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Most poliovirus strains infect only primates. The host range (HR) of poliovirus is thought to be primarily
determined by a cell surface molecule that functions as poliovirus receptor (PVR), since it has been shown that
transgenic mice are made poliovirus sensitive by introducing the human PVR gene into the genome. The
relative levels of neurovirulence of polioviruses tested in these transgenic mice were shown to correlate well
with the levels tested in monkeys (H. Horie et al., J. Virol. 68:681–688, 1994). Mutants of the virulent Mahoney
strain of poliovirus have been generated by disruption of nucleotides 128 to 134, at stem-loop II within the 5*
noncoding region, and four of these mutants multiplicated well in human HeLa cells but poorly in mouse
TgSVA cells that had been established from the kidney of the poliovirus-sensitive transgenic mouse. Neuro-
virulence tests using the two animal models revealed that these mutants were strongly attenuated only in tests
with the mouse model and were therefore HR mutants. The virus infection cycle in TgSVA cells was restricted
by an internal ribosomal entry site (IRES)-dependent initiation process of translation. Viral protein synthesis
and the associated block of cellular protein synthesis were not observed in TgSVA cells infected with three of
four HR mutants and was evident at only a low level in the remaining mutant. The mutant RNAs were
functional in a cell-free protein synthesis system from HeLa cells but not in those from TgSVA and mouse
neuroblastoma NS20Y cells. These results suggest that host factor(s) affecting IRES-dependent translation of
poliovirus differ between human and mouse cells and that the mutant IRES constructs detect species differ-
ences in such host factor(s). The IRES could potentially be a host range determinant for poliovirus infection.

Humans are the only natural hosts of poliovirus. Monkeys
are also highly susceptible to poliovirus when they are inocu-
lated with virus directly into the central nervous system (CNS).
Other animal species are generally not susceptible to the virus.
This characteristic species specificity of poliovirus has meant
that monkeys have been used as the only animal model for the
study of poliovirus neurovirulence and safety testing of oral
poliovirus vaccines. Recently transgenic (Tg) mice that are
susceptible to all three poliovirus serotypes have been gener-
ated by introducing the human gene for the poliovirus receptor
(PVR) into the mouse genome (21, 33). Cumulative evidence
indicates that the Tg mice are a good second animal model for
poliomyelitis (1, 14). These observations demonstrate that
PVR is one of the most important determinants of host spec-
ificity of the virus. The interaction between receptor proteins
and the viral capsid proteins appears to provide determination
of the host range (HR) of poliovirus. Mutations associated
with mouse-adapted phenotype of poliovirus have been
mapped to the region that encodes the viral capsid proteins
(23, 28, 29). Although the virus replication involves numerous
interactions between viral and host factors, no HR mutant
associated with mutations in the region other than the viral
capsid protein region has ever been reported.
The genome of poliovirus is a single-stranded, positive-

stranded RNA composed of approximately 7,500 nucleotides

(nt), polyadenylylated, and covalently linked at the 59 end to a
small protein, VPg (31, 40, 43). The RNA alone is infectious;
cells transfected with the RNA produce progeny infectious
virion particles. A long 59 noncoding region (NCR) of approx-
imately 750 nt of the RNA harbors cis elements for viral RNA
and protein syntheses. A possible cloverleaf-like structure
formed by the 59-proximal end of the RNA (approximately 90
nt) is probably a cis element that regulates the synthesis of the
plus-strand RNA (2). A 500-nt region immediately down-
stream of this contains a cis-acting element termed the internal
ribosomal entry site (IRES), which directs viral translation
initiation in a 59-end- and cap-independent manner (24, 30,
32). This region of the RNA is considered to have a compli-
cated highly ordered structure formed by a number of second-
ary structures (9, 38).
A number of host cellular factors are required for the ex-

