMEV spreads to the central nervous system (CNS),
causing cytolytic infection of spinal cord anterior horn cells
and flaccid hind-limb paralysis, i.e., mouse poliomyelitis [5].

Infection of mice with low-neurovirulence TMEV strains
provides a highly relevant experimental animal model for
multiple sclerosis in humans. Low-neurovirulence TMEV
strains, such as BeAn and DA, produce a persistent infection
in the mouse CNS that results in mononuclear cell inflamma-
tion and demyelination [6,7], whereas high-neurovirulence
strains, such as GDVII and FA, produce a rapidly fatal
encephalitis.

Virus-receptor interactions usually involve multiple steps
to promote viral entry and infection. The initial step is of-
ten low-affinity binding to an attachment factor, i.e., a co-
receptor, which effects docking and concentration of virus on
the cell surface. This interaction is followed by binding to a
high-affinity entry receptor. Viral receptors and co-receptors
have been identified for a number of picornaviruses [8]. Since
picornaviruses do not have an envelope that can fuse to the
lipid bilayer of the cell membrane, virus entry and initia-
tion of infection is believed to require binding to a protein
entry receptor. Moreover, the presence of a 25 A-deep de-
pression on the cardiovirus surface, analogous to the canyon
on polioviruses and rhinoviruses, suggests that cardioviruses
require a protein entry receptor [9,10]. A TMEV protein en-
try receptor has not yet been identified, but members of both
neurovirulence groups bind to a 34-kD membrane protein in
a ligand binding assay [11]. However, low-neurovirulence
TMEV use «2,3-linked N-acetylneuramic acid on an N-
linked glycoprotein as a co-receptor [12,13], whereas the
high-neurovirulence GDVII uses the proteoglycan (PG) hep-
aran sulfate (HS) as a co-receptor [14].

UDP-galactose transporter is required for TMEV
entry into mammalian cells

In the late 1990s, extensive screening of mammalian cell
lines failed to reveal a TMEV receptor-negative cell line,
perhaps because the TMEV receptor is widely expressed in
eukaryotic cells. R26, a BHK-21 cell variant selected for
BeAn virus resistance and apparently “receptor-negative”
[15], was generated and used in screening a BHK-21 cell
cDNA library. The sequence of a clone found to mediate
entry and infection by viruses of both TMEV groups in R26
cells was nearly identical to the human UDP-galactose trans-
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porter (UGT), a member of the family of nucleotide-sugar
transporter proteins in the Golgi involved in the biosynthesis
of complex carbohydrate structures. UGT mRNA from
R26 cells revealed a 496-nucleotide deletion involving
the C-terminal amino acids 255 to 392 and 81 nucleotides
of the 3’ noncoding region predicted to alter membrane
glycosylation. These results raised the possibility that UGT
might mediate TMEV entry and infection by virtue of its
transporter function of adding galactose to another receptor
protein, or by acting as the TMEV entry receptor via UGT
cycling to the cell surface. The latter possibility suggested
the requirement for a specific glycoprotein interaction for
GDVII virus cell binding and entry. However, polyclonal
rabbit antibodies to the human UGT did not block bind-
ing or infection of mammalian cells by either high- or
low-neurovirulence TMEYV, and incubation of TMEV with
galactose or blocking galactose on the cell surface with
lectins did not inhibit binding or infection [16]. Thus, UGT
is not a receptor for TMEV nor does TMEV bind directly to
galactose. The requirement of UGT for low-neurovirulence
BeAn virus binding and infection of cells became evident
based on previous studies of the binding moiety for TMEV,
which suggested that low-neurovirulence BeAn virus
bound sialic acid [12], and on the fact that the penultimate
sugar galactose is required for attachment of sialic acid to
oligosaccharides. The need of UGT for high-neurovirulence
GDVII virus binding and infection was not evident at that
time.

