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Enterovirus 71 (EV71) is a causative agent of hand, foot, and mouth disease and is also associated with
serious neurological disorders. An attenuated EV71 strain [EV71(S1-3’)] has been established in the cyno-
molgus monkey infection model; this strain contains the attenuation determinants derived from the type 1
poliovirus vaccine strain, Sabin 1 [PV1(Sabin)], in the 5’ nontranslated region (NTR), 3D polymerase, and 3’
NTR. In this study, we analyzed the effect of the attenuation determinants of PV1(Sabin) on EV71 infection in
a NOD/SCID mouse infection model. We isolated a mouse-adapted EV71 strain [EV71(NOD/SCID)] that
causes paralysis of the hind limbs in 3- to 4-week-old NOD/SCID mice by adaptation of the virulent
EV71(Nagoya) strain in the brains of NOD/SCID mice. A single mutation at nucleotide 2876 that caused an
amino acid change in capsid protein VP1 (change of the glycine at position 145 to glutamic acid) was essential
for the mouse-adapted phenotype in NOD/SCID mice. Next, we introduced attenuation determinants derived
from PV1(Sabin) along with the mouse adaptation mutation into the EV71(Nagoya) genome. In 4-week-old
mice, the determinants in the 3D polymerase and 3’ NTR, which are the major temperature-sensitive deter-
minants, had a strong effect on attenuation. In contrast, the effect of individual determinants was weak in
3-week-old NOD/SCID mice, and all the determinants were required for substantial attenuation. These results
suggest that a cooperative effect of the attenuation determinants of PV1(Sabin) is essential for attenuated

neurovirulence of EV71.

Enterovirus 71 (EV71) is a small nonenveloped virus with a
genome of single-strand positive RNA of about 7,500 nucleo-
tides (nt); it belongs to the genus Enterovirus of the family
Picornaviridae (10, 60). EV71 is classified as Human enterovirus
species A, along with some coxsackie A viruses, such as CA10
and CA16, which cause hand, foot, and mouth disecase and
herpangina (10, 54). However, EV71 infection is sometimes
associated with severe neurological diseases, such as brain
stem encephalitis and poliomyelitis-like paralysis (16, 44, 69).
Fatal effects of an EV71 outbreak in Taiwan were mostly due
to pulmonary edema and/or pulmonary hemorrhage, which
may have been caused by direct destruction of the vasomotor
and respiratory centers in the brain stem by EV71 infection
(11, 23, 25, 36, 40, 70). The case severity rate of EV71 in the
outbreak was <0.3% (23). This suggests a high neuropathoge-
nicity of EV71 similar to that of poliovirus (PV), which causes
poliomyelitis in 0.1 to 1.0% of infected individuals (reviewed in
reference 46). Currently, various vaccines and treatments
against EV71 infection are being developed (13, 15, 38, 39, 61,
64, 66, 72, 73).

Experimental infection models of EV71 have been estab-
lished in the monkey and mouse (14, 21, 22, 49, 50, 71). The
advantage of the monkey model is that the monkeys inoculated
with clinical isolates of EV71 show neurological disorders sim-
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ilar to those observed in human cases of EV71 infection, in-
cluding tremor, ataxia, and poliomyelitis-like paralysis; these
disorders are critical for the evaluation of the neurovirulence
of EV71 strains (3, 5). However, the limited availability of
these animals has hampered characterization of the isolates in
the monkey infection model. Mouse infection models of EV71
have been established with young mice (1 to 7 days old) (14,
71). For these mouse models, a sufficient number of animals
are available, and some clinical symptoms, including rash and
paralysis of the hind limbs, were observed in inoculated ani-
mals. However, an adaptive mutation(s) of EV71 is required
for the infection of mice (14, 71); thus, the model is not useful
for the characterization and evaluation of virulence of clinical
isolates, but it can be used to evaluate some specific features of
EV71 infection (12, 72). The neurological symptoms observed
in young mice are difficult to evaluate, in contrast to those
observed in adult mice infected with PV (4). Moreover, host
range mutations that contribute to attenuation in mice but not
in monkeys have been reported for PV (62), suggesting that
intrinsic differences in the character of the animals underlie
the pathogenesis of enterovirus.

To date, two kinds of mouse models have been established
for the analysis of PV infection: one is with transgenic mice
(35, 55) which express human PV receptor (34, 45), and an-
other is a surrogate receptor model with nontransgenic mice
and PV mutants with a BC loop of type 2 PV Lansing strain,
which infects mice via an uncharacterized murine receptor (42,
47). The former mouse model is currently used for the evalu-
ation of the neurovirulence of PV as well as the monkey in-
fection model (48). The latter mouse model was used to de-
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termine the attenuation determinants of PV before the
development of the transgenic mouse model (37, 41, 56, 65).

Previously, we used defined genetic manipulation to gener-
ate an attenuated strain of EV71 (EV71(S1-3")] that showed a
broad spectrum of antigenicity against EV71 strains with at-
tenuated neurovirulence in cynomolgus monkeys (3, 5). The
manipulation was based on the temperature-sensitive determi-
nants of the type 1 PV vaccine strain (Sabin 1) located in the
conserved regions of enterovirus genome (58); that is, the 5’
nontranslated region (NTR), 3D polymerase gene, and the 3’
NTR (31, 52, 65). In this manipulation, we focused on the
attenuation determinants of Sabin 1 but not those of other
vaccine strains (Sabin 2 and Sabin 3 strains) for the following
reasons: (i) the attenuation determinant of the Sabin 2 strain
was in the capsid proteins but not in the 5’ NTR (57; reviewed
by Kew [32]); (ii) the attenuation determinant in the 5" NTR
derived from Sabin 3 strain affected the fitness of the EV71
mutant in vitro (5); and (iii) the Sabin 1 strain has shown a high
degree of safety, supported in part by the diverse mechanisms
of attenuation with many attenuation determinants throughout
the genome (52, 53; reviewed by Minor [46]). EV71(S1-3")
showed limited infection in the central nervous system (CNS),
where the virus was isolated only from the spinal cords of
inoculated monkeys. The tissue specificity of EV71(S1-3") was
different from that of an EV71 mutant [EV71(3’)] which con-
tained the attenuation determinants in the 3D polymerase
gene, and the 3’ NTR, and the virus was isolated from the
brain stem and the spinal cord (3, 5), suggesting that a co-
operative effect of the introduced mutations is required for
limited tissue specificity and attenuated neurovirulence of
EV71(S1-3").