pression of IRES function. The translation of poliovirus does
not occur in a cell-free translation system prepared from wheat
germ and occurs inefficiently and usually incorrectly in rabbit
reticulocyte lysates (RRL) (6). The poor translation in RRL,
however, is markedly improved by the addition of factors from
HeLa cells (7, 16, 32). Other IRESs, such as the IRESs of
encephalomyocarditis (EMC) virus RNA (17) and hepatitis C
virus RNA (41), are highly expressed in the RRL system,
indicating that quantitative and/or qualitative differences in
host factors might be needed for the expression of specific
IRESs with different structures. This led us to the hypothesis
that the host factor requirements of IRES may be altered by
the introduction of mutations that affect the IRES structure.
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We have shown previously that plus-strand RNA synthesis
of the Mahoney strain of poliovirus type 1 is restricted at an
initiation step at 408C in mouse cells expressing human PVR
but not in human HeLa cells (36). Genetic analysis of temper-
ature-resistant (Tr; previously termed Hr) mutants derived
from the Mahoney strain identified the key mutation at nt 133
(A to G) within the 59 NCR of the RNA (37). This nucleotide
position is located within the stem-loop II (SLII) structure (nt
126 to 162) and has been considered to be a part of the IRES
(24). The data suggest that the SLII region regulates both
poliovirus RNA synthesis and IRES-dependent protein syn-
thesis. Borman et al. have suggested that the RNA segment (in
the region from nt 343 to 500) within the IRES also controls
viral RNA synthesis (7). These observations indicate that the
regulatory elements for RNA synthesis and protein synthesis
may overlap in part in the 59 NCR.
To clarify the function of the SLII region, several mutants

altered within this region were constructed by using an infec-
tious cDNA clone of the virulent Mahoney strain of poliovirus
type 1. The mutants replicated well in primate cells and in the
CNS of monkeys but failed to replicate well in mouse cells and
in the CNS of the Tg mice. The replication of the mutant
strains in mouse cells was blocked at IRES-dependent trans-
lation initiation. Mutants retained the capacity for RNA rep-
lication in mouse cells. These results suggest that the interac-
tion between the IRES and host factors is an important
determinant of host specificity of poliovirus replication.

MATERIALS AND METHODS

Cells and viruses. Suspension-cultured HeLa S3 cells were grown in RPMI
1640 medium supplemented with 5% newborn calf serum and used for prepa-
ration of poliovirus type 1 Mahoney strain PV1(M)OM (37) and plaque forma-
tion. African green monkey kidney (AGMK) cells cultured in Dulbecco modified
Eagle medium (DMEM) supplemented with 5% newborn calf serum were used
for plaque formation or transfection with infectious poliovirus cDNAs. TgSVA
(36) or NS20Y (established from mouse neuroblastoma) cells were cultured in
DMEM supplemented with 5 or 10% fetal calf serum, respectively.
SLII mutants were prepared in AGMK cells at 378C. Titers of poliovirus

preparations were measured by plaque titration in AGMK cells and by cyto-
pathic effect on primary cynomolgus monkey kidney cells. The attenuated Sabin

1 strain used in this study was virus PV1(Sab)IC-0 recovered from AGMK cells
transfected with pVS(1)IC-0(T) (19).
Virus infection and growth. To examine virus growth, cells grown in a 12-well

plastic culture plate were infected with poliovirus at a multiplicity of infection
(MOI) of 20. After incubation for 1 h, the cell cultures were washed with DMEM
and treated with neutralizing antibodies against poliovirus for 1 h in order to
inactivate unadsorbed virus. Virus yields at appropriate times postinfection were
measured by plaque titration in AGMK cells.
Construction of mutant cDNAs.Modifications at nt 128 to 134 of the genome

were carried out by two cycles of PCR as described previously (37). Plasmid
pT7-1131 derived from PV1(M)OM was used as a template. The first set of
primers had a sense nucleotide sequence of nt 126 to 146 and an antisense
sequence of nt 389 to 407, and the second set of primers had a nucleotide
sequence of pBR vector (nt 3670 to 3690) and an antisense sequence of nt 126
to 146. The sense and antisense primers corresponding to nt 126 to 146 were
designed to have mutated sequences that included a five-base deletion from nt
129 to 133 for pOM1-SLII-1, a two-base replacement at U-130 and G-132 by A
for pOM1-SLII-4, a seven-base replacement from nt 128 to 134 by seven U’s for
pOM1-SLII-5, and a two-base change at A-128 and A-129 of pOM1-SLII-1 by G
and U, respectively, for pOM1-SLII-6. Two fragments produced by the first and
second rounds of PCRs were ligated by further PCR with primers with a sense
sequence of nt 3670 to 3690 and an antisense sequence of nt 389 to 407. The PvuI
and PinAI fragments from the mutant fragments were inserted into the PvuI and
PinAI site of plasmid pOM1. Infectious cDNAs thus constructed were desig-
nated pOM1-SLII-1, pOM1-SLII-4, pOM1-SLII-5, and pOM1-SLII-6 (Fig. 1).
Viruses produced in AGMK cells transfected with viral RNAs from these mutant
cDNAs were designated PV1(M)SLII-1, PV1(M)SLII-4, PV1(M)SLII-5, and
PV1(M)SLII-6, respectively (Table 1). Nucleotide sequences of nt 1 to 339 of
cDNAs were determined to confirm the modified sequences by a dideoxy method
using a Pharmacia LKB ALFred DNA sequencer. Plasmid pOM1-E was pOM1
that carried the EMC virus IRES (EMC virus nt 305 to 845 from plasmid p-CITE
[Novagen]) at the junction of the RNA regions encoding P1 and P2 proteins. The
structure of pOM1-E was that reported by Borman et al. (7). Plasmids pOM1-
E-SLII-1, pOM1-E-SLII-4, pOM1-E-SLII-5, and pOM1-E-SLII-6 were con-
structed by a similar method.
Tg mouse neurovirulence tests. Tg mice, line IQI-PVRTg21 (heterozygote) (1,