Low-neurovirulence TMEYV use «2-3-linked sialic
acid on an N-linked glycoprotein as a co-receptor

Based on the study suggesting that low-neurovirulence
TMEYV bind to sialic acid [12], subsequent work [13] us-
ing Clostridium perfringens neuraminidase clearly demon-
strated a >90% reduction in BeAn virus binding to BHK-21
cells treated with the enzyme (Fig. 1A). GDVII virus binding
was unaffected [13]. A typical dose-response to increasing
neuraminidase concentrations was observed, with maximal
inhibition at 1 mU/ml. Treatment of BHK-21 cells with Vibrio
cholerae neuraminidase also abrogated BeAn virus binding.
Neuraminidase treatment of BHK-21 cells showed a similar
effect on infection by BeAn virus [13]. Moreover, mutant
Chinese hamster ovary (CHO) cells deficient in the UDP-
galactose transporter (Lec-1), CMP-sialic acid transporter
(Lec-2), or N-linked carbohydrate processing (Lec-1) also
showed >90% reduction in BeAn virus binding (Fig. 1B)
and infection (not shown). The modest reduction observed
in GDVII virus binding, but not infection, is discussed below.

Analysis of genetically deficient cell lines (glycolipid-
deficient GM95 cells and N-linked, O-linked, and
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Fig. 1 (A) BeAn virus binding to BHK-21 cells as measured by ra-
diolabeled virus association. Purified **S-labeled BeAn virus (1x 10°
cpm) was incubated with 1x10° BHK-21 cells at 4 °C for varying
times and washed extensively. BHK-21 cells were treated with 1 mU/ml
of Clostridium perfringens neuraminidase for 45 min at 37 °C (e) or
mock-treated (M). Cell-associated radioactivity was measured with a
scintillation counter and plotted: V,, is the total amount of virus parti-
cles added to 1x10° cells; V, is the unattached virus at a given time
point. (B) BeAn and GDVII virus binding to Lec cell mutants. Virus
binding was measured by flow cytometry and compared to binding of

lipid-linked glycosylation-deficient 1d1D cells) and metabolic
inhibitors indicated that neither BeAn nor GDVII virus re-
quired glycolipids or O-linked carbohydrates for cell surface
attachment and infection [13]. To further analyze the role
of N-linked glycosylation in TMEV binding and infection,
BHK-21 cells were treated with tunicamycin, a fungal toxin
that blocks assembly of N-acetylglucosamine on the lipid
carrier dolichol phosphate, or with 1-deoxymannojirimycin,
which blocks processing by a-mannosidase I [17,18]; both
toxins inhibit early steps in the assembly of N-linked car-
bohydrates. BeAn virus binding to cells treated with either
toxin was decreased by more than 90%, whereas GDVII virus
binding was reduced by only 20-35% (Fig. 1C). In con-
trast, no inhibition of GDVII virus infection was observed
in cells treated with these metabolic inhibitors. Further anal-
ysis of the role of N-linked oligosaccharides in BeAn virus
binding using cell membrane extracts digested with varying
concentrations of PNGase F [19] or neuraminidase, blotted
onto nitrocellulose filters and overlaid with S-labeled BeAn
virus revealed abrogation of BeAn virus binding to mem-
brane extracts digested with either enzyme. Digestion with
O-glycanase could not be carried out because prior treat-
ment with neuraminidase is required for enzymatic activ-
ity [19]. Collectively, these results indicated that the sialic
acid moieties important for BeAn virus attachment and infec-
tion are found on N-linked glycoproteins, whereas N-linked
glycoproteins probably account for only a minor portion
of GDVII virus binding. Evidence that low-neurovirulence
TMEV bind specifically to «2-3-linked sialic acid moi-
eties came from the demonstration that incubation of low-
neurovirulence BeAn virus with «2-3-sialyllactose, but not
a2-6-sialyllactose, strongly inhibited binding and infection

parental CHO cells. Lec-2 and Lec-8 cells have defects in the CMP sialic
acid and UDP galactose transporters, respectively, while Lec-1 cells
are defective in N-linked carbohydrate processing. Data are given as %
mean fluorescencet intensity & sd. (C) BeAn and GDVII virus binding
to BHK-21 cells treated with tunicamycin or 1-deoxymannojirimycin.
Cells were grown in medium containing 20 pg/ml of tunicamycin or
1-deoxymannojirimycin for 48 hr before virus was added. Virus bind-
ing was measured by flow cytometry, and mean fluorescence intensity
=+ sd was determined by comparison with untreated cells

of BHK-21 cells [20]. Together, these findings suggest that
low-neurovirulence TMEV bind to a specific sialic acid
present on an N-linked glycoprotein, which may be the
TMEYV protein entry receptor.

