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We investigated a case of hepatitis E acquired after
persons ate wild boar meat. Genotype 3 hepatitis E virus
(HEV) RNA was detected in both patient serum and wild
boar meat. These findings provided direct evidence of
zoonotic foodborne transmission of HEV from a wild boar to
a human.

epatitis E virus (HEV), a causative agent of human

hepatitis E, is a single-stranded positive-sense RNA
virus recently classified as the sole member of the genus
Hepevirus in the family Hepeviridae (1,2). HEV is trans-
mitted primarily by the fecal-oral route through contami-
nated drinking water. However, recent studies have
demonstrated that various animal species have serum anti-
bodies to HEV, suggesting that hepatitis E is a zoonotic
disease (3). In Japan, 4 hepatitis E cases have been linked
directly to eating raw deer meat (4), and several cases of
acute hepatitis E have been epidemiologically linked to
eating undercooked pork liver or wild boar meat (5,6).
These cases provide convincing evidence of zoonotic
food-borne HEV transmission. We report direct evidence
of HEV transmission from a wild boar to a human.

The Study

A 57-year-old woman came to lizuka Hospital on
March 12, 2005, with malaise and anorexia. Although she
was a healthy hepatitis B virus carrier and negative for
serologic markers of hepatitis A and C, testing upon admis-
sion showed elevated levels of liver enzymes (alanine
aminotranferase 752 IU/L, aspartate aminotransferase 507
IU/L, and y-glutamyl transpeptidase 225U/L). A serum
sample collected on March 16 was positive for both
immunoglobulin M (IgM) and IgG antibodies to HEV
when tested by an antibody enzyme-linked immunosor-
-bent assay using recombinant viruslike particles (7). This
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1958

led to the diagnosis of hepatitis E. The hepatitis was typi-
cal, acute, and self-limiting, and the patient recovered by
the end of March.

The patient’s husband traditionally hunted boar for
food 3 or 4 times a year, and she had eaten boar meat on 2
occasions. With her husband, she ate the meat as part of a
hot pot on December 28, 2004, 11 weeks before her illness,
and again, grilled, on January 19, 2005, along with 10
other people (including her husband) 8 weeks before her
illness. Disease did not develop in the other 10 people.
Except for this'wild boar meat, the patient had not eaten
meat or liver from other wild animals. Since she had not
traveled abroad in the past 30 years, transmission must
have occurred in Japan. Two portions of meat from the
wild boar (meats 1 and 2) eaten on December 28, 2004,
and 1 portion from the other wild boar (meat 3) eaten on
January 19, 2005, remained and were frozen.

Juice was obtained from the sliced meat by centrifuga-
tion at 10,000 X g for 15 min. The supernatant was used for
RNA extraction. A nested reverse transcription—poly-
merase chain reaction (RT-PCR) was conducted to ampli-
fy part of open reading frame 2 (ORF2), which
corresponds to nucleotides (nt) 5939-6297 of the genotype
1 HEV genome (GenBank D10330), with external sense
primer HEV-F1 (5-TAYCGHAAYCAAGGHTGGCG-3")
and antisense primer HEV-R2 (5-TGYTGGTTRTCR-
TARTCCTG-3"). A nested PCR was conducted with inter-
nal sense primer HEV-F2 (5-GGBGTBGCNGAGGAGG-
AGGC-3) and internal antisense primer HEV-R1 (5'-
CGACGAAATYAATTCTGTCG-3"). This procedure
allows amplification of HEV 1, 3, and 4 genotypes. A PCR
product of 359 bp including the primer sequences was
obtained from meat 3 by nested PCR. However, meats 1
and 2 were negative, HEV RNA was not detected in the
patient’s serum by the same amplification method. This
may have resulted from an extremely small amount of
RNA.

New primers for the nested RT-PCR were designed for
a region within the 359 base region based on the meat 3
sequences, which corresponded to nt 5983-6243. The first
PCR was performed with external sense primer HEV-WB-
F1 (5-ACCTCTGGCCTGGTAATGCT-3’) and antisense
primer HEV-WB-R2 (5'-GAGAAGCGTATCAGCAAG-
GT-3"). The nested PCR was performed with internal sense
primer HEV-WB-F2 (5-TATTCATGGCTCTCCTGTCA-
3’) and internal antisense primer HEV-WB-R1 (5'-ACA-
GTGTCAGAGTAATGCCT-3"). These primers allowed
amplification of 281 nt, including the primer sequences
from the patient serum collected on March 16, 2005. In
contrast, meats 1 and 2 were negative with these new
primers.

To further analyze the RNA in the patient serum and
meat 3, RNA genomes encoding an entire ORF2 were
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amplified as overlapping segments, nucleotide sequences
were determined, and phylogenetic analysis was carried
out with avian HEV as an outgroup. Avian HEV is a
causative agent of chicken hepatitis-splenomegaly syn-
drome (8). Two sequences, 1 from the patient (DQ079629)
and the other from meat 3 (DQ079630), were classified
into genotype 3 (Figure). Only 1 nt difference was
observed in the 1,980 nt of the entire ORF2; the nucleotide
sequence identity was 99.95%. The difference was not
accompanied by any amino acid changes. These data
demonstrated that HEV infection was transmitted from the
wild boar meat to the patient on January 19, 2005.

Conclusions

Currently, deer, pig, and wild boar are suspected
sources of foodborne zoonotic transmission of HEV in
Japan, and genotypes 3 and 4 of HEV are believed to be
indigenous (4-6,9,10). Direct evidence for transmission of
genotype 3 HEV from animals to humans was observed in
acute hepatitis in 4 persons who had eaten uncooked deer
meat that contained =107 copies of HEV RNA (4).
However, the rare finding of HEV antibody-positive deer
in Japan suggest that deer are not the major zoonotic reser-

ABO074918(Japan-human)
_['; AB074920{Japan-human)
AB089824(Japan-human)
AF082843(US-swine)
0.05 |
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voir of HEV in this country (11). In contrast, high anti-
body-positive rates in domestic pig and wild boar, includ-
ing HEV genotypes 3 and 4, have been frequently
detected, suggesting that persons who eat uncooked meat
are at risk for infection with HEV (12,13). This report is
the first to provide direct evidence of zoonotic foodborne
genotype 3 HEV transmission from wild boar to a human.
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Human noroviruses (NoVs), members of the
genus Norovirus in the family Caliciviridae, are
the leading agents of nonbacterial acute gastro-
enteritis worldwide. Human NoVs are currently
divided into at least two genogroups, genogroup
I (Gl) and genogroup Il (Gll), each of which
contains atleast 14 and 17 genotypes. To explore
the genetic and antigenic relationship among
NoVs, we expressed the capsid protein of four
genetically distinct NoVs, the GI/3 Kashiwa645
virus, the GlI/3 Sanbu809 virus, the GIlI/5
ichikawa754 virus, and the GlI/7 Osaka10-25 virus
in baculovirus expression system. An antigen
enzyme-linked immunosorbent assay (ELISA)
with hyperimmune serum against the four
recombinant capsid proteins and characterized
previously three capsid proteins derived from GI/
1, Gl/4, and GlI/12 was developed to detect the
NoVs antigen in stools. The antigen ELISA was
highly specific to the homotypic strains, allowing
assignment of a strain to a Norovirus genetic
cluster within a genogroup. J. Med. Virol.
76:129-136, 2005. © 2005 Wiley-Liss, Inc.

KEY WORDS: norovirus; ELISA; gastroenter-
itis; virus-like particle; calici-

virus

INTRODUCTION

Norovirus (NoV), amember of one of four genera in the
family Caliciviridae [Atmar and Estes, 2001; Green
et al., 2001a], is a major cause of water and food-borne
acute nonbacterial gastroenteritis, and is composed of
many genetically distinet viruses. [Kapikian, 1994,

© 2005 WILEY-LISS, INC.

Kapikian et al., 1996; Estes et al., 1997]. The detection
and molecular characterization of NoV have been
hampered due to the lack of cell culture and small
animal models [Duizer et al., 2004]. However, recent
progress in molecular cloning and the sequence deter-
mination of RNA-dependent RNA polymerase and
capsid protein genes of the NoVs has enabled us to
classify NoVs into at least two genogroups: genogroup 1
(GI) and genogroup IT (GII) [Green et al., 2001b]. In a
previous study, a scheme for genotyping based on the N-
terminal capsid protein was demonstrated [Katayama
et al., 2002], and a recent report proposed that GI and
GII contain at least 14 and 17 genotypes, respectively
[Kageyama et al., 2004].