21), 6 to 7 weeks old were inoculated intracerebrally with 30 ml or intraspinally
with 5 ml of poliovirus suspensions at various titers. The mouse line had been
maintained under specific-pathogen-free conditions before use. Animals were
observed every 12 h for paralysis or death up to 14 days after inoculation. In some
cases, viruses were isolated from the spinal cords and brains of paralyzed mice.
Monkey neurovirulence tests.Monkey neurovirulence tests were carried out as

described previously (18). Cynomolgus monkeys were inoculated with 0.1 ml of
a virus suspension (107 50% cell culture infective doses per ml) into the lumbar
enlargement. Monkeys showing severe clinical poliomyelitis were sacrificed at
the peak of disease. Lesion scores were determined by an established procedure
to evaluate the intensity of histological lesions (42).
Analysis of proteins by PAGE. Proteins in infected cells were analyzed by

polyacrylamide gel electrophoresis (PAGE) as described previously (36). HeLa
S3 and TgSVA cells in 12-well plates were infected with poliovirus at an MOI of
50. The cells were incubated in methionine-free DMEM and labeled with 2 mCi
of [35S]methionine (1.45 Ci/mmol; Amersham) per ml for 40 min prior to har-
vest. At intervals of 1 h, the radiolabeled cell monolayers were collected and
dissolved in a sample buffer. Samples were heated at 1008C for 5 min, applied to
12.5% polyacrylamide gel, and run at 40 mA. After treatment with Amplify
(Amersham), the gels were dried and exposed to Fuji X-ray films.
Cell-free translation. Cytoplasmic extracts (S10) from suspension cultured

HeLa cells uninfected or infected with poliovirus were prepared and treated with
micrococcal nuclease as previously reported (15). Mouse TgSVA and NS20Y

FIG. 1. Secondary structures at the sites of mutation of SLII mutant ge-
nomes. Possible secondary structures of SLII regions of the genomes of WT virus
and SLII mutants are shown. Nucleotide positions are indicated on the nucleo-
tide sequence of the WT genome.

TABLE 1. Nomenclature of viruses and their infectious
cDNA clones

Virus cDNA clone

WT (Mahoney)
PV1(M)OM..................................................................pOM1

SLII mutants (HR mutants)
PV1(M)SLII-1..............................................................pOM1-SLII-1
PV1(M)SLII-4..............................................................pOM1-SLII-4
PV1(M)SLII-5..............................................................pOM1-SLII-5
PV1(M)SLII-6..............................................................pOM1-SLII-6

PVE mutants (dicistronic viruses)
PVE...............................................................................pOM1-E
PVE-SLII-1...................................................................pOM1-E-SLII-1
PVE-SLII-4...................................................................pOM1-E-SLII-4
PVE-SLII-5...................................................................pOM1-E-SLII-5
PVE-SLII-6...................................................................pOM1-E-SLII-6
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monolayer cells were collected and cultured in suspension for 4 and 6 h, respec-
tively. Then the suspension-cultured TgSVA cells were infected with poliovirus
and incubated further for 4 h. The suspension-cultured NS20Y cells were used
directly for preparation of S10 extracts. Cytoplasmic extracts (S10) were pre-
pared from these mouse cells by the method used for HeLa cells. Conditions for
the translation reaction were as specified by Iizuka et al. (15). After incubation
at 328C for 1 h, radioactive products in the translation mixtures were analyzed by
sodium dodecyl sulfate-PAGE as described above.
Slot blot analysis. HeLa monolayer cells in 12-well plates were infected with

the wild type (WT), SLII mutants, and PVE-WT (see below), and PVE-SLII
mutants at an MOI of 5. At indicated times, cytoplasmic RNAs were extracted
from the infected cells and denatured. In each slot of a slot-blotting apparatus
(Minifold II; Schleicher & Schuell), 20 mg of RNA was applied, and the RNAs
were immobilized on a nylon filter (Hybond N; Amersham). The filters were
hybridized to a 32P-labeled cDNA corresponding to nt 4684 to 7108 of the viral
RNA.