Low-neurovirulence TMEYV contact three virus
residues on VP2 puff B and another nearby residue

The crystal structure of the low-neurovirulence DA virus
in complex with sialyllactose was resolved to 3 A, reveal-
ing three VP2 amino acids on puff B (Q2161, A2163 and
G2174)" and one VP3 residue (Q3232), all within a posi-
tively charged area on the viral surface, that make contact
with sialic acid (and not the penultimate sugar galactose)
through non-covalent hydrogen bonds (Fig. 2A and B) [21].
Since these four viral residues are conserved in all TMEV
(two high- and six low-neurovirulence capsid sequences are
known), and the largest difference in root-mean-square de-
viation between the Ca coordinates of viruses of the two
neurovirulence groups lies in VP2 puff B [22], the capsid
conformation of this region in the low-neurovirulence strains
is probably responsible for sialic acid binding.

Of the three VP2 residues that contact sialic acid, Q2161
uses its side chain, whereas A2163 and G2174 use their
main chain carbonyl oxygen and amide, respectively. Thus,
substitutions at Q2161 are more likely than those at A2163
or G2174 to disrupt the interaction with sialic acid. BeAn

IBy convention, the first digit designates the picornavirus capsid protein
(VP1, VP2, VP3 or VP4) and the remaining three digits, the amino acid
position.
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Fig. 2 (A) Diagram of the icosahedral shell structure of a cardiovirus.
The virion is composed of 12 pentamers, each of which has five pro-
tomers composed individually of four capsid proteins VP1, VP2, VP3
(exposed on the virion surface) and VP4 (buried beneath VP2 next to
the virion RNA). The virion surface contains 25 A-deep receptor bind-
ing depressions (oval hatched areas) that span residues at the junction
of VP1 and VP3. A single pentamer and one of its protomers are high-
lighted by darker lines. The yellow shading denotes an asymmetrical

residue Q3232, which contacts sialic acid, is part of the VP3—
VP1I cleavage dipeptide and cannot be mutated. To systemati-
cally test the importance of these sialic acid-binding residues
in viral entry and infection, the VP2 puff B amino acids were
mutated in a viral subclone assembled into a full-length in-
fectious BeAn virus clone, and the consequences of these
single amino acid substitutions on sialic acid binding were
analyzed in a biological context as it is expressed on com-
plex carbohydrate moieties at the cell surface [23]. The data
indicated direct involvement of BeAn virus residues Q2161
and G2174 in viral attachment to sialic acid expressed on
mammalian cells and erythrocytes. Mutations at these sites
resulted in loss of or reduced viral binding and hemagglu-
tination, and in the inability of the mutant viruses to spread
among BHK-21 cells. Mutant viruses at A2163 showed no
evidence of replication in BHK-21 cells following electropo-
ration, reflecting a defect in polyprotein processing observed
in in vitro translation of transcribed RNA. Thus, mutations
at Q2161 and G2174 are, in effect, lethal mutations in BeAn
virus since they disrupt the first step in the viral life cycle,
binding to host cells.

Low-neurovirulence TMEYV binding to sialic acid
co-receptor(s) is required for persistent infection of
mice

Adami et al. [24] mapped a determinant for TMEV persis-
tence within the capsid by analysis of recombinant viruses
constructed using high- and low-neurovirulence TMEV se-
quences. The results suggested that the persistence determi-
nant was conformational, requiring homologous sequences
in the VP2 and VP1 loops which interact on the virion sur-
face. Since the capsid conformation of the VP2 puff B in
the low-neurovirulence strains appears to be responsible for

@ Springer

C Distance from center (A}
5X

Sialyllactose
contacts

icosahedral unit. (B) DA residues involved in sialic acid binding by
either forming hydrogen bonds with sialic acid (G2174, A2163 and
Q2161) or through a water molecule (Q3232). Sia, sialic acid; Gal,
galactose. (C) Two-dimensional map of residues that shape the DA
outer surface within one asymmetric icosahedral unit. Distances from
the residues to the virion center are color-coded according to the legend
(upper right). Arrows indicate the location of the four virus residues
that bind sialic acid on the VP2 puff B elevation