To evaluate the effect of the attenuation determinants de-
rived from the type 1 PV vaccine strain, Sabin 1 [PV1(Sabin)],
on the virulence of EV71, we developed an adult mouse infec-
tion model of EV71 with nonobese-diabetic—severe combined
immunodeficiency (NOD/SCID) mice. It has been known that
the appearance of neutralizing antibodies directly correlates
with the clearance of coxsackie viruses in a mouse infection
model (20) and that innate immunity (alpha/beta interferon
response) is critical for restricting the apparent tissue specific-
ity of PV infection (26). Therefore, we used NOD/SCID mice
to characterize the effect of attenuation determinants on the
tissue specificity of EV71 mutants. NOD/SCID mice have de-
fects in innate immunity derived from the phenotype of NOD
mice (depression of natural killer activity, a functional deficit
in monocytes to secretes cytokines, and absence of C5 activity
of complement), which is associated with decreased resistance
to herpes virus infection (7, 29, 68), and also have defects in
acquired immunity derived from the phenotype of SCID mice
(lack of functional B and T cells) (8, 33). We analyzed tissue
specificity and age dependency of EV71 mutants with a mouse
adaptation mutation and the attenuation determinants of
PV1(Sabin) in the CNSs of NOD/SCID mice.

MATERIALS AND METHODS

Cells and viruses. RD cells (derived from human rhabdomyosarcoma) and 293
cells (derived from human embryonic kidney) (18) were cultured as monolayers
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
calf serum (FCS). For the trans-encapsidation of EV71 replicons, 293 cells were
cultured in serum-free medium (VP-SFM; Gibco) supplemented with 2% FCS.
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FIG. 1. Adaptation of EV71 in NOD/SCID mice. Three-week-old
NOD/SCID mice were inoculated with 10° CCIDs, of EV71(Nagoya)
via the intracerebral route. The virus was isolated from the brains of
inoculated mice in RD cells. After three rounds of passage,
EV71(NOD/SCID) was isolated after limiting dilution in RD cells.

RD cells were used for virus preparation, titration of EV71, and measurement of
replication kinetics of EV71 replicon. 293 cells were used for pseudovirus prep-
aration. A mouse-adapted EV71 strain [EV71(NOD/SCID)] was obtained after
serial passage of EV71(Nagoya) strain (3, 19) in the brains of NOD/SCID mice
(Fig. 1).

General methods of molecular cloning. Escherichia coli strain XL10gold
(Stratagene) was used for the preparation of plasmids. Ligation of DNA frag-
ments was performed using a quick ligation kit (New England Biolabs). Site-
directed mutagenesis (SDM) was performed using KOD Plus DNA polymerase
(Toyobo) (59). DNA sequencing was performed using a BigDye Terminator v3.0
cycle sequencing ready reaction kit (Applied Biosystems) and then analyzed with
a 3130 genetic analyzer (Applied Biosystems).

Sequence analysis of the genome of the mouse-adapted EV71 strain. The
genomic sequence of EV71(NOD/SCID) was determined as described previously
(5). Viral genomic RNA was isolated from the culture fluid of infected cells using
a High Pure viral RNA kit (Roche). DNA fragments used for DNA sequencing
were prepared by reverse transcription-PCR (RT-PCR) using viral genomic
RNA as the template by use of a Titan one-tube RT-PCR system (Roche). PCR
products were purified using a QIAquick PCR purification kit (Qiagen). The
sequences of the 5’ end of the viral genomes were determined using a 5’
rapid-amplification-of-cDNA-ends system, version 2.0 (Invitrogen), according to
the manufacturer’s instructions. The sequence of the 3" end of the viral genomes
was determined from an RT-PCR product obtained with the primers 7001+ and
EcoRI-3END— (Table 1).

Construction of the infectious cDNA clone of mouse-adapted EV71 strains.
For the construction of an infectious clone of mouse-adapted EV71
[EV71(NOD/SCID)], a DNA fragment corresponding to nt 1460 to 3444 of
EV71(NOD/SCID) was amplified by RT-PCR with the primers AvrII-T7-
NAGOYA+ and 3602U—. The RT-PCR product was digested by BamHI
and Nrul and then cloned into the infectious clone of EV71(Nagoya),
pEV71(Nagoya) (3). The resultant plasmid was named pEV71(Nagoya-VP231).
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TABLE 1. Primers used in this study

Primer Sequence”
2000— ATTTTACCCGTGGCCATGAATGATC
2876 A+ CCCCTACTGGCGAGGTTGTTCCACAATTAC
2876 A— GTAATTGTGGAACAACCTCGCCAGTAGGGG
3164U+ GAACTGTGGGGTCATTGAAATCCAAGTATC
3164U— GATACTTGGATTTCAATGACCCCACAGTTC
3602U+ GAAGCTAGTGAGTATTTCCCTGCTAGATAC
3602U— GTATCTAGCAGGGAAATACTCACTAGCTTC
5709+ CGCAACTCTAGTCATCAACACTGAGC
6318A+ GCGCTCTGGGAATCAAAAAAAGAGACATCC
6318A— GGATGTCTCTTTTTTTGATTCCCAGAGCGC
6399G+ GGGTTGGATCTGCCGTACTCCACTTATG
6399G— CATAAGTGGAGTACGGCAGATCCAACCC
7001+ GGAGTATGGATTGACCATGACGCCTGCAG
A2MIul— AAAAACGCGTTTTTTTTTTTTTTTTTTTTT