RESULTS

Characterization of poliovirus mutants. Poliovirus mutants
disrupted between nt 128 to 134 in the SLII (SLII mutants)
were constructed by PCR site-directed mutagenesis of an in-
fectious cDNA clone of the Mahoney strain of poliovirus type
1 as described in Materials and Methods and were designated
PV1(M)SLII-1, PV1(M)SLII-4, PV1(M)SLII-5, and PV1(M)
SLII-6. The structures of the sites of mutation are shown in
Fig. 1.
Virus preparations of the SLII mutants were grown in pri-

mate (HeLa and AGMK) cells and TgSVA cells at 378C (Table
2). All SLII mutants show fairly high titers in the primate cells.
In HeLa and AGMK cells, the SLII mutants displayed plaques
at 1028 and 1027 dilutions, respectively. However, plaques
were not observed in mouse TgSVA cells infected even at

a 1022 dilution of the PV1(M)SLII-1, PV1(M)SLII-5, and
PV1(M)SLII-6 preparations. The PV1(M)SLII-4 mutant also
showed a significantly lower titer in TgSVA cells than in pri-
mate cells. The virus titers of WT poliovirus in TgSVA cells
and primate cells are similar. These observations suggest that
the SLII mutants retain an almost complete ability to replicate
in primate cells but replicate very poorly in mouse TgSVA
cells. SLII mutants formed smaller plaques in primate cells
than WT poliovirus (data not shown). This result may suggest
that the SLII mutants multiply with a slightly lower efficiency in
the primate cells than WT poliovirus.
To determine the virus yield in a single cycle of infection,

HeLa and TgSVA cells were infected with WT poliovirus or
the SLII mutants at an MOI of 20, and the time course of virus
production after infection was followed (Fig. 2). In HeLa cells,
the virus production of WT poliovirus plateaued 7 h after
infection, and those of the SLII mutants plateaued 13 h after
infection. Maximum yields of the SLII mutants in HeLa cells
were slightly lower (1/5 to 1/10) than that of WT poliovirus. In
TgSVA cells, however, yields of WT and the SLII mutants
were significantly different. WT poliovirus replicated to a sim-
ilar level in TgSVA cells as in HeLa cells. However, the yields
of PV1(M)SLII-1, PV1(M)SLII-5, and PV1(M)SLII-6 were
104- to 105-fold lower and the yield of PV1(M)SLII-4 was 102-
to 103-fold lower in TgSVA cells than in HeLa cells. Thus, SLII
mutants have a very poor capacity to replicate in mouse
TgSVA cells. Since a similar phenomenon was observed when
mouse La cells (20) were used as host cells (data not shown),
it is possible that the SLII mutants constructed here have
HR-dependent replication.
Neurovirulence of mutants in Tg mice and monkeys. The

neurovirulence of the SLII mutants was tested in the Tg mice
by intracerebral inoculation (Fig. 3). All Tg mice inoculated
with 103 PFU or more of the virulent Mahoney strain died,
whereas no mice died following inoculation of up to 106.5 PFU
of the attenuated Sabin 1 strain. The Sabin 1 strain failed to
even cause paralysis in the Tg mice. None of the mice inocu-
lated with PV1(M)SLII-1, PV1(M)SLII-5, and PV1(M)SLII-6
died, although a few of the mice inoculated with PV1(M)
SLII-1 and PV1(M)SLII-5 had evidence of paralysis. These
observations suggested that the levels of neurovirulence in

FIG. 2. Virus yield in HeLa and TgSVA cells in a single cycle of infection. HeLa and TgSVA cells in 12-well plates were infected with viruses at an MOI of 20 and
cultured at 378C. At indicated times, viruses were recovered from cells by freeze and thawing. Virus yields were measured by plaque assay on AGMK cells. PV1(M)
is omitted from nomenclatures of SLII mutants.

