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Poliovirus (PV) 2AP™ has been considered important for PV replication and is known to be toxic to host cells,
A 2AP™-deficient PV would potentially be less toxic and ideal as a vector. To examine whether 2AP™ is needed
to form progeny virus, a full-length cDNA of dicistronic (dc) PV with (pOME) or without (pOMEA2A) 2AP™
was constructed in the strain PV1(M)OM. RNAs of both pOME and pOMEA2A were capable of forming
progeny viruses, called OME and OMEAZ2A, respectively. In their ability to induce a cytopathic effect (CPE),
the strains ranked as OMEA2A < OME = PV1(M)OM. These results suggest that 2AP™ is not essential for
full-length dc PV to form progeny virus and that it contributes to the efficient viral replication and/or induction
of a CPE. To clarify whether 2AP™ is essential for P1-null (Jacking the entire coding sequence for capsid
proteins) PV, the RNA replication activity of Pl-null PV (pOMAP1) or Pl-pull PV without 2AP™
(pPOMAP1A2A) or without both 2AP™ and 2B (pPOMAP1A2AA2B) was examined. The RNAs of pPOMAP1 and
POMAP1A2A could replicate and form progeny viruses under a trans supply of P1 protein, whereas the RNA
of pPOMAP1A2AA2B could not. These results suggest that 2AP™ is not needed for the replication of P1-null PV,
although it is important for PV RNA replication and inducing a CPE. To know whether a 2AP"-deficient PV
can be used as a vector, a P1-null PV containing the enhanced green fluorescent protein (EGFP) coding
sequence with or without 2AP™ was examined. It expressed fluorescent protein. This result suggests that

2AP™.deficient PV can express foreign genes.

Poliomyelitis is an acute disease of the central nervous sys-
tem caused by the poliovirus (PV), a human enterovirus that
belongs to the Picomaviridae family. Humans are the only
natural hosts of PV. In humans, an infection is initiated by oral
ingestion of the virus followed by multiplication in the alimen-
tary mucosa (7, 38), from where the virus spreads through the
bloodstream. Viremia is considered essential for leading to
paralytic poliomyelitis in humans.

PV is a nonenveloped particle that consists of a positive
single-stranded RNA genome and 60 copies each of four cap-
sid proteins and occurs in three serologically distinct types,
type 1, type 2, and type 3. The genome, composed of approx-
imately 7,500 nucleotides (nt), is polyadenylylated and co-
valently linked at the 5’ end to a small protein, VPg (31, 40,
44). The RNA alone is infectious; cells transfected with the
RNA produce infectious progeny virions. The polyprotein is
cotranslationally cleaved by virus-specific proteinases to form
viral capsid proteins (VPO, VP1, and VP3) and noncapsid
proteins (2A, 2B, 2C, 3A, 3B, 3C, and 3D). VPO is further
cleaved into VP2 and VP4 during the formation of virions.
2AP™ 3CP™ and 3CDP™ are viral proteinases involved in
processing specific to PV polyproteins (26). The translation of
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the viral mRNA is controlled by an internal ribosomal entry
site (IRES), a 400-nt RNA segment of the viral genome that
precedes the open reading frame (ORF) (33, 34). An IRES
element with a similar function exists in the genomic RNA of
the encephalomyocarditis virus (EMCV) (19, 20). Molla et al.
(29) inserted the type 2 EMCV IRES element into the ORF of
PV (at the P1*P2 junction), thereby generating a virus carrying
a dicistronic (dc) RNA genome. In this dc virus, viral proteins
are produced by proteolytic processing of two distinct polypro-
teins, P1 and P2-P3, specifying the capsid proteins and the
nonstructural proteins, respectively.

PV defective interfering particles (DIs) have been isolated
from laboratory-propagated viral populations (12, 13, 21, 28)
and from manipulated cloned infectious cDNAs (16) and, in all
cases, retain translational as well as replication competence
(28, 32). It has been reported that foreign gene sequences
could be substituted into the PV P1 region without affecting
the replication of the RNA (4, 37) as long as the translational
reading frame was maintained (16). Since the replicons do not
encode capsid proteins, they were encapsidated when trans-
fected into cells previously infected with a recombinant vac-
cinia virus (VV-P1) which expresses the PV capsid precursor,
P1 (36). Serial passage of these replicons in the presence of
VV-P1 resulted in increasing titers of encapsidated replicons,
allowing the generation of stocks of the recombinant PV vec-
tors (36).

In addition to cleaving viral polyproteins, 2AP™ is known to
cleave several cellular proteins. Cleavage of the eukaryotic
translation initiation factor eIF4G by 2AP™ inhibits the cap-
dependent translation of cellular mRNA without affecting the
translation of viral RNA (15, 24). Independent of the shutoff of
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host protein synthesis, 2AP™ also stimulated the translation of
PV RNA (17). The stimulation of translation was later shown
to be mediated, at least in part, by the C-terminal cleavage
product of eIF4G that is generated by 2ZAP™ (8, 18, 45). There-
fore, 2AP™ enhances viral protein synthesis in infected cells
both by inhibiting host cell protein synthesis and by stimulating
the translation of viral RNA. Several genetic studies suggest
2AP™ 1o also have an essential role in PV RNA replication.
The replication of a subgenomic RNA replicon which con-
tained a deletion mutation in 2AP™ was severely inhibited in
transfected cells (14). Interestingly, the replication of this RNA
could be rescued in frans when 2ZAP™ was provided by a wild-
type helper RNA (14). In addition, studies using a dc PV RNA,
where the ¢is cleavage function of 2ZAP™ was not required to
cleave the viral polyprotein, suggested that 2AP™ activity was
essential for efficient viral RNA replication (30). The C-termi-
nal region of 2AP™ has also been implicated in viral RNA
replication (27). 2AP™ also targets nuclear factors, including
several transcription factors (42) and a structural component
of small nuclear ribonuclecoproteins (snRNPs), gemin-3, which
is implicated in the removal of eukaryotic introns mediated by
the spliccosome machinery (3). PV 2AP™ induces alterations in
the nuclear pore complex, which inhibits the nuclear export of
U snRNA, rRNA, and mRNA but not tRNA. The inhibition of
trafficking of de novo-synthesized mRNAs occurs early after
2AP™ expression, suggesting that this protease could prevent
host responses to viral inlections (11).

PV induces an apoptotic response when its growth is mark-
edly suppressed, for example, in the presence of guanidine
hydrochloride. A temperature-sensitive (t5) mutant of PV also
had suppressed viral growth and induced an apoptotic re-
sponsc. In contrast, a productive infection in these apoptotic
cells was accompanied by a canonical necrotic cytopathic effect
(CPE) (1, 2, 41). The viral infection triggers an apoptotic
pathway involving the consecutive activation of caspase-9 and
caspase-3. The productive viral infection suppresses the imple-
mentation of this apoptotic program, at least in part, by aber-
rant processing and degradation of procaspase-9 (6).

Here, we show that a 2AP™-deficient full-length de PV is
replication competent, although the efficiency of its replication
is decreased. Moreover, a 2AP™-deficient P1-null (Jacking the
entire coding sequence for the capsid proteins) PV with or
without enhanced green fluorescent protein (EGFP) can also
produce progeny virions under a frans supply of P1 protein.
Therefore, 2AP™ is not needed for the replication of PV with
or without the P1 coding region in the viral genome, although
2AP™ plays important roles in PV RNA replication and induc-
ing a CPE.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Monolavers of Hela and African green monkey
kidney (AGMK) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM: Invitrogen) supplemented with 5% newborn calf serum (NCS; Mit-
subishi Kaset), 0.11% NaHCO+ (Wako Pure Chemical Industrics Ltd.). and 0.1
mg/ml kanamycin sulfate (Meiji Seika Kaisha, Ltd.} at 37°C under 5% CO, and
used for the preparation of viruses, transfection with infectious cIXNA clones.
and plaque assays.

The viruient type 1 PV strain Mahoney [PVI{M)OM]. derived from an infec-
tious ¢CDNA clone, pOMI1 (39). and the type 3 PV strain Leon were employed in
this study. The viruses recovered from the cells transfected with the RNAs of
pOMAOE. pOMALS., pOMAPIL. pOMAPIA2A. pOM-EGEPAPL. pOM-

J. VIROL.

EGFPAPIAZA, pOME, and pOMEAZA were designated OMAO.8. OMAL8,
OMAPL, OMAPIAZA, OM-EGFPAPI. OM-EGFPAPIA2A. OML, and
OMEA2A, respectively. For providing the PV P1 capsid precursor for Pl-defec-
tive genomes, a recombinant vaccimia virus (VV-P1) was used (5).

Filirated ascites fuid of an anti-Mahoney mouse monoclonal antibody
(7m008) and an anti-Leon mouse monocional antibody (Thai p34-120) were used
for the neutralizing assay.