TTTTTGCTATTCTGG

AUGSacl+ CACGAAGCGATGGGAGCTCAGGTCTCCAC
AUGSacl— GTGGAGACCTGAGCTCCCATCGCTTCGTG

AvrlI-T7-NAGOYA + TTAACCTAGGTTAATACGACTCACTATAGG

TTAAAACAGCCTGTGGGTTGTTCC

dSacl+ GATTGAGAGTTCTATAGGAGATAG

dSacl— CTATCTCCTATAGAACTCTCAATC
dSacl2+ GTGTGGTTCAGAGCCCTAGAGTTGGTTC
dSacl2— GAACCAACTCTAGGGCTCTGAACCACAC
EcoRI-3END— ACTGGAATTCTTTTTTTTTTTTTTTTTTTT

TTTTTV
GGGCCTGACCACCTACGGTTCACAAGTGTC
GACACTTGTGAACCGTAGGTGGTCAGGCCC
ATTGGAGCTCCAATTTGGACTTTCCGCCC
TTAATCTAGATTAAAGAGTAGTGATGGC
GGCTGAGCTCAGCCGAACGGCAATCACTAC
TCAGGAGCTCCTGAAGACGCCAAAAAC
TGGTCTCGAGACCATGGGAGCTCTGAGC

EGFP-Nagoya+
EGFP-Nagoya—
Fluc-Sacl—
Nagoya-Xbal—
Sacl-EV3310+
Sacl-Fluc+
Xhol-EGFP+

“ Variable sequence position in the primer is expressed according to the
TIUPAC system. Sequences read from the 5’ position at the left end.

Next, a DNA fragment containing the sequence corresponding to nt 1 to 1460 of
EV71(NOD/SCID) was obtained by RT-PCR with the primers AvrII-T7-
NAGOYA+ and 2000—. The RT-PCR product was digested by Avrll and
BamHI and then cloned into pEV71(Nagoya-VP231). The resultant plasmid was
named pEV71(Nagoya-VP4231). Finally, the mutations of the EV71(NOD/
SCID) genome at nt 3602, 6318, and 6399 were introduced into pEV71(Nagoya-
VP4231) by serial SDM with primers containing corresponding mutations
(3602U+ and 3602U—, 6318A+ and 6318A—, and 6399G+ and 6399G—, re-
spectively). The resultant plasmid was named pEV71(NOD/SCID). To deter-
mine the critical mutation for mouse adaptation, we constructed pEV71(Nagoya-
VP231-3164U), pEV71(Nagoya-VP23), and pEV71(Nagoya-2876A) by SDM
with primer sets containing corresponding mutations (set 3164U+ and 3164U—
and set 2876A+ and 2876A—, respectively).

Preparation of EV71 mutants. RNA transcripts of EV71 mutants were ob-
tained using a RiboMAX large-scale RNA production system-T7 kit (Promega)
with Avrll-linearized DNA of EV71 infectious clones as the template. RNA
transcripts were transfected into a monolayer of RD cells in six-well plates
(Falcon) using a Lipofectamine 2000 reagent (Invitrogen), followed by incuba-
tion at 37°C in 10% FCS-DMEM (2 ml per well). The cells were harvested when
all the cells exhibited the cytopathic effect and were then stored at —70°C. For
the binding assay, EV71(Nagoya) and EV71(Nagoya-2876A) were purified as
described below.

Construction of EV71 replicon encoding firefly luciferase. For the construction
of an EV71 replicon encoding firefly luciferase (EV71-Fluc mc), we removed two
Sacl sites on the infectious clone of EV71(BrCr-TR) [pEV71(BrCr-TR)] by
serial SDM using two primer sets (set dSacI+ and dSacI— and set dSacI2+ and
dSacI2—). The resultant plasmid was named pEV71(dSacl’). Next, to remove a
Sacl site just after the viral genome on the plasmid, a DNA fragment was
obtained by PCR using pEV71(BrCr-TR) as the template with primers 5709+
and A2Mlul— and then cloned into pEV71(dSacI") following digestion by Spel
and Mlul. The resultant plasmid was named pEV71(dSacI). Next, a Sacl site was
introduced just after the initiation codon of the viral protein-coding region of
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pEV71(dSacl) by SDM with the primers AUGSacl+ and AUGSacl—. To re-
move the capsid-coding region of the resultant plasmid, PCR was performed with
the primers AUGSacI— and SacI-EV3310+ with the resultant plasmid as the
template, and then the PCR product was digested by Sacl and subjected to
self-ligation. The resultant plasmid was named pEV71(dSacI4). Finally, a DNA
fragment encoding firefly luciferase was obtained by PCR using pPV-Fluc mc as
the template with primers SacI-Fluc+ and Fluc-SacI— (4) and then cloned into
pEV71(dSacl4) following digestion by Sacl. The resultant plasmid was named
pEV71(Fluc-mc).

Construction of EV71 capsid-expressing vectors. For the construction of an
expression vector of EV71(Nagoya) capsid proteins, we first fused the enhanced
green fluorescence protein (EGFP) gene to the EV71 capsid protein coding
region by PCR. The EGFP coding region and the EV71 capsid protein coding
region were amplified by PCR with XhoI-EGFP+ and EGFP-Nagoya— and with
EGFP-Nagoya+ and Nagoya-Xbal— using pIRES2-EGFP (Clontech) and
pEV71(Nagoya) as templates (3), respectively. Next, these DNA fragments were
fused by PCR using the primers XhoI-EGFP+ and Nagoya-Xbal— and then
cloned into the pKS435 expression vector (a kind gift from Koji Sakai, AIDS
Research Center, National Institute of Infectious Diseases, Tokyo, Japan), which
was useful for the expression of PV capsid proteins (4), following digestion by
Xhol and Xbal. The resultant plasmid was named pKS435-EGFP-
EV71(Nagoya) capsid. For the analysis of mouse-adapted EV71, a mutation at nt
2876 (change of guanine to adenine) was introduced into pKS435-EGFP-
EV71(Nagoya) capsid by SDM with the primers 2876A+ and 2876A—. The
resultant plasmid was named pKS435-EGFP-EV71(Nagoya-2876A) capsid.
These capsid expression vectors were used for the frans-encapsidation of the
EV71 replicon.