TABLE 2. Plaque-forming abilities of SLII mutants

Virus
PFU/ml

HeLa AGMK TgSVA

PV1(M)OM (WT) 8 3 109 109 4 3 109

PV1(M)SLII-1 1.5 3 109 2 3 108 %102

PV1(M)SLII-4 109 1.5 3 108 105

PV1(M)SLII-5 4 3 108 3 3 108 %102

PV1(M)SLII-6 6 3 108 3 3 107 %102
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mice of PV1(M)SLII-1, PV1(M)SLII-5, and PV1(M)SLII-6
were similar to that of the attenuated Sabin 1 strain and were
significantly lower than that of the parental virulent Mahoney
strain. One of four mice inoculated with 105.5 PFU of PV1
(M)SLII-4 died during the test. The incidence of paralysis was
higher in the mice inoculated with PV1(M)SLII-4 than in those
inoculated with other SLII mutants. The data suggested that
PV1(M)SLII-4 had a slightly higher neurovirulence than the
other SLII mutants, although the neurovirulence of this mu-
tant remained significantly lower than that of the parental
Mahoney strain. Intraspinal mouse neurovirulence tests on
PV1(M)SLII-1 and PV1(M)SLII-6 also demonstrated that
these SLII mutants had neurovirulence levels similar to that of
the attenuated Sabin 1 strain (data not shown).
Monkey neurovirulence tests with intraspinal inoculation

were carried out with the PV1(M)SLII-1 strain as described
previously (18) (Table 3). All three monkeys inoculated with
106 50% cell culture infective doses of PV1(M)SLII-1 showed
severe paralysis, and two of them died within 7 days after the
inoculation. In contrast, the attenuated Sabin 1 strain caused
mild paralysis in only 4 of 12 monkeys inoculated, and no
monkeys died. Histopathological examinations were carried
out on the CNS of infected monkeys. Mean lesion scores ob-
tained were 2.16 and 0.88 for PV1(M)SLII-1 and the Sabin 1
strain, respectively (Table 3). Since two of three monkeys in-
oculated died, the mean lesion score due to the PV1(M)SLII-1
strain may have already plateaued in this test (see reference
14). This finding suggests that the intraspinal inoculation

method was too sensitive to assess the neurovirulence level of
the virus. The results indicate that the SLII mutant had a
strong neurovirulent phenotype in monkeys, significantly
higher than that of the attenuated Sabin 1 strain.
The flaccid paralysis and death that are characteristic of

poliomyelitis are believed to be caused by lytic replication of
poliovirus in motor neurons in the anterior (dorsal) horn of the
spinal cord and in respiratory neurons in the brain stem, re-
spectively. Therefore, the results of neurovirulence tests using
the Tg mice and monkeys suggest that the SLII mutants grow
well in neurons of the CNS of monkeys but not in those of the
Tg mice, indicating that the SLII mutants described in this
study are HR specific.
Characterization of virus passaged in the CNS of Tg mice or

monkeys. The high neurovirulence of the SLII mutant in mon-
key might result from mutations that arise during virus repli-
cation in the monkey CNS. To exclude this possibility, virus
was recovered from the spinal cord and brain of a paralyzed
monkey that had been injected with PV1(M)SLII-1. The re-
covered virus was grown in AGMK cells, and plaque formation
was determined in TgSVA and AGMK cells. None of the
recovered virus produced plaques in TgSVA cells. Two exam-
ples (monkey-1 and monkey-2) are shown in Table 4. This
result suggests that the SLII mutant was not altered in the
replication process of monkey CNS and that the SLII mutant
itself has a fairly strong neurovirulence. Viruses recovered
from the CNS of a paralyzed mouse infected with PV1(M)
SLII-1 acquired plaque-forming ability in TgSVA cells (Table
4). This observation suggests that revertants of the SLII mutant
may cause paralysis in the Tg mice (Fig. 3). Thus, it is likely
that the SLII mutants replicate to a sufficiently high level to
cause paralysis and death in the CNS of monkeys but not in the
CNS of the Tg mice. These results strongly support the notion
that the SLII mutants are HR mutants. The revertants isolated
from the CNS of the Tg mice are currently being characterized
at the molecular level.
Viral protein synthesis in infected cells. The SLII structure