The NoV contains a single-stranded positive-sense
RNA genome of 7.6 kb excluding the poly-A tail that
encodes three open reading frames (ORF's) [Jiang et al.,
1993; Lambden et al., 1993]. ORF1 encodes a nonstruc-
tural polyprotein, which is cleaved into functional
proteins by a virus-encoded 3C-like protease, and
ORF2 and ORF3 encode the major capsid protein VP1
and minor capsid protein VP2, respectively [Jiang et al.,
1992; Glass et al., 2000]. When the ORF2 gene alone
or the 3’ end of 2.3 kb, including ORF2, ORF3, and the
3’ noncoding region is expressed by a recombinant
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baculovirus, the recombinant protein spontaneously
self-assembles into virus-like particles (VLPs) which
are antigenically and morphologically similar to the
native virion [Jiang et al., 1992, 2002; Lew et al,,
1994a,b; Dingle et al., 1995; Hale et al., 1999; Kobayashi
etal.,2000a,b,c; Belliot et al., 2001]. The VL.Ps have been
used successfully for in structural studies [Prasad et al.,
1994, 1999], as well as the development of enzyme-
‘linked immunosorbent assay (ELISA) for serological
diagnosis of NoV infection [Gray et al., 1993; Green et al.,
1993; Parker et al., 1993, 1994, 1995]. Though antigen
ELISA using hyperimmune antisera raised against the
VLPs has been developed to detect NoV in stools
[Graham et al., 1994; Jiang et al., 1995a,b,c; Hale et al.,
1999], the sensitivity is low due to the ability of the
ELISA to detect only strains closely related to one used
to produce the hyperimmune serum [Numata et al,,
1994; Jiang et al., 1995a,b,c]. The expression of
antigenically distinet more VLPs and the preparation
of antisera to them are needed to clarify the antigenic
relationship among NoVs.

The expression of four capsid proteins from the GI/3,
GII/3, GII/5 and GII/7 NoVs and the preparation of the
VLPs are described and the antigenic relationship
among seven VLPs, including three NoV VPLs from
GI/1, G1/4, and GII/12 prepared previously [Kobayashi
et al., 2000a,b,c], and the detection of NoVs in fecal
specimens by using an ELISA are described.

MATERIALS AND METHODS

Viruses, RT-PCR, and molecular cloning. Hu/NV/GI/
Kashiwa645/1999/JP (Kashiwa645, sequence accession
number BD011871), Hu/NV/GII/Sanbu809/1998/JP
(Sanbu809, BD011876), and Hu/NV/GII/Ichikawa745/
1998/JP (Ichikawa745, BD011877) were associated with
outbreaks of acute gastroenteritis as reported by the
Kashiwa, Sanbu, and Ichikawa Health Centers in Chiba
prefecture, Japan in 1989-1999. Hu/NV/GII/Osakal0-
25/1999/JP (Osakal0-25, BD011881) was associated
with an outbreak of acute gastroenteritis in Osaka
Prefecture, Japan, in 1999. Stool samples containing
these viruses were homogenized in phosphate buffered
saline (PBS), and a 10% suspension was prepared. After
centrifugation at 3,000g for 10min, the supernatant was
used for RNA extraction with Trizol™ (Gibco BRL,
Gaithersburg, MD) [Kobayashi et al., 2000a]. The cDNA
synthesis was performed with an oligo-dT15 (Promega
Co., Madison, WI) and reverse transcriptase from the
Molony murine leukemia virus (Gibco BRL) as described
by Green et al. [1997]. An approximately 1.6 kb
fragment that encodes the entire VP1 of Kashiwa645,
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Sanbu809 and Ichikawa745, and a 2.3 kb fragment that
encodesthe VP1, VP2, 3’ noncoding region, and poly-A of
Osakal0-25 were amplified with the primers shown in
Table I. The PCR was performed in 100 pl of the reaction
mixture containing 2.5 U of Takara Ex Tag (TaKaRa
Shuzo Co., Ltd., Kyoto), 10 ul of 10 x PCR buffer, 8 ul of
25 mM dNTPs, 1 ul of 50 pM of each primer, and 5 pl of
cDNA. After an initial denaturation at 94°C for 5 min,
35 cycles of amplification were performed using the
GeneAmp PCR System 9600 (PE Biosystems, Foster
City, CA). Each cycle consisted of denaturation at 94°C
for 1 min, primer annealing at 55°C for 1 min, and
extension reaction at 72°C for 2 min followed by final
extension at 72°C for 7 min. The amplified fragments
were cloned into a pCR2.1 plasmid (Invitrogen, San
Diego, CA). The nucleotide sequences were determined
with an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA) and phylogenetically
analyzed as described previously [Katayama et al.,
2002; Kageyama et al., 2004].

Recombinant VL.Ps

The amplified fragment was isolated from the vector
by digestion with the appropriate restriction endonu-
cleases, and inserted into a baculovirus transfer vector
pVL1392 (Pharmingen, San Diego, CA), which was used
to cotransfect the Sf9 cells (Riken Cell Bank, Tsukuba)
with linearized wild-type Autographa californica
nuclear polyhedrosis virus DNA (Pharmingen) by the
lipofectin-mediated method, as described by the manu-
facturer (Invitrogen). Recombinant baculoviruses thus
obtained were selected by two rounds of plaque
purification and used to prepare the seed viruses. Tnb
cells (Invitrogen) were infected with the seed virus at a
multiplicity of infection (m.o.i.) of 10, incubated at
26.5°C, and the culture medium was harvested at 5—
6 days post infection (p.i.). Leupeptin 10 pM (Sigma
Chemicals, St. Louis, MO) and 2 uM pepstatin A (Sigma
Chemicals) were added to the medium at 3 days p.i. The
expression of the recombinant protein in the medium
was monitored by sodium dodecyl sulfate-10% polyacry-
lamide gel electrophoresis (SDS—PAGE) followed by
staining with Coomassie brilliant blue. The culture
medium was clarified by centrifugation at 10,000g for
30 min, and then the VLPs in the supernatant were
concentrated by centrifugation at 100,000g for4 hrin a
Beckman SW27 rotor. The pellet was resuspended in
Grace’s medium (DIFCO, Franklin Lakes, New Jersey)
and examined by electron microscopy (EM). The VLPs
were further purified by CsCl, equilibrium gradient
density gradient centrifugation at 100,000g for 24 hr at

TABLE I. Primer Sequences

NoV Forward primer

Reverse primer

Kashiwa 645 G1/F2 (5'-AATGATGATGGCGTCTAAAGGA-3')
G2/F3 (5'-TTGTGAATGAAGATGGCGTCGA-3")
Ichikawa 754 G2/F3 (5'-TTGTGAATGAAGATGGCGTCGA-3')

Sanbu 809

707R1 (5'-TGAGCCATTATGATCTTCTGATGC-3))
MVR1 (5'-AATTATTGAATCCTTCTACGCCCG-3)
SMVR1 (5'-AATTACTGAACCCTTCTACGCCCATTTC-3")

Osaka 10-25 G2FCR7 (5-ATGAAGATGGCGTCGAATGACG-3) Oligo-dT(33)
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16°C. The purified VLPs were used to immunize the
animals.

Hyperimmune Sera

Hyperimmune sera to recombinant Kashiwa645
VLPs (r645), Sanbu809 VLPs (r809), Ichikawa754 VLPs
(r754), and Osaka10-25 VLPs (r10-25) were prepared in
rabbits. The first subcutaneous injection was performed
with the purified 500 pg VLPs in Freund’s complete
adjuvant. After 3 weeks, the animals received two or
three booster injections of 250 ug of the VLPs in Freund’s
incomplete adjuvant at intervals of 1 week. The animals
were bled 1 week after the last booster injection. The
antibody titers of rabbit hyperimmune sera to VLPs
were tested in parallel by an indirect ELISA, as
described previously for rSeto 124 VLPs [Kobayashi
et al., 2000b] except that a VL.P concentration of 0.5 pg/
ml was used to coat the ELISA plate. ELISA titers were
expressed as the reciprocal of the highest dilution of
antiserum giving an optical density (OD) at 450 nm
of >0.2.

Antigen ELISA

An antigen detection ELISA was developed using the
rabbit hyperimmune sera to four recombinant capsid
proteins (r645, r809, r754, and r10-25), and three
previously characterized VLPs, Seto 124 VLPs (rSeto)
[Kobayashi et al., 2000b], Chiba 407 VLPs (rChiba)
[Kobayashi et al., 2000a], and Chitta 1876 VLPs (rChitta)
[Kobayashi et al., 2000c]. Microtiter plates (96-well)
(Maxisorp, Nune, Denmark) were coated with 100 pl
(0.5 pg of IgG/ml) of the rabbit preimmune (1:8,800
dilution) or hyperimmune sera (1:8,800--12,000 dilu-
tions) in a coating buffer (0.05M carbonate-bicarbonate
buffer, pH 9.6) overnight at 4°C. The well was washed
twice with PBS containing Tween 20 (PBS-T), and then
blocked with 0.5% bovine serum albumin in PBS
overnight at 4°C. One-hundred microliter of a 10% stool
sample was added to the well and incubated 1 hr at room
temperature. After washing the well four times with
PBS-T, 100 ul of peroxidase-conjugated rabbit anti-
serum to VLPs were added to the well and incubated for
1 hr at room temperature. The microplate was washed
four times with PBS-T, and then 100 pl of substrate,
tetrametyl bentijin (TMB), was added. The plate was left
for 30 min at room temperature, and the reaction was
stopped with 100 ul of 0.6N HyS0,. The OD 5, value of
the reactions at both the hyperimmune and preimmune
sera was measured. The sample was considered positive
when the difference between the ODgs, values for
the hyperimmune and preimmune sera was >0.15 and
the ratio was >2 [Kobayashi et al., 2000c].