DNA transfection. A six-well plate (Falcon) with a 30% confluent monolayer
of 293 cells was transfected with 1 pg of DNA of pKS435-EGFP-EV71(Nagoya)
capsid or pKS435-EGFP-EV71(Nagoya-2876A) capsid per well using a Lipo-
fectamine 2000 reagent (Invitrogen) and then incubated at 37°C in 2 ml per well
of 10% FCS-DMEM. The cells were washed with 10% FCS-DMEM at 3 h
posttransfection and then used for the frans-encapsidation of the EV71 replicon.

trans-encapsidation of the EV71 replicon. For the preparation of trans-encap-
sidated EV71-Fluc mc (TE-EV71-Fluc mc), the RNA transcript of the EV71
replicon was obtained with AvrlI-linearized DNA of pEV71-Fluc mc as the
template and transfected into a monolayer of 293 cells in six-well plates (Falcon)
which transiently expressed EV71 capsid proteins using a Lipofectamine 2000
reagent (Invitrogen), and cells were then incubated at 37°C in 2% FCS-VP-SFM
(2 ml per well). The cells were harvested 24 h posttransfection and stored at
—70°C.

Virus purification. After freezing and thawing of the harvested cells, EV71 and
pseudoviruses were purified from the infected cells using DEAE-Sepharose
CL-6B (Amersham Pharmacia Biotech) as described previously (2), followed by
centrifugation at 35,000 rpm for 2.5 h at 4°C in a Beckman SW41 rotor with 1 ml
of 30% sucrose cushion. The pellet was washed three times with distilled water
and then dissolved in 100 pl of phosphate-buffered saline (PBS) with calcium and
magnesium (PBS+; 9.6 mM phosphate buffer [pH 7.4], 137 mM NacCl, 2.6 mM
KCl, 0.49 mM MgCl,, 0.9 mM CaCl,) at 4°C overnight. The pellet was dissolved
by pipetting and then stored at —70°C.

Real-time TagMan PCR. Real-time TagMan PCR for the detection of the
EV71 genome was performed as previously described by Nijhuis et al. (51).
Briefly, viral RNA was isolated from 10% (wt/vol) tissue homogenate in DMEM
containing 10% FCS or from serum, which was diluted 1,000-fold with HEPES-
buffered saline (HeBS; 21 mM HEPES buffer [pH 7.4], 1.8 mM phosphate, 137
mM NaCl, and 4.8 mM KCl), of infected mice using a High Pure viral RNA
purification kit (Roche). The isolated RNA was reverse transcribed using a
reverse transcription system (Promega) with random hexamers according to the
manufacturer’s instructions. The resultant cDNA was assayed in a 20-pl reaction
mixture containing 2 pl cDNA solution and 10 pl of TagMan fast universal PCR
master mix (Applied Biosystems) with a forward primer, reverse primer 1, and
probe 1 (51). Plasmid DNA of an EV71 infectious clone [pEV71(Nagoya)] was
used to control the quantification of the number of copies. The mixtures were
subjected to real-time PCR; the PCR conditions consisted of a denaturation step
at 95°C for 20 s and 40 cycles of thermal cycling of 95°C for 3 s and 60°C for 30 s.
The fluorescence emission of the probe was monitored and analyzed using a 7500
fast real-time PCR system (Applied Biosystems).

Luciferase assay. RD cells in 96-well plates (Falcon) (2.8 X 10 cells per well
in 100 pl of Eagle’s minimum essential medium supplemented with 2% FCS)
were inoculated with 50 wl of the indicated number of copies of TE-
EV71(Nagoya)-Fluc mc or TE-EV71(Nagoya-2876A)-Fluc mc and were then
incubated at 37°C for 2 h (see Fig. 3C). The cells were washed three times with
10% FCS-DMEM and were then added to 100 wl of 10% FCS-DMEM followed
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by incubation at 37°C. The cells were harvested at the indicated times (see Fig.
3C) by adding 30 ! of passive lysis buffer (Promega). Part of the lysate (2 pl) was
used for the measurement of luciferase activity. Luciferase activity was measured
with a luciferase assay system (Promega) using a TR717 microplate luminometer
(Applied Biosystems) according to the manufacturer’s instructions.

Electron microscopy. Purified TE-EV71-Fluc mc was subjected to negative
staining in uranyl acetate as described previously (67). Samples were examined
under transmission electron microscopy (JEM-1220; JEOL Datum) at an accel-
eration voltage of 80 kV, and the images were obtained at a magnification
of x50,000.

Binding assay. RD cells in 24-well plates (Falcon) (2.2 X 10° cells) were
inoculated with 150 pl of 10% FCS-DMEM containing the indicated num-
bers of copies of purified EV71(Nagoya) or EV71(Nagoya-2876A) in the
presence of 2 mM guanidine hydrochloride and were then incubated at room
temperature for 30 min (see Fig. 3D). The cells were washed three times with
10% FCS-DMEM and then harvested by adding 100 wl of HeBS containing
2% N-lauroylsarcosine. Viral RNA was extracted from the collected cell
lysate, and then the number of copies of the viral genome in the cell lysate
was determined by real-time TagMan PCR.

Virus titration. Virus titer was determined by measuring 50% cell culture
infective dose (CCIDs) by microtitration assay in RD cells for EV71 (50) and
also by measuring the infectious units (IU) by counting the number of the
infected cells stained by the indirect immunofluorescence against firefly lucifer-
ase expressed by pseudovirus (4, 6). For the measurement of CCIDsy, virus
solution was inoculated into an RD cell suspension on 96-well plates (Falcon)
and then incubated at 35°C for 1 week for the observation of cytopathic effect.
The CCIDs, was calculated according to the Behrens-Kérber method (28). For
the measurement of IU, pseudovirus solution was diluted with 10% FCS-D-
MEM and inoculated into RD cell monolayers on 96-well plates (Falcon) (2.8 X
10* cells per well). The cells were incubated at 37°C for 10 h and then fixed with
3% paraformaldehyde. The cells were stained by indirect immunofluorescence
with rabbit anti-firefly luciferase antibody (1:100 dilution with 0.1% Triton X-100
in PBS without calcium and magnesium [PBS—]; Cortex Biochem) (1). The
number of infected cells was counted for the calculation of TU (27).

