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Poliovirus (PV) type 1 mutants selected in human neuroblastoma cells persistently infected (PVpi) with the
wild-type Mahoney strain exhibited a mouse-neurovirulent phenotype. Four of the five substitutions present in
the capsid proteins of a PVpi were demonstrated to extend the host range of the Mahoney strain to mice. These
new mouse-neurovirulent determinants were located in the three-dimensional structure of the viral capsid; two
of them (residues 142 of VP2 and 60 of VP3) were located in loops exposed at the surface of the protein shell,
whereas the other two (residues 43 ofVP1 and 62 ofVP4) were located on the inside of the capsid. VP1 residue
43 and VP2 residue 142 substitutions were also selected in a PVpi derived from the attenuated Sabin strain.
We suggest that the selective pressure of human neuroblastoma cell factor(s) involved in early steps of PV
multiplication could be responsible for the arising of amino acid substitutions which confer adaptation to the
mouse central nervous system to PV.

Poliovirus (PV) is a human enterovirus of the Picomaviridae
family and is classified into three serotypes (PV-1, PV-2, and
PV-3). The PV virion consists of a single-stranded RNA
molecule of positive polarity surrounded by an icosahedral
capsid made of 60 copies of each of the four structural
polypeptides VP1, VP2, VP3, and VP4. The precise structure
of the capsid proteins in infectious PV has been established by
X-ray crystallography (7, 10). The human PV receptor has
been identified as a member of the immunoglobulin superfam-
ily of proteins (12, 17), and recently it has been shown that the
lymphocyte homing receptor CD44 may be involved in the
interactions between PV and its receptor (23).
PV is the causative agent of poliomyelitis, an acute disease

of the central nervous system of humans that in some cases
results in paralysis. Wild-type strains of PV generally exhibit a
high neuropathogenic potential, whereas Sabin vaccine strains
of PV are attenuated in their ability to infect the central
nervous system. Although most wild-type PV strains can infect
only primates, the Lansing strain of PV-2 has been adapted to
mice, in which it causes paralytic disease when inoculated
intracerebrally. In contrast, many other PV strains, including
the type 1 Mahoney strain, although highly neurovirulent in
primates, are avirulent in mice. The genetic basis for host
restriction of PV-1 in mice was first studied by construction of
viral recombinants between PV-1 and PV-2 strains (14). This
study revealed that the capsid-encoding region of PV-2/Lan-
sing is sufficient to confer the mouse-virulent phenotype to
PV-1/Mahoney. A more accurate location of mouse adaptation
determinants of PV-1 has been obtained by manipulating
cDNA of PV-1/Mahoney (16, 18, 19) and by isolation in vivo
and characterization of mutants after passage of the virus in
the mouse central nervous system (5). These determinants can

be classified into two groups: (i) determinants localized at the
surface of the protein shell in the amino acid sequence from 94
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to 102 of the B-C loop of VP1, a major component of the
antigenic neutralization site 1 (10); and (ii) determinants
located inside the viral capsid corresponding to residues at
positions 22, 40, and 54 of VP1 and 31 of VP2 (7, 10). It seems
likely that PV strains which cannot infect mice are blocked in
one or more of the early steps of mouse nerve cell infection,
since transgenic mice expressing the human PV receptor are
susceptible to infection with all three serotypes of PV (13, 22).
The mutations in the first group (located on the outside surface
of the virus) may act directly by affecting interactions with
specific receptors within the mouse central nervous system.
Alternatively, these mutations as well as the mutations in the
second group (located on the inside of the virus) may play a
role in controlling receptor-mediated conformational changes,
i.e., the extrusion of the N terminus of VP1 and the release of
VP4 (8, 9, 15), and thus allow PV to overcome the host range
restriction (5, 18).
Although PV is usually considered to be a lytic virus, it has

been shown that virus from all three serotypes of PV can
induce a persistent infection in human neuroblastoma cells
such as IMR-32 cells (4). The PV mutants recovered from
neuroblastoma cells persistently infected (PVpi) with the Sabin
strains exhibited phenotypic properties which differed greatly
from those of the parental strains (21). In particular, the PVpi
titers were 1 to 5 loglo units higher in IMR-32 cells than on
nonneuronal HEp-2c cells, while parental viruses had similar
titers on both lines. In correlation with this modified cell
specificity, PVpi could establish secondary persistent infections
in HEp-2c cells. Mutations responsible for this phenotype were
located in a genomic region, between nucleotides 1148 and
3481, of a PVpi derived from the attenuated PV-1/Sabin strain
(PVpiSll) (3). This region carried 11 missense mutations
mapping in the genes of capsid proteins VP1 and VP2 (2).
Surprisingly, all three independent PVpi selected in IMR-32
persistently infected with the attenuated PV-1/Sabin strain
exhibited a point mutation (C-*U) at nucleotide 2544 inducing
amino acid change of Thr-22 of VP1 to Met. Since substitution
Thr->Ile at this same position renders PV-1/Mahoney neuro-
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FIG. 1. Genomic organization of the region of the PV-1/Mahoney genome encoding the capsid proteins. The positions of mutated nucleotides

and substituted amino acids are indicated in boldface. PD50s for mice are shown at the right.