sialic acid binding, we asked whether a low-neurovirulence
TMEYV that did not use sialic acid as a co-receptor would
retain the ability to cause persistent infections. To generate a
DA virus that did not use binding to sialic acid for infection,
the parent virus was passed in Lec-2 cells, which lack the
CMP sialic acid transporter and cell surface sialic acid [25].
DA virus was used because of the availability of the original
brain-derived virus stock that had never been passed in cell
culture. Sialic acid dependence for infection was indicated
by formation of only small foci of cpe after day-7 pi, minimal
progression of cpe on passage 1 (P1), and the requirement for
two additional passages to achieve complete cpe, i. e., at >P3
(Fig. 3A). The P3 virus had a single mutation, G1100D, on
VP1 loop I, while the P5-adapted virus used in the following
studies had two additional amino acid substitutions, T10811,
and T3182A, on VPI1 loop I and the VP3 GH loop (2nd
corner), respectively (Fig. 3B). The VP mutations were in
surface loops that interact through non-covalent bonds with
VP2 puff B, the site of sialic acid binding, while the VP3
mutation was in a flexible loop adjacent to the pit (Fig. 3B),
termed the “receptor binding loop” in the related Mengovirus
[26].

The adapted virus no longer used sialic acid as a co-
receptor, and showed increased acute CNS virulence (Fig.
3C), but viral copy numbers were dramatically reduced
(>10°-fold) (Fig. 3D) and white matter inflammation and
demyelination in the spinal cord were significantly reduced
at 55 days pi [25]. A role for VP1 loop II residue, G1100D,
in sialic acid binding and CNS persistence was demonstrated
by analysis of a DA infectious cDNA clone with this muta-
tion (Fig. 3C, D). Infectious cDNA DA virus was derived
from in vitro RNA transcription of a full-length DNA clone
with the G1100D mutation after transfection of BHK-21
cells; in this instance the parental virus was derived from the
parental DA virus clone. Loss of CNS persistence in mice also
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Fig. 3 (A) Passage history of low-neurovirulence brain-derived DA
virus adapted to grow in Lec-2 cells, lacking sialic acid. Number of
days of each passage, relative extent of cpe, and mutations in the L-P1
genomic regions are shown. (B) Image of DA virus asymmetric icosa-
hedral unit (“protomer”) generated by the RasMol program: blue, VP1;
green, VP2; red, VP3; yellow, sialic acid binding residues; and white,
DA virus adaptation mutations. Inset (upper left) shows a pentamer.
Numbers 1, 2 and 3 correspond to the mutations designated in (A). (C)
Effect of sialic acid-independent DA virus infection on acute CNS viru-
lence. LDso determinations in adult CD-1 mice show that the virulence
of adapted DA virus was comparable to that of the parental virus, while
G1100D was more virulent than its parental virus (see text for the dif-
ference between parental brain-derived and transcript-derived viruses).
The LDsg of high-neurovirulence GDVII virus is shown for compari-

correlated with a significant reduction in infection of murine
macrophages, but not oligodendrocytes, in vitro (Fig. 3E).
Several mechanisms might explain TMEV persistence
after sialic acid-dependent infection: (1) sialic acid allows
TMEV binding and infection of macrophages, which is
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son. Because the brain-derived DA parental virus cannot be assayed by
plaquing, pfu/LDsq could not be determined. (D) Effect of sialic acid-
independent DA (adapted) virus infection on CNS persistence. Spinal
cord genome copy numbers determined by real-time RT-PCR at day 55
were significantly reduced in adapted virus- compared to brain-derived
parental virus-infected mice (n = 14 in each group) (P < 0.0001), as
well as in G1100D mutant virus- compared to transcript-derived parent
virus-infected mice (n = 4 in each group)(P = 0.0286). (E) Cell death
(cpe) of murine M1D macrophages (24 h pi), peritoneal macrophages
(48 hpi), EOC20 microglia (72 h pi) and N20 oligodendrocytes (24 h pi).
A significant reduction in cpe was observed in M1D macrophages and
peritoneal macrophages (P < 0.0001) as well as EOC20 microglia
(P < 0.05), but not in N20 oligodendrocytes infected with adapted
virus (M) compared to parent virus ([J)

required for persistence; (2) access of TMEV-specific anti-
bodies to TMEV bound to the sialic acid layer on the surface
of most cells is sterically hindered; and (3) sialic acid bind-
ing enables axonal transport of TMEV from anterior horn
cells in gray matter to white matter, the site of myelinated
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axons. Low-neurovirulence TMEV replicate preferentially
in CNS macrophages/microglia during persistence, although
oligodendrocytes and astrocytes are also infected [27-29].
Experiments in which peripheral macrophages were de-
pleted with mannosylated liposomes revealed a loss of DA
virus persistence in 70% of mice [29], directly implicating a
role for macrophages in TMEV persistence and suggesting
a model of TMEV persistence involving macrophage-
to-macrophage spread of virus with restriction of virus
replication in macrophages that undergo apoptosis [30].
Host anti-viral immune responses also restrict persistence
by limiting dissemination of TMEV to other cells, including
oligodendrocytes, where the infection is highly cytolytic and
productive. The DA adapted virus was inefficient in infecting
murine macrophages but not oligodendrocytes in culture
(Fig. 3E); however, further studies are needed to exclude the
other mechanisms for curtailing TMEV persistence.