Intracerebral inoculation and histological analysis of NOD/SCID mice. All
animal procedures were approved by the Committee for Biosafety and Animal
Handling and the Committee for Ethical Regulation of the National Institute of
Infectious Diseases, Japan. Animal care, breeding, virus inoculation, and obser-
vation were performed in accordance with the guidelines of the committees.

NOD/SCID mice (NOD.CB17-Prkdc**/J strain, 3 or 4 weeks old; The Jack-
son Laboratory) were inoculated with 10° CCIDs, of EV71 mutants via the
intracerebral route or with 10%° CCIDs, of EV71(Nagoya-2876A) via the intra-
venous route. Inoculated mice were observed for up to 1 month for clinical
symptoms (paralysis and death). Mice were sacrificed when paralysis was ob-
served or at 1 month postinoculation (p.i.). For quantification of viral genome in
tissues, a portion of excised tissue was stored at —70°C. After freezing and
thawing, 10% (wt/vol) tissue homogenates in 10% FCS-DMEM were prepared
and centrifuged at 10,000 X g for 10 min to remove cell debris. Supernatants
were diluted 10-fold with HeBS and then subjected to RNA extraction. For
histological analysis, the tissues of inoculated mice were collected at 4 weeks p.i.,
and sections of each tissue were prepared. The lesions on the sections were
observed after hematoxylin-and-eosin staining. The viral antigen was detected on
sections as described previously (48). Sections were deparaffinized with xylene,
rehydrated in ethanol, and then treated with 0.25% trypsin solution with 0.5%
CaCl, in PBS— for 30 min and incubated in 1% hydrogen peroxide in methanol
to block endogenous peroxidase activity followed by incubation with 10% Block
Ace (DS Pharma Biomedical Co., Ltd.) in PBS—. The treated sections were
incubated with anti-EV71(C7-Osaka) hyperimmune serum (1:1,000 dilution with
0.1% Triton X-100-PBS—) at 4°C overnight. After three washes with PBS—, the
sections were incubated with biotin-conjugated anti-rabbit immunoglobulin G
for 30 min at 37°C and then incubated with streptavidin-peroxidase. The perox-
idase activity was developed in diaminobenzidine with hydrogen peroxide. The
section was counterstained with hematoxylin to stain the nuclei.

Temperature sensitivity. RD cells (1.9 X 10° cells) were inoculated with each
virus at a multiplicity of infection of 1 and then incubated at 36°C or at 39°C for
2 h. The cells were washed three times at 2 h p.i.,, and then 0.5 ml of 10%
FCS-DMEM was added to the cells. The cells were incubated at 36°C or at 39°C
for 8 h (10 h p.i.) and then stored at —70°C. After freezing and thawing, the viral
RNA was extracted from the cell lysate, and then the number of copies of viral
RNA was determined using real-time PCR.
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RESULTS

Isolation and characterization of a mouse-adapted EV71
strain in NOD/SCID mice. To obtain EV71(NOD/SCID),
3-week-old NOD/SCID mice were inoculated with EV71
(Nagoya) via the intracerebral route, and then the brains were
collected and the homogenates were inoculated to RD cells to
amplify the virus for the next passage in NOD/SCID mice (Fig.
1). In the third passage, inoculated mice showed paralysis of
the hind limbs. Virus was isolated from the paralyzed mice and
then purified by limiting dilution in RD cells [EV71(NOD/
SCID)]. Sequence analysis of the viral genome showed 16
mutations relative to the parental EV71(Nagoya) genome (Fig.
2A). Among the mutations, one at nt 2876 (a change of gua-
nine to adenine) that caused an amino acid change of glycine
to glutamic acid at amino acid position 145 of VP1 capsid
protein was sufficient to confer the mouse-adapted phenotype
on the parental EV71(Nagoya) (Fig. 2).

Mutation at nt 2876 of EV71 affected binding of the virion to
RD cells. To characterize the effect of the mutation at nt 2876
on EV71 infection, we analyzed the early steps of the infection
(binding and uncoating steps) of EV71 mutant with the muta-
tion in human RD cells, because EV71(NOD/SCID) could not
infect mouse L cells (data not shown).

First, we analyzed the uncoating step of the trans-encapsi-
dated EV71 replicons, with or without the mutation, at amino
acid position 145 of VP1 protein [TE-EV71(2876A)-Fluc mc
and TE-EV71-Fluc mc] (Fig. 3). The titer of TE-EV71-Fluc mc
was 1.8 X 10° IU per ml, which was about 2 log lower than that
of PV pseudovirus (6.3 X 107 TU per ml) (4). After purification
of the pseudovirus, the amount of nonencapsidated viral RNA
in the sample was negligible (<1/10° of the amount of trans-
encapsidated RNA) (Fig. 3A and B). The replication kinetics
of the pseudoviruses were similar, and no lag time caused by
delayed uncoating was observed (Fig. 3C). However, the in-
fectivity of TE-EV71(2876A)-Fluc mc was 10-fold lower than
that of TE-EV71-Fluc mc.

Next, we analyzed the binding of EV71 virions to RD cells.
The titer of EV71(Nagoya-2876A), which has a mouse adap-
tation mutation at nt 2876, was slightly reduced compared with
that of the parental EV71(Nagoya) (10® CCIDs,/ml and 10%%%
CCIDsyml, respectively). EV71(Nagoya-2876A) showed a
markedly decreased level of binding to RD cells (45-fold) com-
pared with the parental EV71(Nagoya).

These results indicated that the mouse adaptation mutation
at nt 2876 affected virus binding in RD cells.