Construction of recombinant ¢DNAs. pOMAO.8 was constructed with a dele-
tion of 816 nucleotides in pOM1 from nucleotide (nt) 1663 to nt 2478 (Fig. 1).
Similarly, pOMALS had a 1.782-nucleotide deletion in pOMI from nt 1175 to nt
2956, pOMAPI had a 2.628-nucleotide deletion in pOM1 from nt 746 to nt 3373,
pOMAPIA2A had a 3.072-nucleotide deletion in pOMI from nt 746 to nt 3817,
and pPOMAPTA2AAZB had a 3.367-nucleotide deletion in pOMI from nt 746 to
nt 4112, All these plasmids except pOMALS were constructed by PCR using
KOD Plus DNA polymerase (Toyobo). pOMALS was constructed from pOMI
digested by Nrul (nt 1172) and SnaBI (nt 2954) and seli-ligated.

pOM-EGFPAP1 was constructed by PCR. subcloning into pBluescript 11
KS(-+}. and recombination. Briefly. the fragment from nt 1 to nt 735 of pOMI
which had an Xhol restriction site downstream of nt 735 was digested by Kpnl
and Xhol and inserted into the equivalent sites of pBlueseript 1T KS{+). This
ptasmid was designated pBS(1). A fragment amplified from pEGFP-NI (Clon-
tech) by PCR using a sense primer (Munl=-EGFP 5 -CCCAATTGTATCATA
ATGGTGAGCAAGGCG-3') and an anti-sense primer (EGEFP<-Smal: 5-TCC
CCCGGGCTTGTACAGCTCGT-3') was digested by Munl and Smal and
inserted into the equivalent sites of pBS(1). This plasmid was designated pBS(2).
A fragment from nt 3305 to nt 4252 of pOM1 which had a Smal restriction site
just upstream of nt 3305 was digested by Smal and Spel (nt 3982 of pOM1) and
inserted into the equivalent sites of pBS(2). This plasmid was designated pBS(3).
pBS(3) was digested by Kpnl and inserted into the equivalent sites of pOMI (nt
00 and nt 3660). pOM-EGFPAP1A2A was similarly constructed except for the
final recombination sites (Kpnl [nt 66 of pOM1] and Spel [nt 3982 of pOM1]).

pOML was constructed by PCR from pOM1 and a plasmid which contains the
IRLS of EMCV. A fragment containing the PV IRES and P1 coding region with
a termination codon which had an EcoRI restriction site just downstream of the
termination codon was digested by Bpull02l (nt 285 of pOMI) and EcoRI
(fragment 1). The other fragment contained an EMCV IRES-refated region (nt
214 1o nt 852 of EMCV ¢DNA) which had an EcoR]1 restriction site just upstream
of nt 214 of EMCV cDNA and a Smal restriction site downstream of nt 832 of
EMCV ¢DNA. The sequence of the junction was 5'-(EMCV [RES)-ATG GCC
ACA ACC ATG GAA CCC GGG-(Smal restriction site)-3'. This fragment was
digested by EcoRI and Smal (fragment 2). and fragment 1 and fragment 2 were
inserted between the BpullO2l and Smal sites of pBluescript 1T SK(+). This
plasmid was designated pBS(4). pBS(4) was digested by BpullO2[ and Smal
(fragment 3). A fragment containing the PV P2-P3 coding region which had a
Smal restriction site just upstream of the sequence required for PV 2AP™
digestion between PV P1 and 2A™" was digested by Smal and BglIT (nt 5601 of
pOM1) (fragment 4). The sequence of the junction between the Smal restriction
site and the 2A coding sequence was 5°-(Smal restriction site) ACC TAC (2AP™
coding scquence)-3'. Fragments 3 and 4 were inserted between the BpullQ2l
and Bglll sites of pOMI, and the final plasmid was designated pOML.
pOMEAZA was constructed similarly to pOME. The sequence of the junction
between the Smal restriction site and 2B coding sequence was 5'-(Smal recog-
nition site) GAA GGCC ATG GAA CAA (2B coding sequence)-3'.

Nucleotide sequences derived from PCR fragments were analyzed using a
BigDye terminator cyele sequencing kit (version 3 or 3.1) (Applied Biosystems)
with an ABI Prism 310 genctic analyzer (Applied Biosystems) or ABI Prism
3100-Avant genetic analyzer (Applied Biosystems).

RNA transfection. RNA transcripts were synthesized from Pvul-linearized
¢DNAs using an AmpliScribe T7 high-yield transcription kit (Epicentre Biotech-
nologies) and digested with RNase-free DNase 1. AGMK cells on a 6-cm dish
(Falcon) were transfected with 1 to 3 pg of RNA by a DEAE-dextran method
(16). The cultures were harvested at 42 h [for PVI(M)OM and OME} or 75 h
(for OMEAZA) after the transfection. OMEA2A was serially passaged through
AGMK cells two times.

Reverse transcription (RT)-PCR. RNA was extracted from PVI{M)OM,
OML, OMEAIA, OM-LGFPAPL. and OM-EGFPAPIA2A with chloroform
containing phenol and isoamyl alcohol and reverse transcribed with Superscript
IT transcriptase (Invitrogen) using an anti-sense primer (PV5099-25719 or
PV4784-04805). PCR was then performed with KOD Plus (Toyobo) using a
sense primer {PV(M)2955:22923] and an anti-sense primer [PV(M)4232-24252)
for PVI{M)OM. OML. and OMEAZA or using a sense primer (PV577:567)
and an anti-sense primer (PV4512<24431) for OM-EGFPAPL and OM-
EGFPAPIAZA The PCR products were analvzed by agarose gel electraphoresis.
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pOM1

pOMAO0.8

pOMA1.8

pOMAP1
pOMAP1A2A
pOMAP1A2AA2B
pOM-EGFPAP1
pPOM-EGFPAP1A2A

pOME
pOMEA2A

B-
pOM-EGFPAP1

pOM-EGFPAP1A2A

pOME

pOMEA2A

POLIOVIRUS 2A-DEFICIENT MUTANT 5949
5 — P —— P2 >« P3 > 3
VPg :vr4 : P 3B : PolyA
O VP2| VP3 | VP1 | 2A [2B] 2C ]3AJ[3C1 3D
nt1 . H H H HE nt 7440

i ———————————————

nt 1663~

—-\2_‘\/\/\'
B nt 1175~ 2956 .

i nt746-3817 i

nt746 ~ 4112

EGFP

Pro Gly Thr Lys Asp Leu Thr Thr Tyr Gly

—1
HHHI

Pro Gly Glu Glu Glu Ala Met Glu GiIn Gly

L4

Met Ala Thr Thr Met Glu Pro Gly Thr TyrA Gly

i Met Ala Thr Thr Met Glu Pro Gly Glu Ala Met Glu GIrAGly

FIG. 1. PV genomic constructions. (A) Construction of PV and recombinant PVs. (B) Junctional amino acid sequences of pOM-EGFPAP1, pOM-
EGFPAP1A2A, pOME, and pPOMEA2A. The nucleic acid sequence (CCCGGG) recognized by Smal, corresponding to the amino acid sequence Pro Gly, is
shown by underlines. The inserted EMCV IRES are shown by the striped horizontal bars. Closed triangles indicate the sites of cleavage by 2AP™, and open
triangles indicate the sites of cleavage by 3C°™ or 3CDP™, Nucleotide numbers of the deleted fragments are shown at the deletion positions.

For sequencing of the products, DNA was extracted from the gels using

GenElute Minus ethidium bromide spin columns (Sigma).

Slot blot analysis. Monolayers of HeLa cells (4.4 X 10° cells/well) in 6-well
plates were transfected with the in vitro-synthesized RNA from each plasmid by

the DEAE-dextran method or infected with the viruses. At the time points
indicated below, cytoplasmic RNA was extracted from the transfected cells using
Isogen (Nippon Gene Co., Lid.) dissolved in 40 pl of H,O. One-fourth was
mixed with 30 ul of denaturation buffer (66% [vol/vol] formamide and 7.8%
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[volivol] formaldehyde) in 3-(N-morpholino)propanesulfonic acid {MOPS)
buffer (206 mM MOPS [pH 7.0]. 6.5 mM sodium acetate, and 1.3 mM EDTA) and
denatured at 65°C for 5 min, followed by chilling on ice. An equal velume of 20
SSC (333 mM NaCl and 333 mM sodium citrate tribasic dehydrate) was added.
In each slot of a slot blotting apparatus (Bio-Dot SF, Bio-Rad Laboratories,
Inc.). 10 pl of RNA solution was applied, and the RNA was immobilized on a
nvlon filter (Hybond-N: GE Healthcare UK L4d.) and cross-linked by a UV
cross-linker (UV Stratalinker1800: Stratagene). The filters were hybridized to a
labeled cDNA corresponding to nt 1 to nt 742 of the viral RNA (43) or to exon
7 of glycerol-3-phosphate dehydrogenase (GAPDH) mRNA using AlkPhos Di-
rect (GE Healthcare UK Ltd.) according to the manufacturer’s instructions. The
probes were detected by chemiluminescence using CDP-Star (GE Healthcare
UK Ltd.).

Encapsidation of PV replicons, serial passaging, and purification. The encap-
sidation and serial passaging of PV replicons using VV-P1 have been described
previously (5), and basically the same method was adopted here. Briefly, Hel.a
S3 cells were infected with 5 PFU of VV-P1, which expresses the PV capsid
precursor protein P1, per cell. At 2 h postinfection, the cells were transfected by
the DEAE-dextran method with in vitro-transcribed RNA. The cultures were
harvested at 24 h posttransfection by three successive freeze-thaws, sonicated,
and clarified by low-speed centrifugation at 14,000 x g for 20 min. For serial
passage of the encapsidated replicons and generation of virus stocks, Hel.a 83
cells were first infected with 10 to 20 PFU of VV-P1 per cell. At 2 h postinfection,
the cells were infected with passage 1 encapsidated replicons. The cultures were
harvested at 16 h after PV infection by three successive freeze-thaws, sonicated,
and clarified by low-speed centrifugation at 14.000 X g for 20 min. The super-
natant was then stored at —80°C or used immediately for additional passages by
the same procedure.