High-neurovirulence TMEYV strain GDVII binds to
an HS co-receptor

The UDP-galactose transporter found in the trans-Golgi ap-
paratus was shown to be required for GDVII virus binding
and infection of a “receptor-negative” BHK-21 cell variant
[31], pointing to the need for galactose in this process. Analy-
sis of the role of various cell surface glycoconjugates contain-
ing galactose in binding and infection indicated that GDVII
does not use either O-linked oligosaccharides or glycolipids
for binding and infection, although attachment to N-linked

oligosaccharides accounted for a portion of GDVII binding
[13]. Since galactose is also a component of the tetrasac-
charide linker of PGs, and since HS PG are co-receptors/
attachment factors for a large number of RNA and DNA an-
imal viruses [32], including the picornaviruses echovirus-7
[33], foot-and-mouth disease virus (FMDV) [34,35], cox-
sackievirus B3 [36] and swine vesicular disease virus [37],
we tested whether HS plays a role in GDVII virus binding
and infection of mammalian cells.

Soluble HS inhibits GDVII virus binding and infection

If GDVII infection is initiated through interaction with cell
surface PGs, at least the major glycosaminoglycans (GAGs)
found on membrane-associated PGs should act as a compet-
itive inhibitor. To examine the ability of soluble GAGs to
block binding and infection, respectively, GDVII virus was
incubated with HS, heparin, chondroitin sulfate A (CSA),
keratin sulfate (KS) and dermatan sulfate (DS) at a concen-
tration of 250 pg/ml before binding and infection of CHO
cells at an moi of 100. Soluble CSA, KS and DS showed no in-
hibitory effect on GDVII virus binding and infection (Fig. 4A
and B), even at a concentration of 1000 pg/ml, whereas, 250
pg/ml of heparin inhibited binding by 6% and infection by
30%, and 250 pg/ml of HS inhibited binding by 25% and
infection by 100%. When GDVII virus was incubated with
lower concentrations of HS, a dose-response for binding and
infection was observed; 1000 pg/ml of HS inhibited GDVII
virus binding by 40%, whereas 3.75 pg/ml of HS provided
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Fig.4 Competitive inhibition of GDVII virus binding (A) and infection
(B) by GAGs. GDVII virus at an moi of 100 was incubated with 250
png/ml of the indicated GAG for 1 h at 37 °C, and the mixture absorbed
to CHO cells. Bound virus was analyzed using flow cytometry and cpe
by MTT assay at 24 h pi. Infections were carried out in 96-well plates
in quadruplicate with uninfected or infected cells (with no treatment) as
controls. Viability of cells was calculated as a percentage of uninfected
cell controls, and percent protection was the difference in viability af-
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ter infection with and without treatment. Inhibition of binding (A) and
protection of cell monolayers (B) was calculated relative to binding and
infection in the absence of GAGs. Data are given as mean = sd of 3
independent experiments. (C,D) Dose-dependent inhibition of GDVII
virus binding (C) and infection (D) by soluble HS. GDVII virus was
preincubated with increasing concentrations of HS, and binding and
infection of CHO cells were analyzed
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Fig. 5 Inhibition of GDVII virus infection by pre-treatment of CHO
cells with GAG lyases (A) and anti-HS antibody (B). (A) CHO cells
were pre-treated with 1 U of chondroitinase ABC or 0.02 U of hepari-
nase, heparitinase II, heparinase I or heparinase III for 1 h at 37°C prior
to GDVII virus infection (moi = 100). CPE was determined by MTT
assay at 24 h pi and expressed as percent inhibition. (B) CHO cells were
pre-incubated with increasing concentrations of anti-HS (F58-10E4) for
1 h at 37°C prior to virus infection, and percent inhibition was deter-
mined. Data are given as mean + sd for 4 independent experiments.
(C) Resistance of PG-deficient CHO cells to GDVII virus infection.