Tissue specificity of mouse-adapted EV71 in NOD/SCID
mice. We examined the tissue specificity of an EV71 mutant
with mouse adaptation mutation [EV71(Nagoya-2876A)] in
NOD/SCID mice. We used a real-time TagMan PCR method
for the detection of the viral RNA because the virus titer in the
tissue homogenate was not high enough to be detected by
microtitration assay (2.5 X 10° [cerebellum] to 3.8 X 10*
[heart] copies of viral RNA per CCIDs,). The numbers of
copies per CCIDs, of EV71 mutants prepared as cell lysates
were around 10° (Table 2). After intracerebral inoculation with
EV71(Nagoya-2876A), we detected the viral RNA in the CNS
and in serum at 1 week p.i. (Fig. 4A). At 3 to 4 weeks p.i., a
high copy number of viral RNA was detected in the heart and
the skeletal muscle as well as in the spinal cord. Viral RNA was
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(&) Nucleotide change Site of mutation Amino acid change
584 U(Nagoya) to C(NOD/SCID) 5'NTR =
602 A(Nagoya) to G(NOD/SCID) 5'NTR -
736 A(Nagoya) to G(NOD/SCID) 5'NTR -
930 C(Nagoya) to U(NOD/SCID) VP4 -
1573 U(Nagoya) to C(NOD/SCID) VP2 -
1662 C(Nagoya) to U(NOD/SCID) VP2 -
2005 G(Nagoya) to C(NOD/SCID) VP3 VP3 97:E(Nagoya) to Q(NOD/SCID)
2244 C(Nagoya) to U(NOD/SCID) VP3 -
2396 G(Nagoya) to A(NOD/SCID) VP3 VP3 227:R(Nagoya) to K(NOD/SCID)
2416 C(Nagoya) to G(NOD/SCID) VP3 VP3 234:H(Nagoya) to D(NOD/SCID)
2488 A (Nagoya) to G(NOD/SCID) VP1 VP1 16:M(Nagoya) to V(NOD/SCID)
2876 G(Nagoya) to A(NOD/SCID) VP1 VPl 145:G(Nagoya) to E(NOD/SCID)
3164 U(Nagoya) to C(NOD/SCID) VPl VP1 241:L(Nagoya) to S(NOD/SCID)
3602 A(Nagoya) to U(NOD/SCID) 2A 2A 90:Y (Nagoya) to F(NOD/SCID)
6318 G(Nagoya) to A(NOD/SCID) 3D -
6399 A(Nagoya) to G(NOD/SCID) 3D -
Paralysis of
°F the hindlimb
(B) 5'NTR |VP4) VP2 VP3| VPl 232B] 2C |33} 3C 3D 3'NTR
EV71 (Nagoya) w -
'_‘ﬁﬁﬁ_ﬁ{_l_*k_ﬁ_té}ﬂ***hkl 1 L 11 [ vorall|
EV71 (NOD/SCID) | +
}amHI h’ruI
(1460‘& (3444)

EV71 (Nagoya-VP4231)

N
EV71 (Nagoya-VP231)

e ——————— . "
A e ——— %

+
EV71 (Nagoya-VP231-3164U) M o +

b s
EV71 (Nagoya-VP23)

EV71 (Nagoya-2876A)

O }
e e —_— %

FIG. 2. Identification of the mouse adaptation determinant of EV71(NOD/SCID). (A) Nucleotide and amino acid changes from the parental
EV71(Nagoya) to EV71(NOD/SCID). (B) Mouse-adapted phenotypes of EV71 mutants with mouse adaptation mutations. Sequences derived
from the parental EV71(Nagoya) genome are represented by the closed regions, and the synonymous and nonsynonymous mutations derived from
EV71(NOD/SCID) are represented by the open regions with white and black stars, respectively, above them. + and —, EV71 mutants that did and

did not cause paralysis in inoculated mice, respectively.

also detected in other extraneural tissues (lung, liver, spleen,
and kidney) along with an increased level of viremia. The
preferential virus distribution to the heart observed at 3 and 4
weeks p.i. was also observed at 24 h p.i. after intravenous
inoculation (Fig. 4A). The viral antigen was detected only in
the heart and the skeletal muscle of inoculated NOD/SCID
mice, not in other tissues (Fig. 4B). These results suggest that,
along with the CNS, the heart and the skeletal muscle are the
major infection sites of a mouse-adapted EV71 strain in NOD/
SCID mice.

Effect of attenuation determinants derived from PV1(Sabin)
on EV71 infection in NOD/SCID mice. We examined the ef-
fects of attenuation determinants derived from PV1(Sabin) on
virulence and tissue specificity of EV71(Nagoya-2876A). EV71
mutants containing these determinants showed temperature

sensitivity, as previously observed for those constructed based
on strain BrCr-TR (5) (Table 3). Minor temperature sensitivity
was conferred on the EV71(Nagoya-2876A-S1) mutant by the
determinant in the 5" NTR, and strong temperature sensitivity
was conferred on the EV71(Nagoya-2876A-3") and EV71
(Nagoya-2876A-S1-3") mutants by the determinants in the 3D
polymerase-coding region and in 3" NTR.

In 3-week-old mice, the effects of individual determinants in
the 5" NTR, 3D polymerase region, and 3" NTR were weak and
could not suppress paralysis in mice inoculated with EV71
mutants (Fig. 5A). However, when all the determinants were
introduced into EV71(Nagoya-2876A), the mutant EV71
(Nagoya-2876A-S1-3") showed drastic reduction in replication
(Fig. 5B). The reduction was especially evident in the skeletal
muscle and other extraneural tissues, although the levels of
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(a) (C)
B doviri Copy number of viral
seudoyirion genomic RNA (in 5 ul)
TE-EV71-Fluc mc 142 x 108
TE-EV71(2876A) -Fluc mc 2.5 x 108
EV71-Fluc mc (without capsid) 6.8 x 102
(B)
TE-EV71-Fluc mc
TE-EV71(2876A) -Fluc mc
(D) i
Amount of Amount of Binding
_ virion virion activity
Virion
added to cells bound to cells (%)
EV71 (Nagoya) 2.1 x 102 2.9(1.3) x 10° 100
2.1 x 108 1.5(0.44) x 10° 100
EV71 (Nagoya-2876A) 2.1 x 10?2 6.4(1.6) x 104 2.2
2.1 x 108 3.0(1.5) x 103 240