virulent for mice (5), we first investigated whether substitution
Thr-22--Met in VP1 can confer the mouse-neurovirulent
phenotype to the mouse-avirulent PV-1/Mahoney. As differ-
ences between PV-1/Mahoney and PV-1/Sabin genomes in-
clude a silent mutation at nucleotide 2545 (A-*G), we had to
change two nucleotides (C-2544-JU and A-2545--G) to intro-
duce the Thr-22-->Met change in polypeptide VP1 of PV-1/
Mahoney. Both mutations were introduced in the VP1 gene by
site-directed mutagenesis. The PV-1/Mahoney cDNA se-

quence from nucleotide 2243 to 3064 (PstI-KpnI fragment) was
inserted into the polylinker of M13mpl8 vector DNA (Amer-
sham), resulting in M13/KK-VP1. The mutations were intro-
duced in the single-strand form of M13/KK-VP1, using the
oligonucleotide primer (5'-CGGCAAIXTCTAGAGACG
C-3') and the oligonucleotide-directed in vitro mutagenesis
system (Sculptor; Amersham) in accordance with the manu-

facturer's instructions. The 484-bp NheI-SnaBI fragment from
the mutated replicative form was used to substitute for the
corresponding fragment in pKK17 (11), containing the full-
length PV-1/Mahoney cDNA. The resulting plasmid, pKK-
VP1M22, was purified and then used to transfect IMR-32 cells
as previously described (5). Upon recovery of the correspond-
ing virus, Mah-KKVPlM22, the sequence of the viral genome
was verified in the mutated region and shown to carry the
expected mutations. Mah-KKVPlM22 was tested for its neu-

rovirulent phenotype in mice. Groups of six 21-day-old female
OF1 mice (IFFA-CREDO) were inoculated intracerebrally
with 0.03 ml of serial dilutions of viral stock, and the animals
were observed daily for 21 days to score paralysis or death. The
mutated virus was neurovirulent for mice, and the dose which
paralyzed 50% of the animals (PD50) was 108 PFU. The
sequence of viral RNA recovered from the spinal cord of one
paralyzed mouse was verified as described previously (5) and
shown to carry the mutations. Thus, the Thr->Met substitution
at residue 22 of VP1 resulted in a mouse-neurovirulent PV-1/
Mahoney, indicating that mutations able to extend the host
range of PV-1 to mice could be selected during the persistent
infection of human neuroblastoma cells.
To investigate whether this system could be used as a new

approach to select mouse-adapted mutants, we attempted to
isolate mouse-virulent mutants derived from IMR-32 cells
persistently infected with PV-1/Mahoney. In PV-1/Sabin, at-
tenuating mutations outside the capsid region preclude screen-

ing for neurovirulence in the mouse. In contrast, the wild-type
PV-1/Mahoney strain is fully virulent, and PVpi mutants
derived from the Mahoney strain can thus be screened directly
for mouse adaptation. IMR-32 cells were inoculated with
PV-1/Mahoney at a multiplicity of infection (MOI) of either 1
or 100 50% tissue culture infectious doses per cell to establish

a persistent infection as previously described (4). Two and a

half months after the establishment of the persistent infection,
PVpi mutants were isolated and cloned by plaque purification
onto IMR-32 cells. Two clones of PVpi mutants for each MOI
(PVpil7O and PVpil72 for an MOI of 100; PVpil75 and
PVpil77 for an MOI of 1) were tested for their neurovirulent
phenotypes in mice. The neurovirulence test was performed by
injecting 108 PFU of each mutant into mice. Fifteen of 28, 12
of 28, 3 of 22, and 8 of 22 mice inoculated with PVpil7O,
PVpil72, PVpil75, and PVpil77, respectively, developed pa-

ralysis. These results revealed that the all four PVpi mutants
isolated from human neuroblastoma cells were able to infect
the mouse central nervous system, in contrast to the parental
strain PV-1/Mahoney. We retained the most mouse-neuroviru-
lent PVpi mutant, PVpil7O, for further analysis.
We estimated the degree of neurovirulence of PVpil7O in

mice by determining the PD50 as described above. The PD50
value was 1077 PFU, whereas inoculation of 108 PFU of
PV-1/Mahoney induced no paralysis in mice.
To investigate the genetic basis of adaptation to mice of