Detection of NoV in Stool
Specimens by RT-PCR

Extraction of viral RNA from the stools and ¢cDNA
synthesis were performed as described above. A forward
primer G1F1 and a reverse primer G1R1 were used to
amplify the N-terminal VP1 of GI NoV, and a forward
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primer G2F1 and a reverse primer G2R1 were used to
amplify the same region of the GII NoV as previously
described [Kobayashi et al., 2000¢; Kojima et al., 2002].
The reaction was carried out in 50 pl of the solution
containing 1.25 U of Ex Taq polymerase (TaKaRa), 5 ul
of 10 x PCR buffer (100 mM Tris-HCl, 15 mM MgCl,, 500
mM KC1), 5 pl of 25 mM deoxynucleotide mixture, 0.5 uM
of each primer, and 2 pl of cDNA. After an initial
denaturation at 94°C for 5 min, 35 cycles of amplification
were performed using the GeneAmp PCR System 9600
(PE Biosystems). The nucleotide sequence and phyloge-
netic analyses were performed as described above.

Phylogenetic Analysis

Nucleotide sequences of the entire VP1 capsid protein
and N-terminal VP1 were aligned with Clustal X (http://
www-igbme.u-strasbg.fr/BiocInfo/). The genetic distances
were calculated by Kimura’s two parameter method
[Kimura, 1980], and a distance matrix file was created
as described previously [Katayama et al., 2002]. The
phylogenetic dendrogram was constructed by the
neighbor-joining method [Saitou and Nei, 1987] with
1,000 times of bootstrap resampling [Feisenstein, 1985]
as described previously [Katayama et al., 2002].

Genome Sequences

The GenBank accession numbers of the entire VP1
sequences of the strains used in this study are asfollows:
Aichil24-89 (Seto), accession no. AB031013; Alphatron,
AF195847; Amsterdam, AF195848; Appalachicola,
AF414406; Arg320, AF190817; Auckland, U46039; M7,
AY130761; Birmingham, AJ277612; Boxer, AF538679;
Bristol, X76716; BS5, AF093797;, Burwash Landing,
AF414425; Camberwell, AF145896; Chiba, AB022679;
Chitta, AB032758; Desert Shield, U04469; Dijon,
AF472623; Erfurt, AF427118; Florida, AF414407;
Girlington, AJ277606; Grimsby, AJ004864; Gwynedd,
AF414408; Hawaii, U07611; Hillingdon, AJ277607;
Honolulu, AF414403; Hesse, AF414406, IdahoFalls,
AY054299; Kashiwad7, ABO078334; LittleRock;
AF414405; Leeds, AJ277608; Manchester, X86560; Mex-
ico, U22498; Melksham, X81879; Miami, AF414410;
Musgrove, AJ277614; NewOrleans, AF414422; Nor-
walk/68, M87661; QueenArms, AJ313030; SaintCloud,
AF414427; SaitamaUl, AB039775; SaitamaU1l86,
AB067539; SaitamalU25, AB067543; Saitama SzUGI;
AB039774, Seacroft, AJ277620; Sindlesham, AJ277615;
Snow Mountain , U70059; Southampton, 1L.07418; Sta-
vanger, AF145709; Toronto, U02030; Valetta, AJ277616;
Virginia, AY038599; White River, AF414423; WhiteRose,
AJ277610, Winchester, AJ277609; Wortley, AJ277618;
Me37, AY237415, WUG1, AB081723, Kashiwa 645,
BDO011871, Sanbu 809, BD011876, Ichikawa 754,
BD011877, and Osaka 10-25, BD011881.

RESULTS
Characterization of Four NoV Strains

To classify genetically the four NoVs, the entire VP1
genes were amplified by RT-PCR and the nucleotide
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Fig. 1. Phylogenetic tree of NoVs based on entire VP1 nucleotide
sequences. The numbers on each branch indicate the bootstrap values
for the clusters supported by each branch. Cryptograms indicating the
accession number/location or strain name/(isolate)/year/country are
given for the strains. Putative genotypes are indicated for each cluster.

sequence was determined. The phylogenetic analysis of
theseviruses and representative NoVsis shown in Fig. 1.
Kashiwa 645 was close to Birmingham/93/UK and
classified into GI/3 where Desert Shield/90/US is the
representative strain. The other three strains had
higher nucleotide sequence identities to GII than to
the GI NoVs. Sanbu 809 was classified into GII/3 with
the Toronto/93/CA and Mexico/89/MX viruses. Ichikawa
754 belongs to the GII/5 Hillingdon/90/UK genotype,

GII/4X76716Bristol93/UK
} -— - GIV17

AF145896Camberwellf94/AU

[" AF414427SaimCloud/624/98/US

! AF195847 Alphatron/98/NE

The names GI/1 to GI/10, and GII/1 to GI1/17, with the exception of GII/
11, GII/15, and GII/186, are from our previous study [Katayama et al.,
2002]. The complete sequences of VP1 of GII/11, GII/15, and GII/16 are
not available. The four NoVs characterized in this study are shown in
boldface and boxed.

whereas Osaka 10-25 was classified into GII/7 with the
Leeds/90/UK virus.

Expression of the Capsid Proteins
in Insect Cells

Tn5 cells (Tn5) were infected with the virus at m.o.i.
10, and the cells wereincubated at 26.5°C[Liet al., 1997,
Kobayashiet al., 2000a,b,c]. The expressed recombinant
proteins were analyzed by 10% SDS—PAGE. A major
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protein band with a molecular mass of 58—-60 kDa was
observed in the infected cells 2 days p.i., and the
expression reached to a maximum 6 days p.i. The size
of the proteins were in agreement with the molecular
mass caleulated from the 545, 548, 540, and 541 amino
acids of Kashiwa 645, Sanbu 809, Ichikawa 754, and the
Osaka 10—25 capsid proteins, respectively. The super-
natant was collected at 6 days p.i., centrifuged at
100,000g for 2 hr in a Beckman TLA-45 rotor, and then
the pellet was examined by EM. Uniform, round-shaped
empty VLPs with a 38 nm diameter were observed at
over 100 particles per EM field at a magnification of
20,000x (data not shown).

Antigenic Relationships of Newly Expressed
Four VLPs With Previously Characterized
Three VLPs

Rabbit hyperimmune antisera raised against purified
r645, r809, r754, and r10-25 had titers as high as
1:409,600—1:819,200. The hyperimmune serum was not
adsorbed with the wild baculovirus-infected Tn5 cell
lysate, because the OD values in the antibody ELISA
were negligible even when 0.5 pg protein/ml of the lysate
was used to coat the microplate wells (data not shown).

The antigenic relationship of the four NoV strains was
examined with three previously characterized VLPs
(Table II). The highest antibody titers were detected in
hyperimmune sera against homologous recombinant
capsid antigens for all seven strains. Although variable
cross-reactivity was detected among different recombi-
nant antigens, higher cross-reactivity was observed
with the intra-genogroup strains than with the inter-
genogroup strains. For example, GI Kashiwa 645 is
genetically closer to two GI NoVs, Seto 124, and Chiba
407, than the other four GII NoVs. The anti-r645
hyperimmune serum had higher antibody titers to rSeto
and rChiba than to the other four GII VLPs. The
hyperimmune sera to rSeto and rChiba also had higher
antibody titers to the other two GI VLPs than to the
other four GIT VLPs. Conversely, the four GII NoVs were
genetically closer to each other than to the three GI
NoVs, and each GII hyperimmune serum had a higher
antibody titer to the other three GII VLPs. Thus, NoVs
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in the same genogroup were not only genetically but also
antigenically closer to one another than to those in the
different genogroup.

To test further the specificity of hyperimmune serum
to seven recombinant capsid proteins, an antigen ELISA
was developed. In this experiment, hyperimmune sera
(50 ng/well) were used to coat microplate wells to
capture the recombinant VLPs. As shown in Table III,
the OD valuesin the homologousreaction decreased in a
dose-dependent manner. Little cross-reactions between
different genotypes were observed. In contrast, high
sensitivity was found in the homologous reactions
although the limit of detection is 0.4 ng/ml as observed
in the reaction with rChiba and r809, and this cor-
responds to 2.5 x 10° particles of NoVs.