For purifying the Pl-null PV particles, the supernatant was lysed with 1%
sodium dodecyl sulfate and centrifuged in a Beckman type 45 rotor at 35,000 rpm
for 2.5 h. The supernatant was discarded. and the pellet was washed under the
same conditions in 0.1 M phosphate buffer (pH 7.35) for an additional 2.5 h. The
pellet was then resuspended in serum-free DMEM. filtrated, and stored at
—80°C.

Titration of viruses. The numbers of PFU in AGMK cells were determined by
the plaque assay. and the numbers of infectious units (JU) were determined by
counting fluorescence-positive cells. Units of viral RNA (U) were adopted for
the infection with PL-null viruses. For the measurement of PFU, AGMK cells on
6-cm dishes were inoculated with the viral suspension and then incubated at 37°C
for 2 10 5 days for the observation of plaques. To measure the units of viral RNA
of OMAQ.8. OMALS, OMAPIL. and OMAPIA2A, viral RNA was extracted from
the suspensions with chloroform containing phenol and isoamyl alcohol. The
units were measured using a LightCycler system (Roche Diagnostics) according
to the manufacturer’s instructions. As 1.1 X 10% U/ml was equivalent to 2.1 x 10"
PFU/ml for PV1(M)OM, we adopted 5.2 % 10" U/cell, which was supposed to be
equivalent to 1,000 PFU/cell (multiplicity of infection [MOI] of 1,000) of
PVI{M)OM for the infection with OMAQ.8, OMAL8, OMAPL, and
OMAPIAZA. For the measurement of IU of OM-EGFPAPI and OM-
EGFPAP1A2A. fluorescence-positive cells were counted under an inverted flu-
orescence microscope (DMO000B; Leica Microsystems) at 24 h postinfection in
HeLa cells. The amount of virus leading to one fluorescence-positive cell was
defined as 1 TU. Comparing the units of RNA with the infectious units of
fluorescence-positive cells, 5.3 X 10° U/ml was equivalent to 7.1 x 10° IU/ml for
an OM-EGFPAPI stock and 4.2 x 10" U/ml was cquivalent to 1.1 x 107 IU/ml
for an OM-EGFPAP1A2A stock. Based on the data, we considered that the units
of RNA were not significantly different from the infectious units for OM-
EGFPAP1 and OM-EGFPAPIA2A.

Observation of CPE. HeLa S3 cells in 16-well Lab-Tek chamber slides (Nalge
Nunc International KK.) were infected with PVs. Eight, 18. or 24 h after the
incubation with PVs at 37°C, the cells were observed under an inverted micro-
scope.

Neutralization assay. The viral suspension (50 pl) was mixed with filtrated
ascites fluid (50 wl) containing the antibody and incubated at 37°C for 1 h. The
virus-antibody mixture was overlaid on HeLa S3 cells in 16-well chamber slides
and incubated at room temperature for 20 min and then at 37°C for 30 min. The
mixture was then replaced with DMEM supplemented with 59 NCS. The cells
were observed 18 h after the incubation at 37°C under an inverted microscope.

TUNEL assay. A direct terminal deoxynucleotidyitransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay was performed using an in situ
cell death detection kit (Roche Diagnostics). and cells were observed under a
confocal laser scanning microscope (LSMS510; Carl Zeiss Microlmaging Co.
Ltd.). Actinomycin D (10 pg/mi) was added for an apoptosis-positive control.

J. VIROL.

RESULTS

2AP™ is not required for full-length dc PV to form progeny
virus. 2A™™ is known to be cytotoxic, and a 2AP™-deficient PV
vector might be desirable. To examine whether 2A™ is needed
to form progeny virus, cDNAs of the full-length de pOME and
pOMEA2A with the backbone of the PV type 1 Mahoney
strain (pOM1) (Fig. 1A and B) were constructed and the
ability to form progeny viruses was examined. Hela cells were
transfected with the RNA of pOM1, pOME, and pOMEA2A
and examined for a CPE. RNA derived from pOM1, pOME,
and pOMEA2A was not degraded as assessed by gel electro-
phoresis (data not shown). All these RNAs induced a CPE that
led to cell death, whereas no CPE was observed in the mock-
transfected cells (data not shown). The supernatants also in-
duced a CPE in HelLa cells. These results show that pOMI,
pOME, and pOMEA2A can form progeny viruses, called
PV1(M)OM, OME, and OMEAZA, respectively. This suggests
that 2A™" is not essential to form progeny virus for full-length
de PV.

To confirm that the OME and OMEAZ2A suspensions do not
contain TRES deletion revertants, the sizes of the fragments
encompassing VP1 and 2B were examined by PCR (data not
shown). The PV1(M)OM, OME, and OMEAZ2A suspensions
produced appropriate fragments, that is, 1.3-kb, 1.9-kb, and
1.5-kb fragments, respectively. The sequences of the PCR frag-
ments were analyzed, and they were not mutated (data not
shown). These results mean that IRES deletion revertants
were not detected in the OME and OMEA2A suspensions
under the experimental conditions and that it is highly proba-
ble that these suspensions do not contain IRES deletion re-
vertants. This suggests that OME and OMEA2A can prolifer-
ate by themselves.

To ascertain that the CPE was actually induced by PV, a
neutralization assay was performed using a monoclonal anti-
body for the virulent type 1 Mahoney strain (7m008) and a
monoclonal antibody for the virulent type 3 Leon strain (Thai
p34-120). Hela cells were infected with PVI(M)OM, OME,
OMEAZ2A, or Leon at an MOI of 10 in the presence or absence
of 7m008 or Thai p34-120 and examined for a CPE (Fig. 2). In
the absence of the antibodies, all the strains induced a CPE. In
the presence of 7m008, only Leon caused a CPE. In contrast,
in the presence of Thai p34-120, all the strains except Leon had
a CPE. These results suggest that PVI(M)OM, OME, and
OMEA2A are type 1 strains, and the CPE was induced by PV.

To define the characteristics of the viral strains, a plaque
assay was performed using AGMK cells (Fig. 3). PVI(M)OM
produced large plaques, OME moderate-sized plaques, and
OMEAZ2A the smallest plaques. The extremely small plaques
of OMEA2A may relate to its slow replication rate.

To compare these strains further, HeLa cells were infected
at an MOI of 10 and cell morphology was observed 8 or 24 h
after the infection (Fig. 4). All the viruses had a CPE (Fig. 4A).
No CPE was observed in the mock-infected cells. To quantify
the rate of CPE-expressing cells, the percentages of round-
shaped cells, detached cells, and cells with membrane blebbing
among all cells were analyzed, and the kinetics are shown in
Fig. 4B. OMEA2A had a lesser CPE than did OME or
PVI(M)OM. OME exhibited a similar level of CPE to
PVI(M)OM, although OME had slightly slower kinetics than
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FIG. 2. Neutralization assay of PVI(M)OM, OME, OMEAZ2A, and Leon with anti-PV type 1 or type 2 monoclonal antibody. HeLa cells were
mock infected (e, j, and o) or infected with PVI(M)OM (a, f, and k), OME (b, g, and 1), OMEA2A (c, h, and m), or Leon (d, i, and n) in the absence
(k to 0) or presence of an anti-PV type 1 Mahoney monoclonal antibody (7m008, a to ) or anti-PV type 2 Leon monoclonal antibody (Thai
p34-120, f to j). Eighteen hours after the infection, the CPE was observed under a microscope. Bar, 50 pm.

PV1(M)OM. The results were reproducible. These results sug-
gest that in speed of viral replication and/or the ability to
induce CPE, the strains rank as OMEA2A < OME =
PV1I(M)OM. They also suggest that 2AP™ contributes to effi-
cient viral replication and/or the induction of a CPE. When the
cells were infected at a higher MOI (MOI of 50), the kinetics
were essentially unchanged (data not shown). This result sug-
gests that an MOI of 10 was high enough to assess the kinetics
of CPE expression. Only OMEA2A induced morphological
changes typical of apoptosis, namely, cell membrane blebbing,
in a significant proportion of cells (Fig.4Ac, Ae, and 4Cs). This
result indicates that OMEA2A may induce apoptosis.

2AP™-deficient full-length dc PV induces apoptosis. To con-
firm that OMEA2A induces apoptosis, a direct TUNEL assay
was performed in cells infected with or without PV1(M)OM or
OMEAZA or treated with actinomycin D, which induces apop-
tosis (Fig. 5). Uninfected samples and PV1(M)OM-infected
samples contained few fluorescence-positive cells. On the
other hand, actinomycin D-treated samples and OMEA2A-
infected samples included many fluorescence-positive cells.
These results suggest that OMEA2A induces apoptosis. This
raises the possibility that 2AP™ is important to prevent typical
apoptosis in PV-infected cells.