Relative light units

J. VIROL.

——

——

2 4 6 8 10 12

Time (h)

TE-EV71-Fluc mc

(6.9 X 10 copy)
TE-EV71-Fluc mc

(6.9 X 10% copy)

TE-EV71 (2876A) -Fluc mc
(6.9 X 10° copy)

FIG. 3. Effect of mouse adaptation mutation at nt 2876 on EV71 infection in RD cells. (A) Purification of EV71 pseudovirions. The number
of copies of viral RNA in purified TE-EV71-Fluc mc and TE-EV71(2876A)-Fluc mc pseudovirions was determined by real-time PCR. The amount
of nonencapsidated viral RNA in the sample was determined from samples prepared from 293 cells that were not pretransfected with the DNA of
pKS435-EGFP-EV71(Nagoya) capsid vector for capsid proteins expression before RNA transfection with RNA transcript of EV71-Fluc mc.
(B) Electron microscopy observation of purified EV71 pseudovirions. Bar, 100 nm. (C) Replication kinetics of EV71 replicon in RD cells infected
with pseudovirions. RD cells (1.4 X 10 cells) were infected with 6.9 X 10* to 6.9 X 10° pseudovirions. The cells were washed at 2 h p.i., and then
the luciferase activity in the cells was measured at the indicated times. Total luciferase activity with standard deviations is shown. (D) Binding of
mouse-adapted EV71 mutant to RD cells. EV71(Nagoya) or EV71(Nagoya-2876A) virions were incubated with RD cells at room temperature for
30 min in the presence of 2 mM guanidine hydrochloride. The amount of virions bound to RD cells was determined by real-time PCR. The binding
activity of EV71(Nagoya) was taken as 100%.

viremia were comparable among mice inoculated with the dif-
ferent mutants. Therefore, the cooperative effect of the deter-
minants was critical for the attenuation of EV71 in 3-week-old

mice.

TABLE 2. Copy numbers of viral RNA per CCIDs, of EV71 mutants

In 4-week-old mice, the effects of individual determinants
appeared to be stronger than those observed in 3-week-old
mice. Each mutant showed attenuated phenotypes associated

with decreased levels of virus replication in the tissues (Fig.
5C). The replication of EV71(2876A-3") was more severely
affected than that of EV71(2876A-S1).

No. of copies of

CCID,,

No. of copies of

EV71 strain viral genome . viral genome/
(in 100yt (m 100D CCIDey
BrCr-TR 33 % 10° 3.1 % 10° 1.1 x 10°
Nagoya 3.4 % 10° 1.8 x 107 1.9 X 10?
Nagoya-2876A 2.0 X 10'° 5.6 X 10° 3.6 X 10°
Nagoya-2876A-S1 1.7 x 10%° 4.8 X 10° 3.5 x 10°
Nagoya-2876A-3' 1.8 X 10 2.4 % 10° 7.5 X 10°
Nagoya-2876A-S1-3 1.4 X 101° 2.4 X 10° 5.8 X 10°

“ Viral RNA was extracted from each virus solution (prepared as crude cell
lysates of infected RD cells), and then the number of copies of viral RNA was

determined using real-time PCR.

These results suggest that factors required for apparent at-
tenuation depend on the age of the animal and that a cooper-
ative effect of the attenuation determinants is critical for the
attenuation of EV71 in NOD/SCID mice.

DISCUSSION

In this study, we established a mouse model of EV71 infec-
tion in 3- to 4-week-old NOD/SCID mice with mouse-adapted
mutants of EV71(Nagoya). NOD/SCID mice showed a pro-
longed EV71 infection (>1 month) with broad tissue specific-

ity, possibly supported by the lack of the production of anti-
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FIG. 4. Infection of NOD/SCID mice with EV71(Nagoya-2876A). (A) Time course of virus dissemination in NOD/SCID mice after intracerebral
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EV71(Nagoya-2876A) via the intravenous route, and then the tissues were collected at 24 h p.i. The number of copies of viral RNA in each tissue was determined
by real-time PCR. The number of copies of viral RNA in 0.1 g of each tissue or in 5 pl of serum are shown. (B) Detection of viral antigen in NOD/SCID mice.
The viral antigen was detected in the skeletal muscles and hearts of infected mice. The cells with viral antigen are shown with an asterisk.

EV71 antibody in NOD/SCID mice (Fig. 4) (20). The
permissive age of NOD/SCID mice for mouse-adapted EV71
infection (>3 weeks old) was higher than the permissive ages
of the reported mouse infection models with normal mice (1 to
7 days old) (14, 71). We identified a mutation at nt 2876 that

TABLE 3. Temperature sensitivity of EV71 mutants

No. of copies

EV71 strain A 36/39°C*
36°C 39°C
Nagoya-2876A 1.6 X 10° 1.0 X 10° 0.2
Nagoya-2876A-S1 1.1 x 10° 3.0 X 108 0.6
Nagoya-2876A-3' 8.3 x 107 2.0 X 10° 2.6
Nagoya-2876A-S1-3' 2.1 x 108 8.0 x 10* 3.4

“ Log,, ratio of the numbers of copies observed at 36 and 39°C.