PVpil7O, we looked for mutations in the capsid protein-
encoding region P1 of the PVpil7O genome. To ensure that
mutations did not arise during virus growth in the mouse

central nervous system, the sequence was first determined for
the genome of virus recovered from the spinal cord of one

paralyzed mouse inoculated with PVpil7O (PVpil7Osp), and
all nucleotide changes found were then checked in the
PVpil7O genome. Total cytoplasmic RNA from PVpil7Osp-
and PVpil7O-infected IMR-32 cells was used for sequencing as

described previously (6). Seven point mutations were identified
in the P1 region of PVpil7Osp genome and were also detected
in the PVpil7O genome (Fig. 1). Therefore, all of the muta-
tions were selected during the persistent infection of IMR-32
cells with PV-1/Mahoney. Five of them, i.e., Ala-43--*Val and
Pro-95->Ser in VP1, His-142-4Tyr in VP2, Thr-60-*Lys in
VP3, and Ile-62--Wal in VP4, were missense mutations.
To determine whether the same missense mutations would

be selected in other PVpi derived from the Mahoney strain, we
looked for these mutations in the genomes of PVpil72,
PVpil75, and PVpil77. The mutations modifying amino acid
95 of VP1, 142 of VP2, and 60 of VP3 were also found in the
genomes of the three viruses. The mutation modifying amino
acid 43 of VP1 was found in the genome of PVpil72 but not in

that of PVpil75 or -177. The mutation modifying amino acid
62 of VP4 was found in PVpil7O only. By comparing the region
encoding the capsid proteins of PVpil70 with that of PVpiS11,
derived from the attenuated PV-1/Sabin strain (2, 21), it

appeared that four mutations of PVpil7O (at nucleotides 2607,
2672, 1373, and 1944) created common residues at homolo-

PV-l/Mahoney

PVpil7O
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TABLE 1. Neurovirulence of PV-1/Mahoney mutants carrying individual mutations identified in the protein-encoding region of the
PVpil70 genome

Modified nucleotide Modified amino acid PD50
Virus lg PUPosition Nucleotide Protein Position Residue (log10 PFU)

Mah-KKVPlV43 2607 U VP1 43 Val 6.0
Mah-KKVPlS95 2762 U VP1 95 Ser >8.0
Mah-KKVP2YI42 1373 U VP2 142 Tyr 8.0
Mah-KKVP3K60 1944 A VP3 60 Lys 7.0
Mah-KKVP4V62 926 G VP4 62 Val 7.5

gous positions (43 and 95 of VP1, 142 of VP2, and 60 of VP3).
Two of these residues, 95 of VP1 and 60 of VP3, were already
present in the Sabin strain, and the other two were selected in
the PVpiS11 during persistent infection in IMR-32 cells.
To analyze which mutation(s) was responsible for the mouse

adaptation phenotype of PVpil7O, we assayed the neuroviru-
lence for mouse of PV-1/Mahoney containing each of the five
missense mutations independently. These viral mutants were
derived from plasmid pKK17. They were designated Mah-KK
followed by the name of the modified capsid protein and by the
abbreviation and the position of the substituted amino acid,

i.e., Mah-KKVP1V43, Mah-KKVP1S95, Mah-KKVP2Y142,
Mah-KKVP3K60, and Mah-KKVP4V62 (Table 1).
C--U substitutions were introduced at nucleotides 2607 and

2762 of the VP1 gene of PV-1/Mahoney by site-directed
mutagenesis into M13/KK-VP1, using the oligonucleotide
primers 5'-GGAAATTCCGGTACTCACCGC-3' and 5'-CC
GTGGATAACTCAGCTTCCACC-3', respectively, as de-
scribed above. The 484-bp NheI-SnaBI fragments from the
mutated replicative forms carrying each isolated mutation
were used to replace the corresponding fragment in pKK17 to
give pKK-VPlV43 and pKK-VPlS95, respectively.