Pl-null PV RNA deficient in the 2AP™ coding region can
replicate in cells. It has been reported that the PV P1 coding
region is not required for RNA replication and the formation
of progeny virus in Pl-expressing cells (4, 37). To further
define which parts of the PV genome are necessary for RNA
replication, deletion mutants were prepared (Fig. 1A) and
RNA replication activity was examined by slot blotting (Fig.
6A). RNAs derived from pOMI1, pOMA(Q.8, pOMAL.S,
pOMAPIL, pPOMAP1A2A, and pOMAP1A2AA2B were not de-
graded as assessed by gel electrophoresis (data not shown).
The RNAs were introduced into HeLa cells, and the cells were
collected 2 and 8 h after the transfection. Cell lysates were used
for slot blotting. When a probe for PV IRES RNA was used,
all the RNAs except for pPOMAPIA2AA2B RNA were in-
creased at 8 h compared to the levels at 2 h after the transfec-
tion. The amounts of GAPDH RNA hardly changed up to 8 h
after the transfection. The results were reproducible. These
results suggest that the 2AP™ coding region is not needed for
the RNA replication of P1-null PV and that 2B is necessary for
the PV replicon activity.

The 2AP™ coding region is not required for Pl-null PV to
form progeny virus in P1-expressing cells. Next, the ability to
form progeny virus was examined. The RNAs of pOMI,

FIG. 3. Plaque phenotypes of PVI(M)OM, OME, and OMEA2A. AGMK cells were infected with PVI(M)OM (a), OME (b), and OMEA2A
(c). The cells were fixed 2 days after the infection with PV1(M)OM, and OME and 4 days after the infection with OMEA2A.
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FIG. 4. CPE in cells infected with or without PV1(M)OM, OME, and OMEA2A. (A) HelLa cells were mock infected (d and f) or infected with
PV1(M)OM (a), OME (b), or OMEA2A (c and ¢) at an MOI of 10. Eight (a to d) or 24 h (e and f) after the infection (h.a.i.), morphological
changes were observed under a microscope. Bar, 50 pm. (B) Percentages of CPE expression among all cells. (C) Rates of membrane blebbing
among CPE-expressing cells. Average rates in two to three microscopic fields in one experiment were plotted. The rates were examined 0, 2, 4,
6, 8, 10, 12, and 24 h after the infection. Blue lines with squares indicate results for PV1(M)OM, pink lines with triangles indicate results for OME,

and orange lines with circles indicate results for OMEA2A.

pOMAQ.8, pOMAL.8, pOMAP1, pOMAP1A2A, and pOMA
P1A2AA2B were introduced into Pl-expressing cells, and the
supernatant was recovered after freezing and thawing. HeLa
cells were covered with medium containing the supernatants
and examined for a CPE 24 h later (data not shown). All the
supernatants except those of pOMAP1A2AA2B RNA and
mock transfectants had a CPE. These results suggest that the
RNAs of pOMA(.8, pPOMAL1.8, pPOMAP1, and pOMAP1A2A
can form progeny viruses, OMA(0.8, OMA1.8, OMAPI, and
OMAPIA2A, respectively, whereas the pPOMAPIA2AA2B RNA
cannot. The quality and sizes of the viral RNA genomes were
confirmed by agarose gel electrophoresis (data not shown). To

adjust the titers among these viruses, the copy numbers of the PV
RNA strands in the virus-containing supernatants were examined
by quantitative real-time PCR and the units of viral RNA were
determined. To examine the CPE expression, HeLa cells were
infected at 5.2 x 10" Ujcell and examined for a CPE up to 24 h
after the infection (Fig. 7), and the rates of round cells, detached
cells, and cells with membrane blebbing among all cells were
analyzed (Fig. 7B). Similar to the previous results, all the viruses
had a CPE. Pl-null PV had slower kinetics than PVI1(M)OM.
OMAQ0.8, OMA1.8, and OMAP1 showed similar numbers of
CPE-expressing cells, although the kinetics of OMAP1 until 10 h
after the infection was faster than that of other Pl-null PVs.
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FIG. 5. Apoptosis in cells infected with OMEA2A, detected by the TUNEL assay. HeLa cells were mock infected (d, h, and 1), infected with
PVI(M)OM (a, e, and i) or OMEA2A (b, f, and j), or treated without (d, h, and 1) or with (c, g, and k) actinomycin D (Act D). Seven hours after
the infection with PV1(M)OM, 8 h after the treatment with actinomycin D, and 21 h after the infection with OMEAZ2A, the cells were TUNEL
stained. TUNEL-positive cells were fluorescent. Fluorescence (FL) images are shown at the top (a to d), bright-field (BF) images are shown in
the middle (e to h), and merged (FL+BF) images are shown at the bottom (i to 1). Bar, 50 pm.
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FIG. 6. Slot blot analysis of cells after transfection with or without
synthesized viral RNA or after infection with or without viruses.
(A) HeLa cells were transfected with or without (Mock) RNAs of
pOM1, pOMA0.S, pOMAL8, pOMAPI, pOMAPIA2A, or
pOMAP1A2AA2B, and cell lysates were collected 2 and 8 h later. The
RNAs were detected with probes for the PV IRES sequence or
GAPDH sequence. (B) A similar experiment was performed using the
RNAs of pOM1, pOMAP1, pOMAP1A2A, pPOMAP1A2AA2B, pOM-
EGFPAPI, and pOM-EGFPAP1A2A. (C) HeLa cells were infected
with or without (Mock) PV1(M)OM, OMAQ.8, OMA1.8, OMAPI, or
OMAPI1A2A, and cell lysates were collected 2 and 8 h later. The RNAs
were detected with probes for the PV IRES sequence or GAPDH
sequence. Relative amounts of PV RNA corrected to the amount of
GAPDH RNA are shown.
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OMAPI1A2A reproducibly had a lower rate of CPE than other
P1-null PVs until 24 h after the infection. This result suggests that
OMAPI1A2A is less able to induce a CPE or else takes longer and
that 2AP™ plays an important role in inducing a CPE. OMAPI,
significantly, started to cause membrane blebbing typical of apop-
tosis from 2 h after the infection, and the proportion of CPE-
expressing cells was relatively high at early time points (Fig. 7C).
This result indicates the possibility that OMAP1 induces apopto-
sis. Compared with other Pl-null PVs, OMAPIA2A showed at
least about a two-times-higher rate of membrane blebbing among
CPE-expressing cells at 24 h after infection (OMAO.8, 12%;
OMAL18, 4.7%; OMAP1, 7.9%; and OMAP1A2A, 20%) (Fig.
7C). This indicates that OMAP1A2A may induce apoptosis at a
relatively low efficiency.

2AP™ coding region-deficient P1-null PV vector expresses
foreign genes. Because OMAPIA2A can form progeny virus,
2AP™ may not be essential for P1-null PV to express foreign
genes. To examine whether OMAP1 and OMAPIA2A can
express foreign genes, an EGFP coding sequence was inserted
into the region of pPOMAP1 and pPOMAP1A2A with P1 deleted
(Fig. 1A and B). The new constructs were designated pOM-
EGFPAPI and pPOM-EGFPAP1A2A, respectively. RNAs derived
from pOMI1, pOMAP1, pOMAP1A2A, pOMAPIA2AAZB,
pOM-EGFPAPI, and pOM-EGFPAP1A2A were not degraded
as assessed by gel electrophoresis (data not shown). The RNAs
were introduced into HeLa cells, and the cells collected 2 and 8 h
after the transfection. The cell lysate was used for slot blotting
(Fig. 6B). When a probe for PV IRES RNA was used, all the
RNAs except for pPOMAP1A2AA2B RNA increased at 8 h after
the transfection compared to the levels at 2 h. pPOM-EGFPAP1
RNA increased more than pOM-EGFPAPIA2A RNA. The
amounts of GAPDH RNA hardly changed up to 8 h after the
transfection. The results were reproducible. These results suggest
that the 2AP™ coding region is not required for the RNA repli-
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FIG. 7. CPE in the cells infected with PV1(M)OM, OMAO0.S,
OMA1.8, OMAP1, and OMAP1A2A. (A) HeLa cells were mock infected
(f) or infected with PV1(M)OM (a), OMAO.8 (b), OMAL.8 (c), OMAP1
(d), or OMAP1A2A (e) at an MOI of 1,000, and cell morphology was
observed 24 h later under a microscope. Bar, 50 wm. (B) Percentages of
CPE expression among all cells. (C) Rates of membrane blebbing among
CPE-expressing cells. Average rates in two to four microscopic fields in
one experiment were plotted. The rates were examined at 2, 6, 10, and
24 h after the infection. Blue lines with filled squares indicate results for
PV1(M)OM, green lines with triangles indicate results for OMAQ.8, violet
lines with inverted triangles indicate results for OMA1.8, orange lines with
rhombuses indicate results for OMAP1, pink lines with circles indicate
results for OMAP1A2A, and moss-green lines with open squares indicate
results for mock-infected cells.

cation of P1-null PV with EGFP inserted, although deletion of
the 2AP™ coding region results in a lower rate of RNA replica-
tion. When a probe for PV IRES RNA was used, the RNAs of
pOMAP1 and pPOMAP1A2A reproducibly increased to levels sim-

J. VIROL.

ilar to the RNAs of pPOM-EGFPAP1 and pOM-EGFPAP1A2A,
respectively. These results suggest that the insertion of EGFP
does not significantly affect PV RNA replication. Next, the RNAs
of pOM-EGFPAP1 and pOM-EGFPAP1A2A were introduced
into P1-expressing cells and the supernatants were recovered af-
ter freezing and thawing. The viral particles, OM-EGFPAPI1 and
OM-EGFPAP1A2A, respectively, proliferated in Pl-expressing
cells and were then purified. HeLa cells were covered with the
purified virus at an MOI of 100, and the fluorescence of EGFP
was observed under the fluorescence microscope 24 h after the
infection (Fig. 8). Fluorescence-positive cells were observed in the
OM-EGFPAPI- and OM-EGFPAP1A2A-infected samples,
whereas no positive cells were observed in the mock-infected
sample. These results suggest that OMAP1 and OMAP1A2A can
express EGFP and that 2AP™ is not essential for P1-null PV to
express EGFP.