Detection of NoV Antigen in Stool Specimens

To test the performance of the antigen ELISA, NoVs
detection was carried out with stool specimens from
acute gastroenteritis patients. Microplates were coated
with the rabbit preimmune or hyperimmune sera to
capture the antigen in the stool specimens, and per-
oxidase-conjugated antiserum was used as the detector
antibody. In control experiments, antisera against
recombinant VLPs efficiently captured at least 4 ng of
the homologous antigen but not the heterologous
antigen (Table I11). The preimmune sera did not capture
any of the VLPs at any concentration (the OD value was
usually less than 0.05). Two to three representative stool
specimens were selected from outbreaks associated with
the GI/1, GI/3, GI/4, GII/3, GII/5, GII/7, and GII/12
genotypes to evaluate the antigen ELISA. All specimens
were positive by RT-PCR targeting the N-terminal
capsid region, and the amplified fragments were
genotyped by sequencing analyses followed by phyloge-
netic analyses (Table IV). All hyperimmune sera except
GI/1 Seto reacted only to the homologous genotype
samples. In Seto virus detection, all three GI/3 and one of
the three GI/4 samples were positive by ELISA.
Interestingly, stool samples 98-MC4 (GI/1) and 2000K-
518 (GI/3) were negative by EM but positive by the
ELISA, suggesting that the antigen ELISA established
in this study is capable of detecting disrupted NoV

TABLE II. ELISA Titers of Seven Hyperimmune Antisera Against VLPs

Hyperimmune sera against VLP antigens

VLPs® GI/1 Seto  GI/3645  GI/4Chiba GII/3809  GII5754  GII/710-25  GII/12 Chitta
GI/1 rSeto 819200° 25600 12800 200 12800 1600 3200
GI/3 645 102400 819200 25600 400 12800 6400 6400
Gl/4 rChiba 102400 25600 819200 800 6400 6400 6400
GII/3 r809 95600 6400 6400 819200 51200 51200 25600
GII/5 r754 25600 6400 3200 25600 819200 25600 51200
GII/7 r10-25 12800 12800 6400 25600 51200 819200 25600
GII/12 rChitta 25600 1600 1600 25600 51200 25600 409600

2Four VLPs: 1645, 1809, r754, and r10-25 and their hyperimmune sera were prepared in this study, and three VLPs: rSeto, rChiba, and rChitta and
their hyperimmune sera were prepared in our previous studies[Kobayashi et al., 2000a,b,c].
YRLISA titers were expressed as the reciprocal of the highest dilution of antiserum giving an optical density (OD) at 450 nm of >0.2. Homologous

titers are shown in boldface.
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TABLE IIL. Reactivity Between VLPs and Hyperimmune Antisera as Determined by Antigen ELISA

Hyperimmune sera

VLPs (ng/mL) GI/1 Seto GI/3 645 GI/4 Chiba GII/3809  GII/5 754 GII/710-25 GIV12 Chitta

rSeto 40 4.007 0.075 0.063 0.011 0.010 0.012 0.011
4 1.430 0.034 0.023 0.009 0.011 0.014 0.010

0.4 0.192 0.028 0.023 0.009 0.010 0.013 0.011

0 0.010 0.028 0.013 0.008 0.011 0.012 0.011

1645 40 0.173 3.235 0.047 0.009 0.014 0.010 0.020
4 0.061 0.893 0.035 0.010 0.010 0.009 0.013

0.4 0.023 0.114 0.010 0.009 0.011 0.010 0.013

0 0.010 0.030 0.010 0.009 0.014 0.010 0.015

r Chiba 40 0.105 0.034 4.259 0.009 0.012 0.010 0.011
4 0.048 0.029 1.408 0.010 0.011 0.013 0.010

04 0.011 0.026 0.209 0.010 0.010 0.010 0.010

0 0.011 0.026 0.026 0.009 0.011 0.010 0.010

r809 40 0.060 0.028 0.023 3.650 0.075 0.056 0.066
4 0.018 0.031 0.010 1.271 0.029 0.023 0.024

0.4 0.013 0.034 0.007 0.209 0.015 0.013 0.014

0 0.012 0.032 0.010 0.008 0.012 0.010 0.016

r754 40 0.011 0.030 0.025 0.014 3.994 0.041 0.083
4 0.010 0.028 0.024 0.010 1.329 0.020 0.039

0.4 0.010 0.029 0.025 0.010 0.184 0.012 0.015

0 0.011 0.031 0.025 0.009 0.011 0.010 0.016

r10-25 40 0.018 0.049 0.025 0.016 0.107 4.326 0.100
4 0.015 0.048 0.027 0.011 0.049 1.343 0.058

04 0.010 0.038 0.025 0.010 0.017 0.160 0.021

0 0.010 0.037 0.027 0.010 0.010 0.011 0.010

r Chitta 40 0.014 0.034 0.030 0.011 0.061 0.019 3.356
4 0.011 0.031 0.026 0.010 0.022 0.012 0.819

0.4 0.013 0.032 0.025 0.009 0.013 0.012 0.124

0 0.014 0.024 0.024 0.009 0.012 0.011 0.025

The reaction was considered to be positive when thedifference between the OD 54 values for the hyperimmune and preimmune sera was >0.15 and
the ratio was >2. Positive reactions were shown in boldface.

TABLE IV. Detection of NoV Antigens in Fecal Specimens by Antigen ELISA

Hyperimmune sera

GI/1 Gl/3 Gl/4 GI1/3 GII/5 GIl/7 GII/12
Fecal
Samples Seto 645 Chiba 809 754 10-25 Chitta EM RT-PCR  Genotype
2000K-600 1.921% 0.052 0.028 0.015 0.013 0.016 0.014 N/AP + GI/1
98-MC3 1.407 0.155 0.060 0.023 0.017 0.018 0.018 + + GI/1
98-MC4 0.596 0.086 0.056 0.029 0.017 0.018 0.017 - + GI1
2000K-514 0.498 1.521 0.035 0.029 0.015 0.017 0.017 + + GI/3
2000K-518 0.225 0.597 0.033 0.017 0.012 0.015 0.016 - + GI/3
Sel 0.450 2.641 0.029 0.016 0.012 0.015 0.015 N/A + GI/3
2000K-691 0.038 0.040 0.446 0.017 0.013 0.015 0.015 + + Gl/4
2000K-694 0.358 0.080 4.899 0.049 0.016 0.016 0.017 + + Gl/4
96-844 0.166 0.071 2171 0.017 0.014 0.015 0.017 + + Gl/4
98K-826 0.022 0.051 0.065 1.369 0.016 0.039 0.066 + + GII/3
98K-836 0.018 0.037 0.032 1.296 0.015 0.042 0.030 + + GIlI/3
98-249 0.016 0.063 0.030 1.083 0.020 0.043 0.034 + + GII/3
96-277 0.016 0.034 0.023 0.015 1.696 0.024 0.029 + + GII/5
00-683 0.011 0.036 0.031 0.090 0.428 0.012 0.018 + + GII/5
00-684 0.012 0.025 0.015 0.039 2.994 0.041 0.136 + + GII/5
599-75 0.037 0.041 0.071 0.101 0.147 0.426 0.168 N/A + GII/7
599-21 0.008 0.021 0.035 0.021 0.082 1.712 0.010 N/A + GII/7
98-41 0.021 0.035 0.031 0.023 0.013 0.028 1.433 + + GII/12
98-2345 0.019 0.037 0.026 0.020 0.013 0.023 0.453 + + GII/12
99-1007 0.021 0.055 0.036 0.130 0.014 0.031 2.722 + + GII/12

aThe reaction was considered to be positive when the difference between the OD g5 values for the hyperimmune and preimmune sera was >0.15
and the ratio was >2. Positive reactions were shown in boldface.
"Not applicable.
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antigen, although the titers were relatively low even in
the homologous reaction. Another possible (even more
likely) explanation is that the antigen ELISA is more
sensitive than EM as described previously [Graham
et al., 1994].

DISCUSSION

This study describes the cloning, sequencing, and
expression of the capsid proteins of four currently
circulating NoV strains and their genetic and antigenic
relationships with three previously characterized
strains. The phylogenetic analyses indicated that these
seven strains belong to GI/1, GI/3, Gl/4, GII/3, GII/5,
GI1/7, and GII/12. In contrast to the rapid accumulation
of information for genetic diversity, at least 14 in the GI
and 17 in the GII genotypes, studies on the determina-
tion of antigenic type have been relatively slow
[Kageyama et al., 2004]. This is because generation of
the VLPs antigen is not an easy task, and a comparative
study with a panel of a large number of VLPs antigens
and their antisera is difficult to be performed at the
moment. Continued preparation and characterization of
more VLPs antigens and their hyperimmune sera are
highly useful to refine the panel.