60% protection of monolayers (Fig. 4C and D). The inhibi-
tion was not due to interaction with CHO cells, since incu-
bation of the cells with increasing concentrations of HS, fol-
lowed by extensive washing and infection with GDVII virus
at an moi of 100, did not inhibit infection. These data indi-
cate that soluble HS has a more profound inhibitory effect on
GDVII virus infection than on binding, and suggests that the
effect of soluble HS is due to its direct binding by the virus.

GDVII virus requires cell surface HS for infection

HS is known to bind to specific cell surface receptors,
e.g. those of cytokines, growth factors and chemokines
[38], raising the possibility that the observed effects of
soluble HS reflect competition for a common receptor rather
than direct binding to virus. Because the greatest effect
of soluble HS was on infection, we analyzed GDVII virus
infection of cell monolayers incubated with: heparinase,
which cleaves the «-glucosaminide linkage to 2-O-sulfo-
L-iduronic acid; heparinase I, which cleaves the 1-4-linked
D-glucuronate or L-iduoronate residues in heparin; hepari-
nase III (heparitinase I), which eliminates sulfate and cleaves

Selected PG-deficient mutant CHO cells were examined for GDVII
virus binding (left frame) and infection (right frame). Virus was bound
to CHO and PG-deficient pgsA-745 and pgsD-677 cells and undersul-
fated pgs E-606 and pgs C-605 cells, analyzed using flow cytometry,
and plotted as mean fluorescence intensity. Percent CPE of infected
CHO, PG-deficient pgs A-745 and pgsD-677, and undersulfated pgsE-
606 and pgsC-605 cells was determined by MTT assay and calculated
based on viability of uninfected cells at 24 hr pi. Data are given as mean
+ sd for 4 independent experiments

a-N-acetyl-D-glucosaminidic linkages in HS; heparitinase
II, which cleaves the o- N-acetyl-D-glucosaminidic linkages
in HS and heparin; and chondroitinase ABC, which cleaves
N-acetylhexosaminide linkages in all chondroitin sulfates.
The two enzymes that act on HS, heparitinase II and
heparinase III, showed the greatest inhibition of infection,
whereas cells pre-incubated with heparin-specific enzymes
heparinase and heparinase I showed only slightly greater in-
hibition of infection than did chondroitinase ABC digestion
(Fig. 5A). These data further support a role for HS in GDVII
virus infection. Finally, infection at an moi of 100 was
blocked with 1 to 10 pg/ml of anti-HS monoclonal antibody
F58- 10E4, resulting in partial protection from infection
(Fig. 5B). Presumably, higher antibody concentrations
would have resulted in even greater protection.

PG-deficient CHO mutants are resistant to infection by
GDVII virus

CHO cell mutants deficient in GAG synthesis were used to

further define the role of HS and its component molecules in
GDVII virus binding and infection. Mutant pgsA-745 lacks
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virus for infection

Fig. 6 A model for two components of GDVII virus binding and sub-
sequent internalization by a protein entry receptor. (Left) GDVII virus
binds to HS which mediates internalization via a protein entry receptor
to infect parental CHO, BHK-21 and other mammalian cells. Note that
GDVII virus can also bind directly to the protein entry receptor, but
infection is sterically hindered by sialic acid moieties located on the
protein entry receptor. (Right) Top panel: GDVII virus is unable to in-
fect PG-deficient cells lacking HS. Although the virus binds directly to
the protein entry receptor, steric hinderance by sialic acid blocks virus
internalization. Middle panel: Removal of sialic acid from PG-deficient
cells with neuraminidase permits viral access to the protein entry re-
ceptor, and thereby infection. Bottom panel: Binding and infection of
Lec-2 cells, which have HS but lack cell surface sialic acid, is even more
efficient than in the other cells

xylosyl transferase, an enzyme required for initiation of the
synthesis of GAGs, and produces no detectable levels of
GAGs [39]; pgsD-677 lacks galactosyl transferase I and is
deficient in the ability to add HS disaccharide chains to the
tetrasaccharide linker [40]; pgsE-606 is partially defective in
N -sulfotransferase activity; pgsC-605 completely lacks sul-
fate transporter activity; and pgsE-606 and pgsC-605 syn-
thesize undersulfated HS. While only a modest reduction
in GDVII virus binding was observed in pgsA-745 and
pgsD-677 cells (not shown), infection in these mutants was
markedly reduced (Fig. 5C). Infection was also reduced in
pgsC-605, and to a much lesser extent in pgsE-606 cells, in-
dicating that the degree of sulfation is an important factor in
GDVII virus infection. Binding or infection of BeAn virus
was shown to be not affected in any of the cells deficient
in GAG synthesis, confirming that HS is used only by the
high-neurovirulence TMEV [14].