In their ability to express EGFP 24 h after the infection, the
strains ranked reproducibly as OM-EGFPAPIA2A < OM-
EGFPAPI (the average rates of fluorescence positivity among
all cells in three microscopic fields in one experiment were
23% for OM-EGFPAP1 and 9.7% for OM-EGFPAPIA2A).
This suggests that the defect in 2AP™ decreases the expression of
EGFP and/or the speed of viral replication. OM-EGFPAP1A2A
had a CPE, as did OM-EGFPAPI, but only OM-EGFPAP1A2A
reproducibly induced morphological changes typical of apoptosis
in a significant proportion of the CPE-expressing cells (the aver-
age rates of membrane blebbing among CPE-expressing cells
were 10% for OM-EGFPAP1 and 37% for OM-EGFPAP1A2A).
The result implies that 2AP™ masks apoptosis in a significant
proportion of cells. In the speed with which they induced a CPE,
the strains reproducibly ranked as OM-EGFPAPI = OM-
EGFPAPIA2A (the average rates of CPE expression among all
cells were 27% for OM-EGFPAP1 and 26% for OM-
EGFPAP1A2A). This suggests that 2AP™ has little or no effect on
inducing a CPE. The quality and sizes of the RNA genomes of
OM-EGFPAP1 and OM-EGFPAPIA2A were confirmed by
Northern blotting (data not shown). The genomic stability of
OM-EGFPAP! and OM-EGFPAP1A2A was examined by gen-
eral RT-PCR, but no deletion was detected even after 20 passages
(data not shown). These results suggest that both OM-EGFPAP1
and OM-EGFPAP1A2A are genetically stable for at least 20 pas-
sages.

DISCUSSION

2AP™ has been thought important for PV replication. Here,
we reveal that 2AP™ is not required for PV replication and
2AP™-deficient PV with or without the capsid coding region
can produce progeny viruses. This shows the possibility of
realizing a vector that expresses a longer foreign gene and is
less toxic.

Molla et al. reported that dc PV ¢cDNA without the 2AP™
coding region (pT7PVE2B) does not produce a viable virus
(30). In contrast, RNA of pOMEA2A, which has a structure
similar to that of pT7PVE2B, resulted in productive although
inefficient replication. This may be due to a difference in the
junctional sequences between P1 and 2B. In the case of
pT7PVE2B, 2B is translated directly from the second EMCV
IRES and methionine is added to the N terminus of 2B. On the
other hand, in the case of pPOMEA2A, the additional N-termi-
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FIG. 8. PI-null PV vector with or without the 2AP™ coding region expresses EGFP. HelLa cells were mock infected (c, f, and i) or infected with
OM-EGFPAPI (a, d, and g) or OM-EGFPAPIA2A (b, ¢, and h) and observed 24 h later under a fluorescence microscope. Upper panels show
fluorescence (FL) images (a to c), panels in the middle show bright-field (BF) images (d to f), and lower panels show merged (FL+BF) images

(g to 1). Bar, 100 pm.

nal sequences of 2B can be processed by 3C™™ or 3CDP™.
Moreover, pT7PVE2B contains EMCV IRES up to AUGq.,,
whereas pPOMEAZ2A contains it up to +18 nt downstream of
AUGyg;,. Ribosomal initiation complexes attach directly to
AUGeg,,, and initiation does not involve scanning (22, 35). The
interaction positions for ribosomal initiation complexes are up
to +17 nt downstream of AUGyg., (23). It is possible that the
difference leads to modification of the 2B activity and/or rela-
tively low efficiency of the initiation of the second cistron
translation.

OMEAZ2A caused apoptosis, whereas neither PV1(M)OM
nor OME did. Our results show the possibility that OMAP1,
OMAPIA2A, and OM-EGFPAP1A2A induce apoptosis in a
significant proportion of cells. Calandria et al. reported that
independently expressed 2AP™ and 3CP™ induced apoptosis by
mechanisms involving caspase activation (10). On the other
hand, Burgon et al. reported that a 2A N32D mutation inde-
pendently caused cells to die by apoptosis much earlier than
wild-type-infected cells (9). This is consistent with the hypoth-
esis that a wild-type function of the 2AP™ protein is to inhibit
apoptosis and cause a canonical necrotic CPE late in infection,
perhaps directly or indirectly leading to the aberrant cleavage
of procaspase-9, and that this activity is abrogated by the 2A
N32D mutation. Together with our results, it seems likely that
the apoptotic cell death induced in the cells infected with
2A-deficient or Pl-deficient PV occurs via caspase-dependent
apoptosis and that the expression of apoptosis depends on a

subtle balance of relating proteins, such as 2AP™, 3CP™, and
procaspase-9, at each time point after the infection. It is highly
possible that the balance of viral proteins differs depending on
whether the virus is monocistronic or dicistronic. 2AP™ activity
may differ fundamentally depending on whether this protein is
expressed individually or in the context of the viral infection.

It has been reported that PV was replication competent
upon the replacement of its P1 region with a foreign gene in
Pl-expressing cells (4, 37). In these cases, an insert of about 2.9
kilobases (carcinoembryonic antigen [CEA]) was the longest.
DIs with a 1,212-base deletion at the longest in the P1 region
have been detected (25). We revealed that PV can produce
progeny viruses with the entire P1 and 2AP™ coding region
deleted in P1-expressing cells. This construct lacks the longest
region. We confirmed that PV can express EGFP without the
P1 and 2A"™ coding regions and that the insertion of EGFP
does not significantly affect viral RNA replication. Moreover,
these viruses are genetically stable. These results raise the
possibility that a longer foreign gene than CEA can be ex-
pressed using the PV vector.

OMAPIA2A had a lesser CPE than OMA(.8, OMAL1.8,
OMAP1, and PVI(M)OM at 5.2 X 10" U/cell, which was sup-
posed to be equivalent to an MOI of 1,000 of PVI(M)OM. To
correct the units of viral RNA genomes as infectious units,
HeLa cells were infected with OMA0.8, OMA1.8, OMAP1, and
OMAPIA2A at 5.2 x 10" Ufeell or with PVI(M)OM at an
MOI of 10, the cells were collected 2 and 8 h later, and cell
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lysates were used for slot blotting (Fig. 6C). When a probe for
PV IRES RNA was used, all the P1-null viruses had increased
at almost the same rates at 8 h compared to the levels at 2 h
after the infection. PV1(M)OM increased much more than
P1-null viruses. These results suggest that 5.2 X 10' Ufcell for
Pl-null viruses results in similar RNA replication activities
under these conditions. The viral titers/cell might not be high
enough to infect all the cells because the cells infected at 5.2 X
10" Ufcell contained more RNA than those infected at 5.2
Uycell (data not shown); it is likely that the units of the RNA
genomes of OMAO.8, OMA1.8, OMAP1, and OMAP1A2A
were almost proportional to these RNA replication activities.
Consequently, it was confirmed that OMAP1A2A is less toxic
or takes a longer time to have a CPE even though its RNA
replication activity is similar to those of OMAQ.8, OMAL1.8, and
OMAPI.

Regarding the slot blot analysis of the cells transfected with
synthesized viral RNA, the RNAs of pPOMAP1A2A and pOM-
EGFPAP1AZA showed less RNA replication activity than
those of pPOMAP1 and pOM-EGFPAP1, respectively (Fig. 6B).
It seems likely that the defect in 2AP™ suppresses the RNA
replication activity, In terms of the relevant effect of 2AP™,
viral replication speed, and/or the ability to induce a CPE, the
ranking was OMEA2A < OME and OMAP1A2A < OMAPI1,
whereas OM-EGFPAP1 = OM-EGFPAP1A2A. In the ability
to express EGFP, the ranking was OM-EGFPAP1A2A < OM-
EGFPAP1. These results may be also because the defect in
2AP™ suppresses the viral replication activity and/or the ex-
pression of foreign mRNA.
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Chapter 21

Poliomyelitis

SatosHi KOIKE AND Axkio NoMoTO

INTRODUCTION

Poliovirus (PV) is the causative agent of poliomy-
elitis, an acute human disease of the central nervous
system (CNS). PV pathogenesis was initially studied
in nonhuman primates, beginning soon after the virus
was isolated by Landsteiner and Popper (62). General
outlines of the sequential events in PV infection were
delineated by Bodian, Sabin, and others in the 1950s
(6, 8, 106; recently reviewed in references 73, 76, 85,
and 99) (Fig. 1).