Although the seven antigenic types were distinguish-
able by the hyperimmune antisera generated against
the VLPs, low levels of cross-reaction were observed
among these strains when the antibody ELISA was
used. Because no NoV specific antibody was detected in
the preimmune animal sera, the cross-reactive anti-
bodies in the hyperimmune antisera originated from
common antigenic epitopes among NoVs. In fact,
Kitamoto et al. [2002] obtained not only genogroup-
specific, but also common cross-reactive monoclonal
antibodies (MAbs) for four GI and six GII VLPs. Further
characterization of antigenic epitopes using MAbs for
the antigenic type-specific diagnosis of NoV is needed. In
antibody ELISA (Table II), higher responses were
observed between the intra-genogroup strains than
between the inter-genogroup strains. This observation
is worth noting, because it indicates that GI and GII are
not only genetically, but also antigenically distinct.

Previous observations of the immune responses of
patients involved in outbreaks have also explained the
common antigenic epitopes. Immune responses to
multiple antigenic types, most of which were caused by
a single NoV strain, are often detected in outbreaks of
gastroenteritis [Vipond et al., 2004]). Higher responses to
homotypic than to heterotypic strains may allow us to
make a seroresponse-based diagnosis of NoV infection.
Indeed, we recently identified a GII/4 infection in a
hospital based on the immune responses of the patients
(data not shown).

As has been shown in the case of the Norwalk virus,
Mexico virus, Grimsby virus, Seto virus, Chiba virus,
and Chitta virus, the antigen ELISA for NoV was highly
genotype-specific [Numata et al., 1994; Hale et al., 1996,
1999; Kobayashi et al., 2000a,b,c]. Further generation of
VLPs antigens and hyperimmune sera against each
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genotype VLPs and the subsequent development of both
antibody and antigen ELISAs are necessary for the
detection of NoVs, for the antigenic relationship among
NoVs, and for the classification of NoVs.
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Human norovirus (NoV) strains cause a considerable number of outbreaks of gastroenteritis
worldwide. Based on their capsid gene (VP1) sequence, human NoV strains can be grouped
into two genogroups (Gl and Gli) and at least 14 Gl and 17 Gll genotypes (Gl/1—-14 and GII/1-17).
Human NoV strains cannot be propagated in cell-culture systems, but expression of recombinant
VP1 in insect cells results in the formation of virus-like particles (VLPs). In order to understand
NoV antigenic relationships better, cross-reactivity among 26 different NoV VLPs was analysed.
Phylogenetic analyses grouped these NoV strains into six Gl and 12 Gll genotypes. An

antibody ELISA using polyclonal antisera raised against these VLPs was used to determine
cross-reactivity. Antisera reacted strongly with homologous VLPs; however, a number of novel
cross-reactivities among different genotypes was observed. For example, GI/11 antiserum showed
a broad-range cross-reactivity, detecting two Gt and 10 Gll genotypes. Likewise, Gli/1, Gll/10
and GlI/12 antisera showed a broad-range cross-reactivity, detecting several other distinct Gli
genotypes. Alignment of VP1 amino acid sequences suggested that these broad-range
cross-reactivities were due to conserved amino acid residues located within the shell and/or
P1-1 domains. However, unusual cross-reactivities among different Gll/3 antisera were found, with
the results indicating that both conserved amino acid residues and VP1 secondary structures
influence antigenicity.

INTRODUCTION
The GenBank/EMBL/DDBJ accession numbers of the seguences Noro'vp‘us (NOV_) stramns are a leadmg ce?use O.f gas“‘?‘
reported in this paper are ABOS1723, ABO58547, DQO93065, ~ enteritis worldwide and cause outbreaks in various epi-
AB195205, DQO93062, DO0Y3066, DO0Y3063, AB195226, demiological settings including hospitals, cruise ships,
DQ0Y3064, ABO39780, AY237414 and DQOS3067. schools and restaurants (Beuret et al, 2003; Inouye et al,
0008-1532 © 2006 SGM  Printed in Great Britain 909
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2000; Johansson et al., 2002; Kapikian et al, 1972; McEvoy
et al, 1996; Mclntyre et al, 2002; Russo et al., 1997).
Numerous molecular epidemiological studies have revealed
a global distribution of these viruses (Nakata et al., 1998;
Noel et al., 1999; White et al, 2002). Transmission routes
include food-borne, person-to-person contact and environ-
mental contamination. Human NoV can be divided into
two genetically distinct genogroups, GI and GII. Recently;
NoV strains were subdivided into at least 14 GI and 17 GII
genotypes (GI/1-14 and GII/1-17) (Kageyama et al., 2004).
These viruses cannot be grown in culture and their antigenic
relationships are not completely understood. Nevertheless,
expression of the major capsid protein (VP1), which usually
results in the formation of virus-like particles (VLPs) that
are morphologically similar to the native virus, has per-
mitted a better understanding of antigenicity in these viruses
(Hansman et al., 2004). Two types of assay have been used to
examine cross-reactivity among these VLPs: antibody ELISA
and antigen ELISA (Gray et al, 1993; Jiang et al.,, 1995a, b;
Kageyama et al., 2004; Kamata et al., 2005; Kobayashi et al.,
2000a, b, ¢). The antibody ELISA is broadly reactive, but the
antigen ELISA is highly specific, only detecting strains that
are closely related (> 95 % identity in the RNA polymerase
region). However, detailed information on the cross-
reactivity among many of the genetically distinct NoV
strains is limited.

NoVs are small round viruses approximately 38 nm in
diameter and possess a single-stranded, positive-sense RNA
genome of 7-5-7-7 kb. The NoV genome contains three
open reading frames (ORFs). ORF1 encodes non-structural
proteins, including the RNA-dependent RNA polymerase,
ORF2 encodes VP1 and ORF3 encodes a minor capsid pro-
tein (VP2) (Jiang et al, 1990). Cryo-electron microscopy
(cryo-EM) and X-ray crystallography analyses of NoV VLPs
have determined the shell and protruding domains (sub-
domains P1-1, P1-2 and P2) of the capsid protein (Prasad

et al, 1999). Chen et al. (2004) also described strictly and
moderately conserved amino acid residues in the capsid
protein among the four genera in the family Caliciviridae.

The aim of this study was to analyse cross-reactivity among
26 different NoV VLPs in order to understand NoV genetic
and antigenic relationships in more detail. An antibody
ELISA using polyclonal antisera raised against the VLPs
was used to determine cross-reactivities. Our results found
broad-range cross-reactivities with antisera raised against a
number of distinct NoV strains.

METHODS

Specimens. Positive stool specimens were collected from a number
of different sources (see GenBank accession numbers) and RNA was
extracted as described previously (Katayama et al, 2002). PCR-
generated amplicons or plasmids were excised from the gel and
purified by using the QIAquick Gel Extraction kit and Plasmid
Purification kit (Qiagen). Nucleotide sequences were prepared with
the BigDye Terminator Cycle Sequence kit (version 3.1) (Applied
Biosysterns) and determined by using the ABI 3100 Avant sequencer
(Perkin-Elmer ABI). Nucleotide sequences were aligned with
CLUSTAL_X and distances were calculated using Kimura’s two-
parameter method. Phylogenetic trees with bootstrap analysis from
1000 replicas were generated by the neighbour-joining method as
described previously (Kageyama et al, 2004). Amino acid VP1 secon-
dary structure predictions were made using the PSIPRED secondary
structure prediction software (McGuffin et al., 2000).