harbors regulatory elements for both plus-strand RNA synthe-
sis and IRES-dependent protein synthesis. It is therefore pos-
sible that the mutations introduced in this study may block one
or both of these virus replication processes in mouse cells.
Viral protein synthesis and a shutoff of host protein synthesis
were investigated in HeLa and TgSVA cells infected with the
WT strain or the SLII mutants at an MOI of 50 (Fig. 4). At 1-h
intervals, a portion of the cells was pulse-labeled with [35S]me-
thionine for 40 min prior to harvest in order to examine the
relative amount of protein synthesis. Infection with WT strain
resulted in efficient synthesis of poliovirus-specific proteins and
strong inhibition of host cell protein synthesis both in HeLa
and TgSVA cells (Fig. 4A). Similar results were observed in
HeLa cells infected with the SLII mutants (Fig. 4B to E). In
TgSVA cells, however, all of the SLII mutants except PV1

FIG. 3. Neurovirulence tests on SLII mutants in Tg mice by the intracerebral
route. Tg mice were inoculated intracerebrally with the Mahoney strain, the
Sabin 1 strain, or the PV1(M)SLII-1, -4, -5, and -6 strains and observed for
paralysis and death up to 14 days after inoculation. Lengths of bars represent
survival times of individual Tg mice. The shadowed bars and hatched bars
indicate survivors without any clinical signs and with paralysis, respectively.

TABLE 3. Monkey neurovirulence test via the intraspinal route

Virus Incidence of
paralysis

Incidence of
death

Avg lesion
score

PV1(M)SLII-1 3/3 2/3 2.16
Sabin 1 4/12 0/12 0.88

TABLE 4. Plaque-forming abilities of viruses isolated
from paralyzed animals

Virus
PFU/ml

TgSVA AGMK

PV1(M)OM (WT) 109 6 3 108

Mouse-1 105 107

Mouse-2 105 5 3 107

Monkey-1 %102 7 3 107

Monkey-2 %102 8 3 107

PV(M)SLII-1 102 7 3 107
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(M)SLII-4 failed to induce virus-specific protein synthesis and
shutoff of cellular protein synthesis (Fig. 4B, D, and E). The
PV1(M)SLII-4 strain exhibited both processes in HeLa and
TgSVA cells, as was observed with the WT strain (Fig. 4C).
Thus, virus-specific translation does not proceed in TgSVA
cells infected with the PV1(M)SLII-1, PV1(M)SLII-5, and
PV1(M)SLII-6 strains. Monitoring the inhibition of host cell
protein synthesis is known to be sensitive for the detection of
translation of poliovirus proteins directly from the virion RNA
early in the infection cycle (36). Therefore, those observations
indicate that initiation of translation that is directed by the
IRES of virion RNA is blocked in these three mutants in
TgSVA cells. The defective replication process of the SLII
mutants in TgSVA cells therefore appears to occur at or up-
stream of IRES-dependent translation.
Cell-free translation. Cell-free translation systems were

used for further investigation of the IRES activity of SLII
mutant RNAs. RNAs with a free 59 end were synthesized from
cDNA clones pOM1 and pOM1-SLII-1, -4, -5, and -6 that had
been linearized by digestion with XbaI; these RNAs were used
as templates in S10 extracts prepared from HeLa, TgSVA, and
NS20Y cells (Fig. 5). The amounts of RNA templates used are
shown in Fig. 5D. As expected, a protein band of 66 kDa is
detected following translation of all of the RNAs in S10 ex-
tracts from HeLa cells (Fig. 5A). The intensities of the bands,
however, differ among samples. WT RNA resulted in the larg-
est band, and the SLII mutant RNAs produced relatively small
amounts of protein. This is compatible with the observation
that HeLa cells infected with the SLII mutants produce prog-
eny infectious particles at a slightly lower level than those
infected with WT poliovirus (Fig. 2).
In S10 extracts from mouse cells, the 66-kDa protein was not

detected in the products of any of the SLII mutant RNAs but
was visible in the products of the WT RNA (Fig. 5B and C). It
is possible that the SLII mutant RNAs are unstable and rapidly
degraded in S10 extracts from mouse cells. To exclude this
possibility, the IRES of EMC virus was inserted at the junction
between the genomic regions encoding the capsid (P1) pro-
teins and noncapsid (P2 and P3) proteins of poliovirus (Fig.