In humans, PV is ingested and multiplies in the
oropharyngeal and intestinal mucosa. Infected hu-
mans shed virus in pharyngeal secretions and feces
for several weeks, allowing for transmission of the
virus. The virus spreads to the draining lymph nodes,
where it replicates further, and then spreads via the
efferent lymphatic vessels and thoracic duct to en-
ter the bloodstream. Viremia is established, resulting
in exposure of almost all tissues to virus. PV repli-
cation occurs in extraneural tissues such as spleen,
liver, pancreas, muscle, and adipose tissue; however,
the amount of recovered virus is low and prominent
pathological lesions are not observed in these tissues.
Viremia continues for approximately a week, until
neutralizing antibodies appear in the blood. Most
natural infections of humans end at this stage with
a minor illness, such as fever, sore throat, and intes-
tinal upset, a course commonly followed with other
enterovirus infections.

In less than 1% of individuals infected with wild-
type (wt) PV, the virus spreads to the CNS, where it
replicates efficiently. Therefore, neurological disease
caused by PV is considered an accidental phenom-
enon accompanying the common enteric infection.
PV replicates in restricted sites of the CNS, including
motor neurons in the spinal cord (which leads to flac-
cid paralysis), the brain stem, and cortex.

Since the development of effective PV vaccines
(104, 105, 107), studies on PV pathogenesis using
nonhuman primate models have become less com-
mon. In 1990, the development of a transgenic (tg)
mouse model provided new approaches for the study
of PV infection (57, 102). The tg model has provided
an opportunity to study the reasons that PV fails to
reach the final target tissues in most cases of infec-
tion. This failure suggests that there are barriers that
prevent the progression and dissemination of PV
infection and that neurological disease only occurs
when virus succeeds in traveling across the barriers.
One may consider that each step of PV infection is
a combat between the virus and a host barrier. The
nature of some of these barriers has been clarified us-
ing the tg mouse model. This chapter will provide a
review of recent advances in our understanding of PV
pathogenicity from this perspective.

SPECIES SPECIFICITY OF PV INFECTION:
THE HOST RANGE BARRIER

PV Receptor and Host Range

The host range of most PV strains is restricted to
primates (reviewed in reference 40), with humans as
the natural host. Old World monkeys are susceptible
to experimental infection, while the susceptibility of
New World monkeys is irregular and only some spe-
cies are susceptible to only some PV strains. Prosim-
ians and nonprimate species are generally not suscep-
tible to PV except for adapted PV strains (2). This
host range restriction is determined by the ability of
virus to bind to a cell surface receptor, the PV recep-
tor (PVR) (435).

The PVR was identified by taking advantage of
the species-specific nature of infection. Mouse cells
are not susceptible to PV infection but permit PV
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Host range barrier

Hematogenous Neural
pathway pathway
BBB Refrograde
permeation * Axonal transport

Figure 1. Scheme of PV pathogenesis and possible barriers that prevent PV dissemination. There are several host barriers
that block the progression of PV dissemination. The host range of PV is restricted to simians, so other animal species are not
susceptible to PV infection (host range barrier). In humans, after PV is ingested, PV initially replicates in the oropharyngeal
and intestinal mucosa and enters the host despite a physical barrier at the GI mucosa (GI tract barriers). When PV reaches
the blood, PV replicates poorly in the extraneural tissues, suggesting the presence of a barrier that prevents efficient replica-
tion of PV in these tissues. The CNS is physically isolated from the extraneural tissues by the blood-brain barrier (BBB),
which acts as a physical barrier preventing free movement of substances between the bloodstream and the parenchyma of
the CNS. PV permeates this barrier by an unknown mechanism. PV also reaches the CNS via retrograde axonal transport, a
pathway for PV that is dependent on the PVR. PV finally replicates in neurons in the CNS. The replication sites in the CNS
are restricted to certain neurons, suggesting the presence of unknown barriers in nonsusceptible neurons. Replication of at-
tenuated PV strains is strongly suppressed in neurons, suggesting PV strain-specific barriers in the CNS.

replication when PV RNA is transfected, circumvent-
ing infection through the cell surface (36-38). Miller
et al. (69) found that human-mouse hybrid cells car-
rying human chromosome 19 were susceptible to
PV. A monoclonal antibody directed against the cell
surface of HeLa cells, D171, was able to block PV
infection (80). D171 also bound to hybrid cells car-
rying human chromosome 19. In order to identify
the PV receptor, Mendelsohn et al. (67) transformed
mouse cells that were not susceptible to PV to sus-
ceptible cells through the transfer of human genomic
DNA. The PVR gene was then identified by isolat-
ing the human gene responsible for this transform-
ing activity (53, 68). PVR, later designated CD155,
is an integral transmembrane protein that has three
immunoglobulin (Ig)-like domains and is encoded on
chromosome 19.

The interaction between PV and PVR has been ex-
tensively investigated. The N-terminal Ig-like domain

of PVR is responsible for PV binding (23, 54, 108).
This domain penetrates the “canyon” that surrounds
the five-fold protrusion on the capsid surface. The
binding site involves all three major capsid proteins,
VP1, VP2, and VP3. There are several critical amino
acid residues in PVR for binding that have been identi-
fied by both mutational analyses (1, 4, 70) and cryo-
electron microscopy (3, 33). Amino acid sequences of
CD1355 have been found to rapidly change during evo-
lution. Of note, the critical amino acids in CD155 are

not conserved in orthologs of nonsusceptible animal
species (45, 50, 55).

Development of tg Animal Models

Soon after the isolation of the human PVR gene,
attempts were made to generate tg mice, anticipat-
ing that the expression of human PVR would make
nonsusceptible mice susceptible. Indeed, tg mice that
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express the human PVR gene with its natural pro-
moter are susceptible to PV infection (56, 57, 102).
The infected mice exhibit clinical signs and patholog-
ical lesions that resemble human poliomyelitis after
intracerebral, intraperitoneal, intravenous, intramus-
cular, or intranasal inoculation of PV (15, 56, 57,75,
101, 102). Unlike humans, however, these tg mice are
not susceptible to oral infection.

Despite the inability to orally infect tg mice, the
development of mouse models has improved investi-
gations of PV dissemination in an animal. In addition
to monkeys, PVR-Tg21 mice are recognized by the
World Health Organization as an animal model of
poliomyelitis (19). tg mice have also been generated
in which PVR is expressed under the control of artifi-
cial promoters, including cPVR mice with the B-actin
promoter (15), fatty acid-binding protein (FABP)-
PVR mice with the rat FABP promoter (118), and
CAG-PVR mice with the CAG promoter (43). The
tg mice have also made it possible to investigate the
importance of host genes with respect to the patho-
genesis of PV infections by crossing the tg mice with
mice in which genes of interest have been modified.

PVR-independen
transcytosis ?

 Germinal

PV REPLICATION IN THE GI TRACT:
THE GI BARRIER

Site of Entry and Primary Multiplication

PV enters into the systemic circulation after in-
gestion of the virus. There are a number of structures
that are important in understanding PV infection by
the oral route. The majority of the epithelial cells lin-
ing the gastrointestinal (GI) tract form a tight bar-
rier that is the first physical barrier for PV infection.
A structure called the follicle-associated epithelium
(FAE) is located in Peyer’s patches above the lym-
phoid follicle and contains microfold (M) cells, which
are capable of transporting molecules from the intes-
tinal lumen into the underlying lymphoid cells (79,
90) (Fig. 2). The mechanism by which PV invades the
lymphoid tissues is still unknown.

In humans, chimpanzees, and cynomolgus mon-
keys, which are susceptible to oral PV infection, a
significant titer of PV initially appears in lymphatic
tissues, such as the tonsils in the pharynx and Pey-
er’s patches in the small intestine (9, 112); however,

PVR-dependent
Infection ?

Figure 2. Structure of the GI tract barrier. The epithelial cels (enterocytes; lining the GI tract form a tight physical barrier for
PV infection. A structure called FAE is present in Peyer’s patches above the lymphoid follicle and contains M cells, which are
capable of transporting molecules from the intestinal lumen into the underlying dendritic cells or macrophages. The primary
replication sites of PV and the source of excreted virus have not yet been determined. It is also unknown whether PV replicates
in the epithelial cells in a PVR-dependent manner or whether PV is incorporated via M cells by transcytosis without lytic

infection.
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specific histopathological lesions are not clearly cor-
related with these presumed sites of multiplication
(8). Rhesus monkeys (39) and PVR tg mice are not
susceptible by this route of infection (57, 102). Some
researchers have conducted experiments to elucidate
the mechanism by which PV enters the systemic cir-
culation by comparing susceptible and nonsuscep-
tible species;- however, the experiments performed
have generally been incomplete and with inconsistent
results (see below) (46,47, 89, 109, 110, 118). There-
fore, it is still not known which types of cells are in-
fected and how PV accesses lymphatic tissues.