1793

caused a single amino acid change of VP1 at amino acid po-
sition 145 as the determinant of mouse adaptation of
EV71(Nagoya) (Fig. 2). This amino acid residue is located at
around the fivefold axis on the surface of the EV71 virion,
according to a structure model calculated from the crystal
structure of bovine enterovirus (63). However, mouse-adapted
EV71 strains and EV71 pseudoviruses with the mouse adap-
tation determinant at nt 2876 could not infect mouse L cells.
When the in vitro-synthesized RNA transcript of EV71 repli-
con was transfected into mouse L cells, vigorous replication
was observed (M. Arita, unpublished observation). Therefore,
it is plausible that isolated mouse-adapted strains could not
infect mouse L cells because of the lack of a receptor on the
cells. The number of copies of the pseudovirions were similar
with and without the mutation at nt 2876, suggesting encapsi-
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FIG. 5. Characterization of the effect of the attenuation determinants of PV1(Sabin) on EV71 infection in NOD/SCID mice. (A) Mouse-adapted
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are represented by the closed regions, and the introduced mutations are represented by the open regions with stars above them. White stars represent
the attenuation determinants of PV1(Sabin) and black stars represent a mouse adaptation mutation derived from EV71(NOD/SCID) at nt 2876. + and
—, EV71 mutants that did and did not cause paralysis, respectively, in the inoculated mice (3 and 4 weeks old). (B and C) Tissue specificity of EV71

mutants in 3- and 4-week-old NOD/SCID mice. NOD/SCID mice were inocul
tissues were collected when the mice showed paralysis or at 4 weeks p.i. The n

ated with 10° CCIDs, of each mutant via the intracerebral route, and the
umber of copies of viral RNA in each tissue was determined by real-time

PCR. The number of copies of viral RNA in 0.1 g of each tissue or in 5 pl of serum is shown.

dation was not the target step of the mutation for mouse
adaptation (Fig. 3A). The mutation at nt 2876 affected the
virion binding (Fig. 3D). The thermostability of EV71(Nagoya-
2876A) examined in the range of 37 to 47°C was comparable to

that of the parental strain EV71(Nagoya) (data not shown),
which is considered important for the mouse adaptation of
PV with enhanced uncoating efficiency (17). The mutation
at nt 2876 might increase the efficiency of uncoating upon
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specific binding of the virion to the receptor molecule on the
target cells in NOD/SCID mice, although the increase in the
uncoating efficiency observed in human RD cells was at
most 4.5-fold (Fig. 3C and D). These observations suggest
that the primary effect of the mouse adaptation mutation is
on the enhancement of the virion binding to the target cells
in NOD/SCID mice to facilitate the infection of the mouse-
adapted EV71 strain.

We observed broad tissue specificity of mouse-adapted
EV71 in NOD/SCID mice (Fig. 4). The inoculated NOD/SCID
mice showed paralysis of the hind limbs at 2 to 4 weeks p.i. but
not of the forelimbs, although a similar level of replication was
observed in the cervical and the lumbar spinal cords after
intracerebral inoculation (Fig. 4 and 5; also data not shown).
Among the tissues examined, along with the CNS, the heart
and the skeletal muscle were the major targets of EV71 infec-
tion in NOD/SCID mice. Abundant viral-antigen-positive cells
were observed in the skeletal muscles of the hind limbs, show-
ing atrophic polymyositis with degeneration of the muscle cells
and proliferation of fibroblasts in the interstitial tissue, while
only a few muscle cells were positive in the heart (Fig. 4A). In
contrast, we observed no lesions and no dissolution of neurons
in the brain stem and lumbar spinal cord (data not shown). In
humans and monkeys, the major infection sites of EV71 were
in the brain stem and the spinal cord (3, 40, 49, 50). Therefore,
the tissue specificity of a mouse-adapted EV71 strain in NOD/
SCID mice was different from specificities in humans and mon-
keys. Interestingly, the observed tissue specificity of an EV71
mutant with a mouse adaptation determinant [EV71(Nagoya-
2876A)] showed a good correlation with the viral internal
ribosomal entry site activities in mice (30). This suggests that
the tissue specificity of EV71(Nagoya-2876A) was determined
after the step of virus binding to the target cells in NOD/SCID
mice. The viral antigen was detected in the heart and skeletal
muscle but not in the CNS tissues of NOD/SCID mice (Fig.
4B). Muscle tissues are hard to homogenize compared with
CNS tissues. Therefore, the virus titer in muscle tissues might
have been underestimated by inefficient extraction of the viral
RNA from these tissues. In a mouse infection model of EV71
using 7-day-old mice, the muscle contained the highest titer of
virus, and the limb muscles displayed massive necrosis from the
infection (71). Therefore, the observed paralysis of the hind
limbs in NOD/SCID mice might be caused by polymyositis and
not by the lesion in the CNS. The target cells of EV71(Nagoya-
2876A) in NOD/SCID mice need to be determined in future
studies.

A cooperative effect of the attenuation determinants of
PV1(Sabin) on the attenuation of PV has been observed in
monkey and mouse infection models (9, 24, 43, 52, 65), and in
a monkey model of EV71 infection (3, 5). We observed that
the cooperative attenuation effect on EV71 infection in NOD/
SCID mice was age independent (Fig. 5). However, individual
effects of the determinants were age dependent. The determi-
nants of PV1(Sabin) in the 3D polymerase and 3" NTR, which
are known as strong temperature-sensitive determinants (5, 9),
conferred an attenuated phenotype on EV71 in 4-week-old
mice but not in 3-week-old mice. This suggests that tempera-
ture sensitivity could be the dominant factor for attenuation in
adult mice. In fact, an attenuation determinant in the 5’ NTR
of PV3(Sabin), which served as a major attenuation determi-
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nant in adult mice (4 weeks old) but not in newborn mice (1 to
2 days old), has been reported (30). These results indicate that
the cooperative effect of the attenuation determinants is crit-
ical for the attenuation of EV71 in NOD/SCID mice.

The tissue specificities of EV71 mutants examined in this
study were similar in the CNS, suggesting that the introduced
determinants had no effect on the tissue specificity of EV71 in
the CNS. This suggests that the neuroattenuated phenotype of
EV71(S1-3’) in the brain stems of cynomolgus monkeys was
conferred by a non-tissue-specific cooperative effect of the
determinants.

In summary, we developed an NOD/SCID mouse model of
EV71 infection and characterized the effect of the attenuation
determinants of PV1(Sabin) on the attenuation of EV71 in
NOD/SCID mice. The results suggest that a cooperative effect
of attenuation determinants is critical for attenuation of EV71.
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