Neuraminidase treatment of CHO cell mutants restores
GDVII infection

GDVII virus binding and infection of Lec-2 cells, a CHO
cell mutant lacking the CMP sialic acid transporter, was sig-
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Table 1 Classification of cardioviruses
into two groups and TMEV according to
neurovirulence

Group A (EMCV)  Group B (TMEV)

EMCV GDVII*

Mengo Ask-1*
DA™*

BeAn*

*High-neurovirulence group
*Low-neurovirulence group

nificantly higher than to parental cells, suggesting that the
removal of sialic acid from the cell surface allows direct ac-
cess of GDVII virus to the putative protein entry receptor
[14]. In fact, GDVII virus binding to pgsA-745 and -D-677
cell monolayers treated with neuraminidase at a concentra-
tion that completely abrogated BeAn virus binding increased
by 0.8 to 2-fold, comparable to binding levels observed with
parental cells. Further, removal of cell surface sialic acid ren-
dered these mutant cells permissive to GDVII virus infection
[14].

Based on retained binding and lack of infection observed
in PG-deficient cells, we postulate that GDVII virus bind-
ing has two components: HS binding and direct binding to a
protein entry receptor. Infectivity in HS-deficient CHO cells
is restored by removal of cell surface sialic acid with neu-
raminidase, suggesting that sialic acid sterically hinders full
access to the protein entry receptor required for infection.
Consistent with this notion, BeAn virus binds sialic acid
and can competitively inhibit GDVII virus binding, whereas
GDVII virus does not inhibit BeAn virus binding [12]. Based
on our data, we propose a model wherein high- and low-
neurovirulence TMEV bind different attachment factors, e.g.
HS and sialic acid, but use a common protein entry recep-
tor. Figure 6 depicts the proposed model of infection for the
high-neurovirulence TMEV.

GDVII HS co-receptor use influences range of
neuronal infection in the mouse CNS

The interaction between high-neurovirulence TMEV and its
co-receptor was further studied using GDVII virus adapted
to PG-deficient cells [41]. To generate a high-neurovirulence
TMEV that did not require binding to HS, GDVII virus was
passed in CHO mutant pgsA-745 cells deficient in xylosyl
transferase [42], an enzyme required for attachment of the
tetrasaccharide linker to the protein core and for GAG synthe-
sis. Unlike the complete cpe at 48 h pi observed in parental
CHO cells, cpe of the passed virus was only observed af-
ter day-3 pi and was complete on day-5 pi. Two additional
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A GDVII Virus Passage in CHO pgsA-745 Cells
5d 2d 1d
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Fig.7 (A) Adaptation of GDVII virus to PG-deficient cells. pgsA-745
cells were infected with GDVII (moi of 10) and allowed to progress to
maximal cpe reached at 5 days pi (P1). Lysates were passed twice more
in pgsA-745 cells until ~90% cpe was obtained within 24 h pi (P3).
(B) Cytopathic effect induced at different passages determined in MTT
assay, with cell death calculated as percent (mean = sd of 4 independent
experiments) of uninfected controls. (C) Mutations in GD-A745 on the
GDVII asymmetric icosahedral unit (protomer) in a space-filling model

passages were required for >90% cpe to develop within 24 h,
i.e., at P3, and a stock of virus was prepared (Fig. 7A and B).

The adapted virus, designated GD-A745, acquired two
mutations (R3126L, N1051S), both on surface loops in the
capsid (Fig. 7C) [41]. GD-A745 no longer used HS for bind-
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generated with RasMol software. The GD-A745 pentamer is shown in
the inset. (D) GDVII virus-induced encephalitis (hunched appearance
and ruffled fur). (E) GD-A745 virus-induced poliomyelitis (flaccid limb
paralysis). (F) Percent survival (mean =+ sd shown in 3 independent ex-
periments) of mice inoculated ic with GDVII or GD-A745 and followed
for 20 days. (G,H) Virus growth kinetics in brain (G) and spinal cord
(H) of GDVII- or GD-A745- infected mice (mean =+ sd, n = 3)