Expression of VLPs. Previously, we expressed four GI NoV strains:
GI/1 (strain SeV), GI/2 (strain 258), GI/3 (strain 645) and GI/4 (strain
CV), and nine GII NoV strains: GII/3 (strain 809), GII/4 (strain 104),
GlII/5 (strain 754), GII/6 (strain 7k), GII/7 (strain 10-25), GII/10
(strain 026), GII/12 (strains CHV and 9912-02F; in this study 9912-
02F was termed Hiro) and GlI/14 (strain 47) (Hansman et al,, 2004;
Kamata et al,, 2005; Kitamoto et al, 2002; Kobayashi et al, 2000a,
b, ¢). Dr Kim Green provided us with the Hawaii virus recombinant
baculovirus GII/1 (strain HV) (Green et al., 1997). In this study, we
expressed an additional 12 VLPs: GI/8 strain WUGI (using primers
G1SKF and TX30SXN; see Table 1 for primer sequences); GI/11 strain

Table 1. Primer sequences used for expression of VLPs

Primer Sense/antisense Sequence (5-3')*
GISKF Sense CTGCCCGAATTYGTAAATGA
TX30SXN Antisense GACTAGTTCTAGATCGCGAGCGGCCGCCC(T)3
G2/F3 Sense TTGTGAATGAAGATGGCGTCGA
G2R0 Antisense CCATTACTGAACCCTTCTACGCC
G2Fb Sense TGGGAGGGCGATCGCAATCT
G2R04 Antisense GGCGTAGAAGGYTTCAYTAAGTC
MVRI1 Antisense AATTATTGAATCCTTCTACGCCCG
G2F2 Sense GTGAATGAAGATGGCGTCGA
G2R03 Antisense GGCGTAGAAGGATTCAATAATGG
G2F02 Sense GTGAATGAAGATGGCGTCGAATGA
G2SKF Sense CNTGGGAGGGCGATCGCAA
NALI13 Sense GATCTCGCTCCCGATTTITGTGA
N235R Antisense ATGGCWGGAGCTTTRATAGC

N=CorT; N=A C, GorT; W=AorT
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#8 (primers G1SKF and TX30SXN); GII/1 strain 485 (primers G2/F3
and G2R0); GII/2 strain Ina (primers G2Fb and G2R04); GII/3 strain
18-3 (primers G2/F3 and MVRI1); GII/3 strain 1152 (primers G2F2
and G2R03); GlII/3 strain 336 [primers G2/F3 and Oligo-(dT)ss); GII/3
strain Sh5 (primers G2F02 and G2R03); GII/6 strain 445 [primers G2/
F3 and Oligo-(dT)ss}; GII/8 strains Mc24 and U25 (primers G2SKF
and TX30SXN); and GII/17 strain Alph23 (primers NAL13 and
N235R). For expression of the recombinant VP1 in insect cells, all of
the NoV constructs were designed to begin from the predicted VP1
AUG start codon. For six of the 12 constructs, the VP2 and poly(A)
sequences were included by using either the TX30SXN or Oligo-
(dT)s3 reverse primers (strains WUGI, #8, 336, 445 and Mc24). One
construct (strain 485) excluded the poly(A) sequence, whereas the
remaining five constructs excluded both the VP2 and poly(A)
sequences (strains Alph23, Sh5, 1152 and 18-3 and Ina). Four con-
structs that were amplified with the TX30SXN reverse primer were
expressed using the Gateway expression system (strains WUGI, #8,
U25 and Mc24) (Hansman et al, 2004), whilst the other eight con-
structs were expressed in a baculovirus expression system as described
previously (Kamata et al., 2005).

VLP purification and electron microscopy (EM). Recombinant
baculovirus shuttle vectors (bacmids) were transfected into Sf9 cells
using Effectene according to the manufacturer’s instructions (Qiagen).
Sf9 cells were incubated for 5-6 days at 26 °C, after which the cul-
ture medium was clarified by low-speed centrifugation and the

supernatant was stored as the seed baculovirus. Tn5 cells were
infected with the seed baculovirus at 26 °C and harvested 5-6 days
post-infection. VLPs secreted into the cell medium were separated
from cells by low-speed centrifugation, concentrated by ultracentri-
fugation at 30000 r.p.m. at 4°C for 2 h (Beckman SW-32 rotor)
and then resuspended in 100 pl Grace’s medium. VLPs were purified
by CsCl equilibrium gradient ultracentrifugation at 45000 r.p.m.
at 15°C for 18 h (Beckman SW-55 rotor). The harvested culture
medium was examined for VLPs by negative-staining EM. Briefly,
the samples (diluted 1:10 in distilled water) were applied to a
carbon-coated 300-mesh EM grid and stained with 2 % uranyl acet-
ate (pH 4). Grids were examined under an electron microscope
(JEM-1220; JEOL) operating at 80 kV.

Antibody production and ELISA. Hyperimmune sera to newly
developed VLPs were prepared in rabbits. The first subcutaneous
injection was performed with purified VLPs (between 10 and
500 pg) in Freund’s complete adjuvant. After 3 weeks, the animals
received two or three booster injections of the same amount of VLPs
in Freund’s incomplete adjuvant at intervals of 1 week. The animals
were bled 1 week after the last booster injection. An antibody ELISA
was used to compare cross-reactivities among the VLPs. Then wells
of 96-well microtitre plates (Maxisorp; Nunc) were each coated with
100 pl purified VLPs (1-0 pg ml™' in carbonate/bicarbonate buffer,
pH 9-6; Sigma) and incubated overnight at 4°C. The wells were
washed twice with PBS containing 0-1% (v/v) Tween 20 (PBS-T)

NV (M8B7661)

SeV (4B031013)
Southampton (L07418)
258 (AB078335)

CV (AB042808)
Musgrove (AJ277614)

Hesse (AF093797)
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Winchester (AJ277609)
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Hiro (AB044366)

026 (AF504671)
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996

433 844 Ina (AB195225)
Hillingdon (AJ277607) GII/S
— f— 754 (BD011877) ;
445 (DQ093064)
s Seacroft (AJ277620) Gl/e
26 7k (AB078337)
N Sh5 (AB195226)
809 (BD011876)
336 (DQO93063) {GII/3
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- ) . .
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[—_—104(.48078336) ; able). Numbers on branches indicate boot-
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{ aiph23 m0093067) GIN7 strap values for the‘ clusters; Ya!ues of. 950
7 Mel0 (AY237420) - sapovinus or higher were considered statistically signifi-
cant for the grouping (Katayama et al,
005 2002). Reference sequences have been
| — reported previously (Kageyama et al., 2004).
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and then blocked with PBS containing 5% (w/v) skimmed milk
(PBS-SM) for 1 h at room temperature. After the wells had been
washed twice with PBS-T, 100 ul twofold serially diluted hyper-
immune rabbit antiserum from a starting dilution of 1:2000 in
PBS-T-SM was added to each well and the plates were incubated
for 1 h at 37°C. The wells were washed six times with PBS-T and
100 pl horseradish peroxidase-conjugated anti-rabbit IgG (1:1000
dilution in PBS-T-SM) was added to each well. The plates were
incubated for 1 h at 37°C. The wells were washed six times with
PBS-T and 100 pl o-phenylenediamine substrate and H,0, was
added to each well. The plates were left in the dark for 30 min
at room temperature. The reaction was stopped by the addition of
50 ul 1 M H,S0, to each well and the absorbance was measured at
492 nm. ELISA titres were expressed as the reciprocal of the highest
dilution of antiserum giving a value of A4, >0-2.

RESULTS

Seguence analysis

Nucleotide and amino acid sequences were aligned using
CLUSTAL_X and distances were calculated using Kimura’s
two-parameter method. We divided the 26 strains used in
this study into six GI and 12 GII genotypes using partial N-
terminal VP1 nucleotide sequences (data not shown). These
genotypes were maintained when we grouped the complete
VP1 amino acid sequences (Fig. 1). Mc24 was excluded
from the amino acid analysis since the full-length capsid
sequence was unavailable. Nevertheless, using the partial
N-terminal VP1 nucleotide sequence (GenBank accession
no. AY237414), Mc24 clustered in GII/8 and was closely
related to strain U25. Of the recently described NoV strains
(Kageyama et al, 2004), the GI and GII genotypes used in
this study represented 43% (6/14) and 76% (13/17),

respectively. For several GII genotypes, we used two or more
VLPs in order to clarify antigenicity, including GII/1 (strains
HV and 485), GII/3 (strains 809, Sh5, 336, 1152 and 18-3),
GI1/6 (strains 7k and 445) and G11/12 (strains CHV and Hiro).

Expression of VP1

EM confirmed that all strains formed VLPs with morpho-
logical features similar to native NoV (Fig. 2), despite the
fact that different constructs and expression systems were
used to express the recombinant VP1. The VLPs retained
their morphological features, even when stored for
> 6 months at —20 °C (data not shown).

Homologous antigenic analysis

An antibody ELISA, which uses polyclonal antiserum raised
against one type of VLP, was used to determine cross-
reactivity among the 26 different NoV VLPs. ELISA titres
were expressed as the reciprocal of the highest dilution of
antiserum giving a value of Ay, >0-2. A negative control
(baculovirus-infected Tn5 cell lysate) was used for all
experiments and found to be negligible [i.e. A4, <0-05,
using up to 0-5 pg (ml lysate) "']. Antisera reacted strongly
against homologous VLPs, with titres ranging from 102 400
to 1638400 (Table 2).