One idea proposed is that PV invades epithe-
lial cells and lymphatic tissues by a direct infection
that depends on the expression of PVR. Kanamitsu
et al. (47) infected cynomolgus monkeys with the
Mahoney strain and, by using immunofluorescence
analysis, observed viral replication in squamous
epithelial cells and macrophages in the lymphatic
structure of the tonsils. This result suggested that
the entry of PV into lymphatic tissues is associated
with replication in these cells. Iwasaki et al. (46)
compared the sites of PVR expression in humans,
rhesus monkeys, and PVR tg (PVR-Tg21) mice. They
observed PVR expression in epithelia, including the
FAE and M cells of Peyer’s patches and the germinal
center of the follicle in humans. In rhesus monkeys,
however, PVR expression was low, while in PVR-tg
mice, PVR was barely observable in epithelium and
absent in germinal centers. Those authors hypothe-
sized that PVR expression in these sites is important
in establishing PV infection in the GI tract. These
findings have not been confirmed by experiments in-
volving PV infection. Zhang and Racaniello (118)
considered that the resistance of PVR tg mice to oral
injection was due to the absence of PVR expression
in cells that are critical to support PV replication
in this region. These investigators generated a new
tg mouse that expressed PVR under the rat FABP
promoter in order to test whether enhanced PVR
expression in the epithelial cells would result in sus-
ceptibility to oral infection. The FABP-PVR mice did
not become susceptible to oral infection; however,
a detailed analysis of the Peyer’s patch cells of the
FABP-PVR mice and the expression of PVR were not
reported, so it remains unclear whether PVR expres-
sion in this tissue is necessary for the establishment
of oral infection.

Other reports support the entry of PV by trans-
cytosis through M cells, as is the case with other
pathogens. Electron microscopic analysis by Si-
cinski et al. (109) showed that PV adhered to the
surface of M cells and vesicles and that PV was in-
corporated in the M cells on the FAE. In another

report, Ouzilou et al. (89) cultured Caco-2 cells in
the upper chamber of a transwell with freshly pre-
pared lymphocytes in the lower chamber. The Caco-
2 cells formed a layer sealed with tight junctions.
Some cells in the layer differentiated into M-like
cells, serving as an in vitro model of FAE. When PV
was added to the upper chamber, intact PV was re-
covered within 2 h from the lower chamber, suggest-
ing that PV can pass through the Caco-2 layer by
transcytosis in M cells.

PV REPLICATION IN EXTRANEURAL
TISSUES: THE INNATE IMMUNE BARRIER

Roles of PVR and IRES #rans-Activating Factors

PV replicates in extraneural tissues during the
viremic phase. In addition, PV can be recovered
from extraneural tissues of orally infected chimpan-
zees and cynomolgus monkeys (9, 112) and from tg
mice infected intravenously (44, 52); however, the
amounts of PV recovered are relatively small. No
pathological changes are discernible in these tissues.
The results suggest that the extraneural tissues are
not fully permissive to PV infection, in contrast to
the extensive replication that occurs in the CNS. The
reason for the extensive replication of PV in the CNS
has not been elucidated. One possible hypothesis is
that factors that support PV replication are expressed
preferentially in the target tissues. Holland proposed
that PVR is the determinant of PV tissue tropism
(36); however, PVR expression is observed in a wider
range of tissues, including resistant ones, suggesting
that PVR is necessary but not the sole determinant of
PV tropism (22, 57, 58, 68, 100).

It is known that the internal ribosome entry
site (IRES) in the 5’ noncoding region (5’ NCR) can
function in a tissue- and cell-type-specific manner.
Pilipenko et al. (96) demonstrated that a chimeric
Theiler’s murine encephalomyelitis virus in which
the 5 NCR IRES was replaced by the correspond-
ing region of foot-and-mouth disease virus (FMDV)
was not able to replicate in the CNS. The FMDV
IRES required a noncanonical translation initiation
factor, IRES trans-activating factor 45, which is ex-
pressed in proliferating cells. This finding suggested
that the tissue-specific replication ability of FMDV is
controlled by a tissue-specific IRES activity that is me-
diated by a frans-acting factor with tissue-specific ex-
pression. Similarly, Gromeier et al. (27) and Yanagiya
et al. (115) produced chimeric viruses between human
rhinovirus and PV and between hepatitis C virus and
PV, respectively. These chimeras lost the ability to rep-
licate in the CNS, suggesting that the IRES of human
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rhinovirus and hepatitis C virus is controlled in a
tissue-specific manner and does not work in the CNS.
However, Kauder and Racaniello (48) produced a re-
combinant adenovirus that had a bicistronic reporter
with the PV IRES in the second cistron. The PV IRES
mediated translation not only in the neural tissues but
also in extraneural tissues. Thus, it is not likely that
the PV IRES mediates preferential replication of PV
in the CNS. As we will discuss later, the PV IRES has
an important role in replication efficiency in the CNS.

Role of Interferon Response in Tissue Tropism

Ida-Hosonuma et al. (44) reported that a tran-
sient increase in PV titer was found in extraneu-
ral tissues of infected PVR tg mice. This finding
prompted the investigators to speculate that the cells
in extraneural tissues are also susceptible to PV and
can initiate the replication process but that progres-
sion of the infection cascade was inhibited by an
unknown mechanism. The reason for the inability
of virus to efficiently replicate in extraneural tissues
was clarified by experiments using mice deficient
in the type I interferon (IFN) response. The results

showed that PVR tg mice that were IFN-o/f receptor
1 (IFN-o/BR1) deficient (74) were highly susceptible
to PV infection. Interestingly, in the absence of the
normal IFN response, PV was able to replicate ef-
ficiently not only in the CNS but also in extraneural
tissues, such as liver, spleen, and pancreas. The results
suggested that extraneural tissues possess all the host
factors required for PV replication but that an active
host innate immune defense prevents viral replica-
tion in these sites. Of note, extraneural tissues ex-
press a higher basal activity of I[FN-stimulated genes,
even in the noninfected state, than neural tissues. In
addition, the IFN response induced in response to
PV infection in extraneural tissues is greater than in
neural tissues.

This difference in the type I IFN response in the
two tissues may be the reason for the differences in
replication efficiency of PV. Furthermore, Ohka et al.
(83) observed that PV replication in the small intes-
tine was enhanced in IFN-o/BR1-deficient PVR tg
mice. These results suggested that the IFN response
can also act as a barrier to prevent PV replication
in extraneural tissues (Fig. 3), constituting an innate
immune barrier rather than a physical barrier. The

Extraneural tissues

Neural tissues

Figure 3. Innate immune barrier in extraneural tissues. Although many tissues are exposed to PV during the viremic phase,
PV replication in the extraneural tissues is strongly suppressed by the innate immune response, which is mediated by type I
IFN. Many cells in the extraneural tissues possess all of the host factors required for PV replication and have the potential to
support PV replication. Soon after infection of a single cell, an active host innate immune defense induces an antiviral state in
the surrounding cells and stops the cascade of viral infection in these sites. Thus, this response acts as an immunological bar-
rier. In neural tissues, however, the innate immune response is less active than in the extraneural tissues, allowing a sequential

cascade of viral infection.
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barrier controls the permissiveness of extraneural tis-
sues and keeps the levels of viremia low. This barrier
may be the reason that PV invasion into the CNS oc-
curs in less than 1% of infections, even in nonim-
mune individuals. In contrast, a relatively weak IFN
response in the CNS permits PV replication once the
virus reaches the CNS. Thus, the IFN response, which
does not function equally in all tissues, is an impor-
tant factor that determines the neurotropic nature of
PV. The importance of the IFN response in protection
of nontarget tissues has also been described for other
virus infections (24, 71, 103, 113).

CNS ENTRY OF PV: HEMATOGENOUS
AND NEURAL PATHWAYS

The CNS is isolated from the extraneural tissues.
To date, at least two pathways by which PV invades
the CNS are known: via the blood-brain barrier
{BBB) and by retrograde axonal transport.

Penetration of the BBB

The BBB, which is composed of endothelial cells
of blood vessels that are sealed together at their edges
by tight junctions, does not allow free transport of
materials, including pathogens, between the blood-
stream and parenchyma of the CNS (25). Therefore,
the BBB acts as a physical barrier to PV dissemination
(Fig. 4); however, PV is believed to invade the CNS
through the BBB.

Coyne et al. (14) showed that cultured human
brain microvascular endothelial cells, which serve as
an in vitro model of the BBB, are susceptible to PV
infection. In addition, human endothelial cells from
the umbilical vein become susceptible to PV after
cultivation in vitro (13). These data, however, do not
directly prove that endothelial cells are susceptible
to in vivo PV infection, since it is known that cells
derived from nonsusceptible tissues can acquire PV
susceptibility to infection after cultivation in vitro
(20, 117). Data from in vivo studies actually sug-
gest that the invasion of the BBB by PV does not in-
volve infection of endothelial cells. Yang et al. (116)
performed a physiological pharmacokinetic analysis
to investigate the fate of PV inoculated into the tail
vein of mice. The inoculated virus was distributed
to various tissues, such as the spleen, liver, kidney,
small intestine, heart, lung, muscle, and CNS tissues.
The amount of PV delivered to the CNS tissues was
significantly greater than the theoretical amount
estimated within the vascular volume. In contrast,
the amount of PV distributed to other tissues almost

equaled the theoretical amount predicted based
on vascular volume. These data suggested that PV
passes into the parenchyma of the CNS through the
BBB. Of interest, the distribution profiles of the virus
in tg and non-tg mice were similar, indicating that
PVR expression in tg mice (and therefore infection
of endothelial cells) does not play a significant role
in the tissue distribution profile of PV. The rates of
accumulation of the virus in the brain are more than
100 times higher than that of albumin (which is not
thought to permeate the BBB via a specific trans-
port system) and are similar to that of cationized
rat serum albumin (which is known to efficiently
permeate the BBB). The above data suggest that PV
penetrates the BBB with a fairly high degree of effi-
ciency, independent of expression of the PVR. Thus,
it is possible that host cell molecules other than PVR
are involved in the penetration of the BBB by PV.
The precise mechanism by which PV entry into the
CNS occurs remains to be elucidated.