Mah-KKVPlV43 Mah-KKVPlS95 Mah-KKVP2Y142

8

Mah-KKVP3K60

6 7 8

7 8

Mah-KKVP4V62 PV-1/Mahoney

6 7 8 8

PFU (loglo)
FIG. 2. Neurovirulence tests in mice of PV mutants. The tests were performed as described in the text. Amounts of viruses inoculated per

animal are indicated in log1o PFU at the bottom. The heights of the vertical bars represent the life spans of individual mice. Hatched bars and filled

bars indicate survivors without any clinical symptoms and with paralysis, respectively. Results of an experiment with mice inoculated with

PV-1/Mahoney are also shown.

z
0

0

4
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FIG. 3. Locations of the mutations which confer mouse virulence. (A) The mutations on the inner surface of the capsid. The backbone model
for a single protomer (VP1, VP2, VP3, and VP4) is shown as viewed from the inside of the particle. The side chains of the residues involved in
the two internal mutations identified here (VP4 residue 62 is left of center and VP1 residue 43 is right of center) are indicated by large spheres,
and the side chains of the residues involved in the internal mutations previously identified as important in mouse adaptation (residues 22, 40, and
54 of VP1 and residue 31 of VP2) (5, 18) are shown as small spheres. The inner surface of the capsid shell is closest to the viewer, with the fivefold
axis located at the top center and the threefold axis located at the bottom center. (B) Locations of mutations on the outer surface of the virus. The
view encompasses several protomers in the vicinity of the "canyon" which surrounds the particle fivefold axis. The B-C loops (residues 94 to 102)
of several fivefold axis-related copies of VP1 are shown as thick lines, the alpha carbons of several symmetry-related copies of VP2 residue 142
are shown as large spheres, and the alpha carbons of several symmetry-related copies of VP3 residue 60 are shown as small spheres. The surfaces
corresponding to the symmetry-related footprints of ICAM-1 on rhinovirus 14 (20) are indicated by the stippled dot surfaces. (Figure by R. Grant,
Harvard Medical School.)

The substitutions A-*G and C->U were introduced by
site-directed mutagenesis at nucleotides 926 and 1373 of the
VP4 and VP2 genes, respectively, of PV-1/Mahoney. The
mutations were introduced into the single-strand form of
M13/KK-VP2 (5) containing the PV-1/Mahoney cDNA se-
quence from nucleotide 670 to 1810, using the oligonucleotide
primers 5'-GCTG7F'I'T'T'1ACCAGGACATCC-3' and 5'-GCT
GGTGTACATGGTAGTGG-3', respectively. The 648-bp BstBI-
BsmI fragments from the mutated replicative forms were used
to substitute for the corresponding fragment in pSP/KK-5NC
(5). This plasmid carries the 2,991-bp XhoI-SnaBI fragment
from pKK17 including the PV-1/Mahoney sequence from
nucleotide 1 to 2954. The 2,507-bp XhoI-NheI fragments from
the resulting plasmids were inserted in place of their homologs
in pKK17 to give pKK-VP4V62 and pKK-VP2Yl42, respec-
tively.
The substitution C-1944--A was introduced by amplifying a

fragment corresponding to nucleotides 1924 to 2924 of the
cDNA from pKK17 by PCR as described previously (1). In this
reaction, the upstream primer corresponding to nucleotides
1924 to 1953 carried a C--A substitution at nucleotide position
1,944 and anAflI1 site (5'-CCCTITGAC'TIAAGTGCCAAA
AAAAAGAACACCATG-3'. The 537-bpAflIl-NheI fragment
obtained from the amplified mutated fragment was inserted in
place of the corresponding fragment into pSP/KK-5NC. The
2,507-bp XhoI-NheI fragment from the resulting plasmid was
used to substitute for the corresponding fragment in pKK17 to
give pKK-VP3K6o.

Viruses Mah-KKVPlV43, Mah-KKVP'S95, Mah-KKV-
P2Y142, Mah-KKVP3K60, and Mah-KKVP4V62 were recov-
ered after transfection into Vero cells with purified plasmids
pKKVP1V43, pKKVP'S95, pKKVP2Y142, pKKVP3K60, and
pKKVP4V62, respectively, as previously described (5), and the
presence of the mutations in the genome of the viruses was
verified.
The neurovirulence of the various PV mutants was then

tested by inoculating mice as described above. For each
neurovirulent mutant, the sequence of viral RNA recovered
from the spinal cord of one paralyzed mouse was verified as
described previously (5). Although the neurovirulence of mu-
tated viruses, as assessed from clinical symptoms and number
of deaths, differed from one virus to another, all of the mutated
viruses except Mah-KKVPlS95 were adapted to the mouse
central nervous system (Fig. 2 and Table 1). Four new mouse
adaptation determinants located in VP1 (residue 43), VP2
(residue 142), VP3 (residue 60), and VP4 (residue 62) were
thus identified. Mah-KKVPlV43 and Mah-KKVP3K60 ap-
peared to kill some mice before any paralysis could be
observed. This phenomenon was observed at the highest doses
of virus and with the most neurovirulent mutants. With
Mah-KKVP4V62, all mice exhibiting paralysis survived until
the end of the test (21 days). Mah-KKVP1V43, Mah-KKV
P3K60, and Mah-KKVP4V62 were more virulent than PVpil7O.
This may be due either to some attenuation mutations carried
by the genome of PVpil7O or to an antagonist effect of the
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association of the amino acid substitutions in the capsid
proteins.