Heterologous antigenic analysis

We observed a number of novel cross-reactivities among
different genotypes. For example, Fig. 3(a) shows the strong
cross-reactivity of GI/11 #8 antiserum with both GII/6 7k
and GII/6 445 VLPs. We found that GI/11 #8 antiserum
cross-reacted with these GII/6 VLPs at titres of 102400,

() , (b)

(d)

Fig. 2. EM images of CsCl-purified NoV
VLPs negatively stained with 2% uranyl
acetate (pH 4). (a) Strain 7k, (b) strain 485,
(c) strain 445 and (d) strain 645. Bar,
100 nm.
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which was equal to the homologous VLP titre. We also
found that GII/1 HV antiserum cross-reacted strongly (i.e.
equal to the homologous VLP titre) against GII/6 7k VLPs
(titre 204 800) and moderately strongly (i.e. twofold lower
than the homologous VLP titre) against GII/6 445 VLPs
(titre 102 400) (Fig. 3b and Table 2). We observed several
antisera that cross-reacted moderately against different
genotypes (i.e. fourfold lower than the homologous VLP
titres). For example, GI/11 #8 antiserum cross-reacted
moderately with GI/4, GI/8, GII/1, GII/2, GII/3, Gll/4,
GIl/5, GII/7, GII/10, GII/12 and GII/17 VLPs (Fig. 3a
and Table 2). GII/1 HV antiserum also cross-reacted
moderately with several different genotypes, including
GII/1 (strain 485), GII/3, GII/10 and GII/12 (Fig. 3b and
Table 2). GII/1 485 antiserum cross-reacted moderately
only with GII/1 HV VLPs; GII/6 7k antiserum cross-reacted
moderately with GI/11 VLPs; GII/10 026 antiserum cross-
reacted moderately with several different genotypes,
including GII/1, GII/5, GII/7 and GII/12; and GII/12 CHV
antiserum cross-reacted moderately with GII/1 and GII/10
VLPs (Table 2).

Genotype-specific reactivities

We observed weak cross-reactivities among different geno-
types (i.e. greater than eightfold dilutions). We found that
Gl/1, GI/2, GI/3, GI/4 and GI/8 antisera cross-reacted
weakly with other genotypes (Table 2). We also observed
similar weak cross-reactivities with GII/1 (strain 485), GII/2,
GI1/3 (all five strains), GII/4, GII/5, GI1/6 (strain 445), GI1/7,
GII/8 (both strains), GII/14 and G11/17 antisera. For several
GII genotypes, only one type of antiserum was produced,
but for five GII genotypes, we produced two or more
different antisera against VLPs belonging to the same
genotype (Table 2). Some interesting results were observed.
For example, the antigenicities of HV and 485 were
considerably different, despite the fact that both strains
belong to GII/1 and share approximately 94 % amino acid
identity. As shown in Fig. 3(b), HV antiserum cross-reacted
strongly with GII/6 VLPs, but 485 antiserum showed little
cross-reactivity with these GII/6 VLPs (Table 2). This
unusual cross-reactivity pattern was also observed with
other antisera. For example, for GII/6, we found that 7k
antiserum cross-reacted moderately with GI/11 #8 VLPs,
whereas 445 antiserum cross-reacted weakly (i.e. 32-fold
lower than the homologous VLP titre; Table 2). More
uniquely, we found that GII/3 1152 antiserum, which was
genotype-specific, had unusual antigenicity. We found that

Fig. 3. Antibody ELISAs for NoV VLPs. Wells were coated
with 100 Wl purified VLPs. After washing, hyperimmune rabbit
antiserum raised against the VLPs was used to detect antigens.
Antisera were diluted twofold in PBS-T-SM from a starting dilution
as indicated (dilutions x 1072). The arrows indicate the endpoint.
(@) Gi/11 #8 antiserum cross-reacts strongly with GI/6 7k
and 445 VLPs. (b) Gll/1 HV antiserum cross-reacts strongly with
Gli/6 7k and moderately strongly with 445 VLPs. (c) GIl/3 809
antiserum cross-reacts weakly with GIl/3 1152 VLPs.
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three different GII/3 antisera (strains 809, Sh5 and 18-3) the N-terminal region (aa 1-49), shell domain (aa 50-225)
cross-reacted weakly with 1152 VLPs (i.e. eightfold lower and P1-1 domain (aa 226-278) had more conserved short
than the homologous VLP titre; Table 2 and Fig. 3c). This continuous residues than the P2 domain (aa 279-405), P1-2
unusual cross-reactivity result was not evident with the domain (aa 406-520) and C-terminal region (Fig. 4). These
other genotypes in which we produced two different antisera continuous residues may be the reason for the cross-

(ie. GIV/1, Gl1/6, GII/8 and GII/12; see Table 2).

Amino acid alignment and secondary structure

reactivity among different genotypes, in particular, the
strong cross-reactivity of #8 antiserum against GII/6 VLPs
(Fig. 3a). However, this does not explain why GII/3 1152
VLPs cross-reacted weakly with GII/3 809, Sh5 and 18-3

P antisera (i.e. eightfold lower than the homologous VLP titre)
An alignment of 25 VP1 amino acid sequences used in this and moderately against GII/3 336 antiserum (i.e. fourfold
study (Mc24 complete capsid was unavailable) revealed that lower than the homologous VLP titre). An amino acid
#B 1 WMASKDAPTNMDGTSGAGQLVPEANTAE?I SMOPVAGAATAVA'VAGQINMIDP\’!IMSNFVQAPQGEFTVSVNNTPGDVLFOLQLGPQLNPFLAHLAQMYNGWVMVKVLI.AGNAFTAGKIIISCIPPGFTSQNISIAWTMFPNVIA %gg

SeV 31 . .
258 1 .‘V. . ..S,.Sv B . . . 150
545 1 V. N <S.. . . .. 150
v 1 VoL, .5, LUIVRLL ...QRTL....A Loliiil 159
WUGL 1 Voo 5. . RY .. ..DARTLT.. A.L.. -+ 15
HY 1 K. N.V.. L SR, CHIPLELL.PG.I.. ... 1 146
485 1 K. N.V.....RM .SR. YA.GVE.Q. X 146
Ina 1 K. T.I,....RA <R YA.G.E.Q.M. I 146
809 1 .K. Q.x... N LR -GFE.Q.V. v 146
Shs 1 LKL Q.X... N <R YA.GFE.Q.V. v 146
18-3 1 K. Q.I... By LR FE.Q.V. NLPIDLLALLTL v 146
336 1 LK. . . Q.I... N ..RL YA.GFE.Q.V. N.PID.L.A. . v 146
1152 1 (K. AAGLVPETINN AMAL . .., . Q.I... N LR, YA.GFE.Q.V. v 146
sd 1 LK., D. TANLVPEVNN VMALE. .V, Q.V.....RN -.R. LGFE.Q.X. v 146
754 1 K., ND! SHN, AMALE, .V, SL APVT T.I.....RT ..R. YA.G.E.Q.M, LI 146
7k 1 LK. HD HL VPEAND VMALE . .V..SI.APW..Q.I.....RE -SR. .6.Q.Q.V. v 146
445 1 K. V“EANN.WALE..V.ASI.APW..Q.I... RE SSR. YA.G.Q.Q.V. v 146
1025 1 K. D PLE LQ.I.. .. RN -.R. LE.QIV. I 146
uzs 1 K. HDGAA 30 T RN P . <E.QIV, vv 146
226 1 LK. T.I.. RM .G.E.QIM. --X 146
CHY 1 K. N.I.. Ry, YA.GVE. Q... S 4 146
47 1 LK. HDGA VPEGII P T.I WGVE.Q. Ly 146
Hiro 1K, . SNDGAAGLVPEANN | TMALE . . .I YA.GVE.Q. I 146
Aiphz3 1Kl TDGAGNLYPESQQ. VLPLA. JISYAlGIDIMIV. .l T 146
DVRVLEPIEVPLEDVRNVLFHTNDNR PTNRLVCMLYTPLRANGSSSGTDPFVIAGRVLTCPDSNFSFLFLVPPNVEQKTRPFSVPNIPLNTLSNSRVPSLIKSMTISRDQNQIIQFQNGRVTLDGQLQGTTPTSVSQLCKIRG YHAT g
16! GAGNS.SA.V . g
SV . 9
G.. ALV Sl &4
D--. V. TVSC. LT.S0uK 4
SV.TVSC. LTLU500KL L 4
LV.TVSC, PRLIPIS- O O 4
SVUTVSC . LRS- T 4
LV.TVSC. T80 K. 4
LV.TVSC, STLLSOUKL. 4
LV.TVSC. LLTLUS0 UKL 4
LV.TVSC. LT..5. KL 4
-V.TVSC, WTLUSR.KL . 4
JVUTVSCL I WJTLUS0UKL . 4
WVUTVSCL T80 0K 3
SVUTVSCL LT85 LK. --F. 3
LVLUTVSCL LT..5..KQ. AL ILKISEMT... .s 4
SV.TVSC. .5..5..KA, TL ILKISEMT ..F.IFVDQ.YT..NE.IW.P.. 4
SV.TVSC. LT 508K LT F . 4
LV.TVSC. L.TL.SL UKL od
SVUTVSC, ..5..5..K. . . 4
LV.TVSC. LT85 K. QLLPTAI SF..RINQKRV 4
D-~.5.TVS. . LTLLTL . T. ... GFSVQEM, ., \W.AA,SA, VVRGNER . VV. . ... AH.. .M. <V.PNYIASY. ISTGNS 4