6D), and these constructs were used as additional templates
for protein synthesis in the S10 extracts. As shown in Fig. 6B
and C, bands corresponding to P2 and P3 proteins of poliovirus
were seen in every reaction product, although a 66-kDa protein

FIG. 4. Protein synthesis in HeLa and TgSVA cells infected with SLII mutants. HeLa and TgSVA cells in 12-well plates were infected with the Mahoney(WT)(A) or
PV1(M)SLII-1(B), SLII-4(C), SLII-5(D), or SLII-6(E) strain at anMOI of 50 and labeled with [35S]methionine for 40 min prior to harvest. At 1, 2, 3, 4, 5, and 7 h postinfection
(p.i.), extracts were prepared and analyzed as described in Materials and Methods. Sizes (kilodaltons) of protein markers are indicated on the right of each panel.

FIG. 5. Cell-free translation products of truncated virus RNAs. Template
RNAs were transcribed by T7 RNA polymerase from pOM1 and pOM1-SLII-1,
-4, -5, and -6 strains that had been cleaved by XbaI (D). The nucleotide length
of template RNA is shown on the right of panel D. The in vitro transcripts were
incubated for 60 min at 328C in S10 from HeLa (A), TgSVA (B), and NS20Y (C)
cells. Positions of the product (66 kDa) are indicated by arrowheads on the right.
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was detected only in translation products from WT RNA.
Thus, it is unlikely that only mutant RNAs are unstable in
mouse cell extracts. These observations indicate that the IRES
of the SLII mutant RNAs does not function in the mouse
system but is active in the primate system. These results indi-
cate that the defect(s) of these mutants resides in the IRES-
dependent translation initiation in mouse cells.
Viral RNA synthesis. The mutations introduced in this study

may also block the SLII function in plus-strand RNA synthesis.
To examine this possibility, viruses that had dicistronic RNA
genomes carrying the IRES of EMC virus (Fig. 6D) were
prepared by transfection of AGMK cells with the correspond-
ing RNAs as described in Materials and Methods. WT virus
and the PV1(M)SLII-1, PV1(M)SLII-4, PV1(M)SLII-5, and
PV1(M)SLII-6 strains that had the IRES of EMC virus were
designated PVE, PVE-SLII-1, PVE-SLII-4, PVE-SLII-5, and
PVE-SLII-6 (Table 1). HeLa and TgSVA cells were infected
with those dicistronic viruses, and the relative amounts of the
RNAs in infected cells were measured over time after infection
by slot blot analysis (Fig. 7). As shown in Fig. 6, all of the
dicistronic RNAs produced the viral P2 and P3 proteins driven

by the inserted IRES from the EMC virus RNA. Since only the
viral capsid proteins are dispensable for RNA replicon activity
of poliovirus (10), it was expected that the SLII mutant RNAs
would show an RNA replicon activity with the aid of the
foreign IRES if a cis element in SLII structure was still active
in RNA synthesis.
As shown in Fig. 7, the amounts of viral RNAs of PVE,

PVE-SLII-1, PVE-SLII-5, and PVE-SLII-6 were similar to
those of the corresponding parental viruses in HeLa cells. In
TgSVA cells, RNA of PVE accumulated to significant levels as
did WT RNA. As expected, RNAs of the PV1(M)SLII-1,
PV1(M)SLII-5, and PV1(M)SLII-6 strains appeared not to
accumulate in TgSVA cells. However, a considerable amount
of RNAs accumulate in TgSVA cells infected with the PVE-
SLII-1, PVE-SLII-5, and PVE-SLII-6 strains. These experi-
ments demonstrate that the cis element of the SLII structure
for RNA synthesis is active in these SLII mutant RNAs.

DISCUSSION

Host-restricted expression of poliovirus neurovirulence is
thought to be regulated by PVR, a cell surface glycoprotein
that belongs to the immunoglobulin superfamily (20, 26). Tg
mice carrying the human PVR gene have been shown to be
susceptible to all three poliovirus serotypes (21, 33). Further-
more, it has been demonstrated that the relative neuroviru-
lence levels of various poliovirus isolates in monkey and Tg
mouse models are correlated well with each other (1, 14).
Neurovirulence tests in the two animal models have similarly
demonstrated that a relatively strong neurovirulence determi-
nant(s) resides in the IRES of poliovirus type 1 and that nt 480
is particularly important (14, 18). Thus, the IRES seems to be
an important regulatory element for strain-specific expression
of poliovirus neurovirulence in these two host animals. These
two animal models show no difference in the development of
the disease, despite the fact that replication of virus in vivo
must involve a number of biological interactions between viral
and host factors.
Here, we describe the isolation of poliovirus mutants carry-