Retrograde Axonal Transport

Another pathway leading to neural dissemina-
tion of PV is by means of retrograde axonal trans-
port, which has been reported for humans, mon-
keys, and tg mice (Fig. 4). This pathway first drew
attention during the Cutter vaccine incident (78), in
which children received incompletely inactivated po-
lio vaccine prepared from virulent PV strains; it was
observed at that time that the initial paralysis was
frequently seen in the inoculated limb. In addition,
experimental evidence indicates that PV can spread
to the CNS through the sciatic nerve of monkeys
(77) and tg mice (101). Of note, there is also a cor-
relation between muscle trauma during the viremic
phase of PV infection and an increased risk of po-
liomyelitis (10), suggesting that the neural pathway
is important in this phenomenon of “provocation
poliomyelitis.” Provocation poliomyelitis was ex-
perimentally reproduced in tg mice (28), with results
that suggested that skeletal muscle injury stimulates
retrograde axonal transport of PV and thereby fa-
cilitates viral invasion of the CNS, with resultant
spinal cord damage. These findings renewed interest
in studying the mechanism by which PV uses neural
pathways to enter the CNS.

Mechanism of Axonal Transport of PV

Experiments involving transection of the sciatic
nerve following intramuscular inoculation of PV into
the calf of PVR tg mice demonstrated that some of the
inoculated virus moves along the axon via retrograde
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PVR-dependent
Infection ?

Axonal transport

PVR-independent PVR:
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Figure 4. Two pathways of CNS invasion. PV is able to enter the CNS by at least two distinct pathways. One pathway involves
the direct penetration of the BBB from the bloodstream into the parenchyma of the CNS. The BBB is composed of endothelial
cells of blood vessels that are sealed together at their edges by tight junctions. Generally, it does not allow free transport of
pathogens. There is no strong evidence that supports direct infection of endothelial cells. Physiological pharmacokinetic analy-
sis suggests that the PV is able to permeate the BBB from the bloodstream into the parenchyma of the CNS independently of
PVR. The precise mechanism by which PV employs this pathway remains to be elucidated. Another pathway leading to neural
dissemination of PV is by retrograde axonal transport. PV is incorporated into endosomes by PVR-mediated endocytosis at
neuromuscular junctions. The C-terminal cytoplasmic tail of the PVR on the surface of the endosome is able to bind TCTEL1
(in humans) or Tctex-1(in mice), which is the light chain-1 of the cytoplasmic dynein complex. PV-containing endosomes
move on the microtubules along the axon via retrograde transport at a rate of more than 12 cm/day, a velocity classified as fast
retrograde axonal transport. PV particles do not initiate conformational changes during transport along the axon until they

reach the cell body of the neuron.

transport at a rate of more than 12 cm/day (87), a
velocity seen with fast retrograde axonal transport
(12). These results suggested that PV is packed in
endosomes during transport through the axon, since
this is the case with many substances that are carried
via retrograde transport by the fast transport system.
Indeed, an electron microscopic study detected endo-
somes containing PV at the neuromuscular junction in
the vicinity of the inoculation site. Thus, it is possible
that PV is within endosomes that result from PVR-
mediated endocytosis of the virus at synapses and are
then conveyed via retrograde transport through the
axon (84).

The majority of PV-related materials in the
sciatic nerve showed a sedimentation coefficient of
1608, suggesting that the PV is conveyed without
conformational change in the axon and initiates the

uncoating step after reaching the cell body of the neu-
rons (87). Of interest, a human homolog (TCTEL1)
of mouse Tctex-1, which is the light chain-1 of the
cytoplasmic dynein complex (a complex that uses
microtubules as pathways for transport), has been
reported to bind the cytoplasmic domain of PVR (72,
84). In addition, treatment of the sciatic nerve with
the microtubule-depolymerizing agent vinblastine re-
sults in slower retrograde transport of the virus to
the spinal cord of tg mice (84). It is possible that PV
inoculated intramuscularly is incorporated into cells
by PVR-mediated endocytosis at synapses, without
any PVR-mediated conformational changes of the
virion particle. The cytoplasmic domain of PVR on
the surface of the endosomes that enclosed the polio-
virion could then interact with cytoplasmic dynein,
and the endosomes could be retrograde transported
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along microtubules through the axon to the neuron
cell body, where uncoating and replication of PV oc-
cur. A reconstituted experimental system with rat
primary neurons was established in order to test the
above hypothesis. Molecular imaging experiments
indicated that endosomes carrying both PV and PVR
undergo retrograde transport through the axons of
the primary neurons (86); however, additional re-
search is required to elucidate the mechanisms un-
derlying the endocytosis of PV at synapses and the
manner and location of PV replication in the neuron

cell body.

PV REPLICATION IN THE CNS
Determinants of Neuron-Specific Infection

In the CNS, PV preferentially infects motor neu-
rons in the anterior horn of the spinal cord and in
neurons in the brain stem and motor cortex (7, 11).
PV infection is not observed in other sites, including
the occipital lobe of the cerebral cortex. Lytic replica-
tion of PV in the motor neurons results in a character-
istic flaccid paralysis of the limbs. Similar pathology
is observed in PVR tg mice. Neuron-specific infection
in the CNS seems to be determined by the presence of
PVR, because in situ hybridization experiments dem-
onstrated that PVR mRNA expression is observed in
neurons but not in glial cells in mice that express PVR
with the natural PVR promoter (56, 100); PV infec-
tion is observed in glial cells when PVR is expressed
in glial cells under the control of a ubiquitous pro-
moter in mice (43). On the other hand, it remains
unclear why PV preferentially infects a subset of neu-
rons. Bodian hypothesized that the route of infection,
the neuronal network connections, and the intrinsic
resistance of some neurons to infection determine this

specificity (7, 11).

Role of the IRES in Attenuation of Neurovirulence

Wild-type PV strains replicate more efficiently
and produce more severe pathological lesions in the
CNS than attenuated strains. The degree of neuro-
virulence in different virus strains appears to pri-
marily depend on the ability of the virus to repli-
cate in the CNS. There are multiple neurovirulence
determinants in the PV genome (60, 88, 114), with
strong neurovirulence determinants mapped in the 5
NCR of all three PV strains. Comparative sequence
analysis between the attenuated Sabin 3 strain and
its neurovirulent revertants demonstrated that a key
mutation at nucleotide position 472 leads to a neuro-
virulent phenotype (21). Molecular genetic analysis

employing reverse genetics of PV type 1 showed that
a relatively strong determinant of neurovirulence
resides in the 5" NCR of the viral RNA, especially
nucleotide position 480 (49); a neurovirulence deter-
minant in the PV type 2 genome has been identified
at nucleotide position 481 (64). These nucleotide po-
sitions exist within the region corresponding to the
IRES (31, 91). The results suggest that the neuroviru-
lence levels of individual PV strains correspond with
their IRES activities, that is, efficient translation ini-
tiation in the CNS. It is also known that translation
initiation mediated by the IRES of attenuated strains
is lower than that of virulent strains in neuroblas-
toma cell lines (32, 61). Therefore, it is considered
that the attenuation phenotype of vaccine strains is
due to a neuronal cell-specific translational defect;
this translational defect constitutes a barrier specific
for attenuated strains.

Possible Mechanism for IRES-
Mediated Attenuation In Vivo

Several proteins that interact with the PV IRES
have been identified (5, 16, 35,41, 66, 81, 82,92). One
of these proteins, polypyrimidine tract-binding protein
(PTB), has been shown to play an important role in the
translational activity of the PV IRES (34, 92). Deple-
tion of PTB from cellular extracts inhibits translation
mediated by the PV IRES in a cell-free system (34, 41,
42), and overexpression of PTB in cultured cells en-
hances translation mediated by the PV IRES (26). Ex-
amination of the interaction of PTB with the PV IRES
has demonstrated impaired binding by PTB on the
Sabin IRES in comparison with the wt IRES (30, 82).
Interestingly, CNS cells express PTB at very low levels
but contain high levels of a neural or brain-enriched
homolog of PTB, nPTB (51, 63, 65, 98).

Guest et al. (29) examined the interaction of the
IRESs of PV type 3 virulent Leon strain and Sabin 3
strain with PTB and nPTB. PTB and nPTB were found
to bind to a site directly adjacent to the attenuating
mutation, and binding at this site was less efficient on
the Sabin 3 IRES than on the Leon IRES. The trans-
lational activities mediated by the IRES elements of
Leon and Sabin 3 were determined by electroporating
a bicistronic construct that contained either the Sabin
3 or the Leon 5" untranslated region into neural cells
of a living chicken embryo spinal cord. Translation in
the chicken embryo spinal cord mediated by the Sabin
3 IRES was less efficient than translation mediated by
the Leon IRES and was rescued by overexpression
of PTB, but not nPTB or other IRES trans-activating
factors. These data suggest that tissue-specific expres-
sion of PTB coupled to a reduced binding of PTB on
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