Results mentioned above and comparison of the amino acid
changes in capsid proteins of PVpil7O with those of PVpiS1l
indicated that PVpiS11 harbors four residues (22 and 43 of
VP1, 142 of VP2, and 60 of VP3) that conferred the mouse-
virulent phenotype to the PV-1/Mahoney strain. Therefore,
mouse-neurovirulent determinants can be selected in neuro-
blastoma cells persistently infected with the attenuated PV-1/
Sabin strain as well as with the wild-type PV-1/Mahoney strain.

Residues 43 of VP1 and 62 of VP4 are located on the inner
surface of the capsid in the area containing internal mouse

adaptation determinants previously described (residues 22, 40,
and 54 of VP1 and 31 of VP2) (5, 10, 18) (Fig. 3A). This area
may be involved in the conformational changes of PV virions
following attachment to the PV receptor required for entry and
uncoating (8, 9). The mouse adaptation determinants located
in this functional area may thus facilitate the conformational
changes during early steps of mouse nerve cell infection,
allowing PV-1/Mahoney to overcome its host range restriction
to mice, as suggested elsewhere (5, 18).

Residues 142 of VP2 and 60 of VP3 are located in loops
exposed at the surface of the protein shell (10). The first one is
located in the E-F loop of VP2, close to antigenic site 2, and
the second is carried by the loop preceding the ,1 strand B of
VP3, a major component of antigenic site 3a. Both of these
residues are highly accessible on the surface of the virion and
may be directly involved in binding to specific receptors in the
mouse central nervous system. Although the nature of inter-
actions between PV and its receptor is not known, a low
resolution of a complex between the structurally related rhi-
novirus 16 and a two-domain fragment of its receptor ICAM-1
has been determined by cryomicroscopy and image reconstruc-
tion methods (20). Residues corresponding to the B-C loop of
VP1 and residue 142 of VP2 fall either within or at the
periphery of the footprint of the receptor on the virus (Fig.
3B). However, the residue analogous to VP3 residue 60 falls
well outside the footprint. This may suggest that the nature of
the interaction of PV with its receptor differs from the
interaction of rhinovirus with its receptor. Alternatively, VP3
residue 60 (as well as VP2 residue 142 and the B-C loop of
VP1) may be interacting with an auxiliary protein such as

CD44 (see below) in the mouse central nervous system, or it
may be playing an as yet undetermined role in events down-
stream of receptor attachment. In this regard, it is interesting
that VP3 residue 60 falls within a very unusual loop structure
which is highly conserved among picornavirus structures. To
our knowledge, this is the first time that a biological function
(outside of being a primary site for immune recognition) has
been ascribed to this conserved structure.

Mutations modifying amino acids involved in the early steps
of PV infection were selected in persistently infected neuro-

blastoma cells. It is noteworthy that all the substitutions in the
capsid proteins of PVpil7O except one conferred mouse adap-
tation to PV-1. Moreover, three of these residues are also
carried by PVpiS11. Together, the data suggest that mutations
would have arisen as a response to the selective pressure of a

cellular factor(s) involved in early steps of PV multiplication.
As mutations selected in neuroblastoma cells conferred to

PV-1 the ability to infect murine neurons, an attractive hypoth-
esis is that the selective factor would be specifically expressed
by neuronal cells.

Recently, it has been shown that the lymphocyte homing
receptor CD44 either may be a component of the PV receptor
site or may interact with the PV receptor through the cytoskel-
eton or signal transduction pathways (23). The gene encoding

CD44 is expressed in diverse derivatives of the neural crest,
and its tissue distribution correlates with the tissue tropism of
PV in humans (23). However, it has been shown that expres-
sion of CD44 is repressed in neuroblastoma cells (24). The low
level of CD44 in these cells might exert a selective pressure
leading to PVpi which carry amino acid substitutions involved
in early steps.
We are currently investigating the involvement of the new

mouse adaptation determinants that we have identified in the
early steps of the viral growth cycle and the possible role of
these substitutions in the neurovirulent phenotype in trans-
genic mice expressing the human PV receptor.

(Biohazards associated with the experiments described in
this publication have been previously examined by the French
Commission de Genie Genetique, and the experiments were
carried out in compliance with the rules established by this
committee.)
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