FIG. 6. Cell-free translation products of truncated virus RNAs and PVE
mutant RNAs. The template RNAs (D) were transcribed by T7 RNA polymer-
ase from pOM1 and pOM1-SLII-1, -4, -5, and -6 strains that had been cleaved by
XbaI (a) and pOM1-E, pOM1-E-SLII-1, -4, -5, and -6 strains (b). Lengths of
template RNAs are also indicated by lines with arrowheads at both ends in panel
D. The in vitro transcripts a and b were translated for 60 min at 328C in S10 from
HeLa (A), TgSVA (B), and NS20Y (C) cells. Sizes (kilodaltons) of protein
markers are indicated on the right. Positions of the product (66 kDa) are
indicated on the left.

FIG. 7. RNA replication assay. HeLa and TgSVA cells in 12-well plates were
infected with WT poliovirus, SLII mutants, and PVE mutants at an MOI of 5.
Cytoplasmic RNAs were extracted at indicated times, and amounts of viral
RNAs were determined by slot blot analysis as described in Materials and
Methods.
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ing mutations in the region of nt 128 to 134 within the SLII
structure of the RNA. The mutants replicated well in primate
cells but not in mouse cells. Furthermore, the mutants showed
high neurovirulence in monkeys but low neurovirulence in the
Tg mice. The SLII structure has a dual function, playing im-
portant roles in the expression of the IRES function (30) and
in the initiation of plus-strand RNA synthesis (37). IRES-
dependent translation of the SLII mutants was found to be
blocked in mouse cells. It was unlikely that the SLII mutants
would have defects in other replication processes such as at-
tachment to cells or uncoating of the virion particle, since the
mutations were introduced only into the SLII region of the
RNA. Our results suggest that interaction of the IRES with
host factor(s) is an additional determinant of host-restricted
expression of poliovirus neurovirulence and that the SLII mu-
tants constructed here detect a species difference between
mice and primates with respect to host factors required for
IRES function.
In this study, we used artificial mutants of poliovirus. No

naturally occurring poliovirus mutants have been shown to
recognize species differences between monkeys and Tg mice
(1). It might be possible, however, for HR mutants like the
SLII mutants to emerge in nature. If this was the case, the
mouse model would fail to assess the relative neurovirulence of
the isolates. In addition, the monkey neurovirulence pheno-
type may not perfectly reflect poliovirus neurovirulence in hu-
mans. Tissue-specific replication of the SLII mutants have not
been investigated in this study. It is possible that the SLII
mutants show tissue-specific replication abilities that are dif-
ferent from that of the WT poliovirus strain, since the distri-
bution of host factors required for the IRES function may
differ between cell types.
The initiation events directed by the IRES probably require

most of the same set of initiation factors that are utilized by
typical capped cellular mRNAs (35). Cap-binding activity of
eIF-4F is not required for translation of the uncapped polio-
virus RNAs, but the RNA helicase activity manifested by this
protein complex may still have an important role in internal
initiation (34). If the eukaryotic initiation factor eIF-4F is
required for IRES-dependent initiation, it may function in a
structurally modified form. It has been shown that eIF-2a
associates with nt 97 to 182 and 510 to 629 within the 59 NCR
of poliovirus RNA (3) and that eIF-4B binds to the 59 NCR of
foot-and-mouse disease virus RNA (27). In addition to the
standard initiation factors, other trans-acting protein factors
probably mediate IRES-dependent translation initiation of po-
liovirus. La protein (p52) and polypyrimidine tract-binding
protein (p57) have been reported as host factors for IRES-
dependent translation initiation (4, 6, 13, 25, 39). Many un-
identified host proteins have been reported to bind to defined
IRES regions of poliovirus RNA, using UV cross-linking anal-
ysis or gel shift assay (3, 5, 8, 11). Furthermore, viral protein
2A is known to enhance the efficiency of poliovirus translation
initiation (12, 22).
Since expression of IRES function must be influenced by

efficiency of interactions with host factors, the IRESs of SLII
mutants reported here may not be recognized by one or more
such host factors. It is unknown at present which host factor(s)
is involved in such an interaction, resulting in HR-specific
expression of SLII mutant IRESs. To determine the specific
regions of the genome involved in the interaction, mutation
sites of passaged revertants that can replicate in mouse cells
are currently being investigated.
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