ing and entry, and infectious virus yields in mammalian cells
were 25-fold higher for the adapted virus compared to the
parental GDVII virus in BHK-21 cells [41]. Disease patho-
genesis was analyzed in 5- to 6-week-old CD-1 mice inoc-
ulated ic with 100 pfu of GDVII or GD-A745 viruses [41].
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LD50 determinations indicated that GD-A745 virus was 5-
fold less virulent than GDVII virus (pfu/LD50 were 32 and 6,
respectively). GDVII virus-infected mice developed signs of
encephalitis by day 5 pi and all animals died by days-9 to 11
pi. In contrast, GD-A745 virus-infected mice developed flac-
cid limb paralysis without signs of encephalitis, and ~40%
of mice survived to day 20 pi (Fig. 7D-F). All mice infected
with 1000 pfu of GD-A745 virus died by day 15 pi with
flaccid paralysis but without signs of encephalitis.

Virus growth in brain peaked at day 7 pi in mice infected
with 100 pfu of either virus; however, titers were ~20-fold
higher in GDVII virus- than in GD-A745 virus-infected mice
on days 7 and 9 pi (Fig. 7G). Initial kinetics of virus growth
in spinal cords of mice infected with either virus was simi-
lar, with peak titers at day 7 pi (Fig. 7H). Spinal cord virus
titers plateaued after day 7 pi in GD-A745-infected mice, in
contrast to brains where titers steadily declined.

Virus antigen staining of brain sections revealed numer-
ous focal areas of positive cells (mostly neurons based on
morphology) in the neocortex, hippocampal pyramidal cell
layer and brainstem of GDVII-infected mice, but positive
cells were only rare in the brainstem and absent in the cere-
bral hemispheres of GD-A745-infected mice on days 7-9 pi
[41]. Spinal cords of mice infected with GDVII virus con-
tained extensive numbers of virus antigen-containing neu-
rons in both the anterior and posterior gray matter, whereas
infected neurons, generally fewer in numbers were observed
only in the anterior gray matter of GD-A745-infected mice.
Histopathology sections revealed consistently more severe
pathologic changes (neuronophagia, astrocytosis, microglial
proliferation, and mononuclear cell infiltration in perivascu-
lar sites and leptomeninges) in the neocortex, hippocampus
and brainstem of GDVII- than GD-A745-infected mice on
days 7-9 pi. However, such changes in spinal cord gray matter
were more severe in GD-A745- than GDVII-infected mice.
Poliomyelitis in GD-A745 spinal cords progressed between
days 9 and 13 pi.

Together, these results indicate that GDVII with abrogated
HS co-receptor useage show attenuated neurovirulence and
changed cell tropism, essentially limiting infection to neu-
rons in the anterior gray matter of the spinal cord. Atten-
uation of brain infection allowed host survival past day-11
pi (the longest survival of parental virus-infected mice) and
expression of clinical poliomyelitis in the mutant-infected
mice. The same analyses carried out using GDVII adapted
to growth in another proteoglycan-deficient cell line, pgsD-
677, which lacks only HS but not other GAGs, gave similar
results. The adapted GD-D677 virus was virtually identical
to GDA745 with respect to capsid mutations, virus yields in
BHK-21 and Lec-2 cells, and attenuation of neurovirulence
in mice (not shown). Thus, use of HS as a co-receptor by
GDVII virus facilitates cell entry and plays an important role
in cell tropism and neurovirulence in vivo.
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Indications of regional differences in HS expression in
the CNS [43, 44] raise the possibility that GDVII infection
is more dependent on specific HS binding in some sets of
neurons, e.g., those in the lower layers of the neocortex, hip-
pocampal pyramidal layer, brainstem and posterior spinal
cord gray matter, than in other sets, e.g., anterior horn cells.
Other uninfected neurons may not express HS at all. Further
studies of specific brain regions will help to elucidate the role
of HS use in GVII infection.

Concluding remarks

Infection of mice by low- or high-neurovirulence TMEV
strains provides relevant experimental animal models for
acute encephalitis and for persistent infection leading to
chronic demyelinating disease (multiple sclerosis). Mem-
bers of both neurovirulence groups bind to carbohydrate co-
receptors that effect docking and concentration of the virus
on the cell surface for infection of mammalian cells. The
available evidence indicates that use of sialic acid and HS
co-receptors is a major determinant of which cells in the
mouse CNS become infected. Further knowledge of the in-
teraction of TMEV with its co-receptors promises to shed
light on the pathogenesis of viral encephalitis and multiple
sclerosis.
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