1
g 2 GGNGINLTELNGEPYHAFESPAPIGFPULGGCDWHLTATPTQAFNDGAKWRLSVI'QGAAFAPHLGTIHYTTTDTUYSPNTSIICTLDWLSQTTGQNN VDP!’!QIPTYGSTLTEAAQLAPPIFPPGFGETLVFFLSDFPISNGKNGLSVP 448
Sev 2 INLTELDGTPFHPFEGPAPIGF . DLGGCDWHINMTQFGHSS5. TQY . VI PHL GSIQANGIGSGNYIGVLSWVSPP HPSGSQVOLWKIPHYGSSITEATHLAP . VYPPGFGEVLVF . MSKIPGPGAYS . PCLLPQEYISH. AS~ 447
258 2 RTLRLTEVD! urmMRI K N T SGDPMRSVSV S .QFDEV FN‘HPTQDVIGTIEWISQPS PPGTDINLWEIPDYG LSQ GFGEALVY VSAFPGPN RSAPND 449
645 299 ... Y..... D. TQ. VIKQIN. K.ES. QADGLSDVSVNTNM. GD V..R AL 449
v 2 NLTELDGSPFMA LAP. G L SC ISST PI TNSVKPNSQQ < TLRENVSSG-GDY! IGTIW PSD . T KIPDY! SQ 448
wWuG1 3 RVLNLSEVDGTPFIPLESP, (FPDLGG(DWHVNF FQAQNQDPSQSVTFATNOAS- FVPVL(S'X PHNG(‘DFHAGDITG QLNVWTIPKYGSSLQ“SLTLNLLC 443
HV 294 HQW--NLQVTNTNGTPFD TEOVPAPLGTPDFL . NIYCVT)QRNPNNTCRAHD VLATWSPKF TP —KL V PTRFTPVGLFN, DHFOQWAL , SYS 431
485 294 ~NMQVTNANGTPFD . TEDVPAPLGTPDEL . NIYGV PONTCRARD . LLATHSPRETR PTRETPVGLYD. DHENQWAL . NYSGAL’ 433
ina 294 “RVTITNLNGPPFD . SED]PAPLGVPDFQGRVFGVI SQR QNAAGHSEP . NRGHDAVVPT. Y AQYTPKLGQ QIGTWQTDDL . PVKF TPVGLND . EHF NQWVY . RYAGALNLN .NLA 438
8 291 AOTATPRLFNYYRBVQLONLNGTPYDPAEDIPG. LGTPDFRG. . DSTTRAHEAKVD. . AGRFT.KLGSLEX u>uurquvlﬁr T VVGIGVDNEAEFQQWSL DYSGQF THRMNLAP, 444
Shs 294 0 V'A PRLFNYYWHVC GYPDFRI FGYASQRNPOSTTRAHEAXVD ES. RETPVGIGVDNEADFQOWSL . DYSGQF THRNMNLAPAVAPNERGEQL LFFRS 444
18-3 294 PRI FNHR! TP)FR E VASQRNPDQTTRAHEAKVD ITTE UuFDTNQSTKFTPV('IGVDNEAEFQQWSL NYSGQFETHNMNL. LLFFRS 444
336 294 f'A PRL FNHQWHIC FRG VD I"TESDDFNQNKPTRFTPVGIGVDNEADFQQWIL . DYSGQF THRMNLAPAVAPNFPGEQLLFFRS 444
1152 294 A PKLFNYYWHIC LDNLNGTPYDPAEDIPA LGTPDFR LF VASQRNPDSTTRAHEAKVD SGRFI KLGSL ISTESODFOQRQPTRFTPYGIGYDNEAGFQQWSL . DYSGQ FT‘HWNLAPAVAPNFPGEC LLFFRS 44
184 294 SQNWSNYDPTEE TPAPLGTPOFVGKIQGHL . . TTREDGSTRAHKA | VSTGsVHFTPKLGSVQYT TNRDEQTGQNTKETPYGVT . DGNNHQNE PQQYWIL PNYSGR! cn VHLA . AVAP . FBGEQLL TMPGCSGY, 444
754 294 P EQ%— ~NLEITNLNGTQFD TDDVFAP ATYS LG- - LVQIGTWNTHNDVEN, PTKFT . LGLNEVANGHRFEQWT]. . RYSGALTLMLAF’AVAPLFPGERLLFFRS 436
7k 293 ARAADSTDSPQRARN.PLHVQVKNLOGTQYOPTODIP . VLGAIDFK. TVFGVA. QRDVSGQQEQGHYATRAHEAHIDTTDPKYA?K GTILIKS . SDDFNTNQP . RFTPVGMGDNNWRGWELPDYSGRL , . NMN , APAVSPSFPGERILF 443
445 293 ARATDSTDSPQRARD F’LHVQVKNLDGTQVDPT DDIP.VLGAT FK TVFGVA . QROVSGPREQGHYATRAHEAHIDTTOPKYAPK . GTILIKSES . DF ITNQP . RETPVGMGDNNWRQWELPDYSGRL . . NMN . APA' VSPSFPGERILF 443
10-25 294 ITNTDGTP. TEDT. POFQGILFGV. TRAHE . TINTG ., DHLCPQISSSEIYL. .PNILRCTNP . PLP _SGLRGTXL . RSONGHCHDMVGTS . TTPTHPQOWRRCSRG . HCCS . GHRYPYP 444
uzs 294 ADQPNYT YQVHLENLDGSPVD '(DEVPAPL TPOFQ.QLFGV LK>>UNAIRANEARVNTNDPTF P o e e QLAQVRFKSPSNDFFONEPIKFTPVGISVD, QNSYHQW, L . RYGGHLTNN., HLAPSVSPMFPGEQILFFRS 433
226 294 QDEHRGTHANMTVINLNGTPFD. TEDVPAPLGTPDF IYGY IRNTNTVPGEGNLP .NRA . EAV . ATYSPKFTPKLGNIQFS WETQDVSS . _PTKFT.VGLASVDANSHFEDOQWTL . SYSGAL TLNMNE APSVAPVEPGECL LFFRS 444
CHV 294 S. ENHVW—-NMQVTNINGTPFD T .DVPAPLGTPDFSGKLFGVL CRDHDNACRSHDAVIA‘TNSAKFTP Kl TWEEDDVHY . QPTRKFTPVGLFENEGFNQWTL . NYSGALTLMLAPPVAF’TFPGEQILFFRS 431
47 294 .0D.W LQLT.PNGA.YD. TREVPAPLGTQDF SGMLYGVLTQDNVI KGIVIST.SG EHVHPNQ. SRF TPVGYAVDENTPFQOWVLPHYAGSLALNTNLAPAVAPT . . GEQLLFFR . RV 438
Hiro 294 5. ENHVW- -N“QVTNINGTPFD TEDVPAPL GTPDFSGKLFGVE CRDHDNACRSHDAVIA‘TNSAKFTP TGTWEEDDVHIT . QPTKETPVGLFEDGGFNQWTL . NYSGAL TLNMGL APPVAPTEP EQILFFRS 431
Alph23 294 RSASSEAD.RAVGSFDVWVRLQEPDGQPYDI IG.PD.KAVIVGFAARPLTSGSY . NEAYVNTTASDYAPATG . MRFTVRNGGTGHISANKYWEFKSFGYEGEGHTNIQY . EYELPDYS . QVASNHNLAPPVAPRMPGES .. LLF 444

Ko smsssmsmas et —————————————————————————————————————————————————————————————————

:BV 42? CTLPQEFVTHFVNEQAPIRGEAALLHWDPDTHRNLGEFKLYPEGFMTCVPNTSgGGPQTLPTNGVFVFVSWVSRFYQLKFVGTAGAAQRL(IRRS - 544
e’ .. - 30
258 . .ST. . SRLGV. - 546
645 - 545
[ L. . pie
WUGL .G, .Svss . - - - 39
HY l)hAIDCLLPQ[WICMFYQE%APSPTDVALIRYTNPDT RVLFEAKLHRQGFIT PPNGYERED NVNQFYS AP - 35
485 T NUAIDCLLPQEWCHFYQESAFSSTDVALIRYTNPDT RVLFEAKLHRQG FITVANSGSRPIVu-r" YFRFEOSHVNQFYS . APM - 35
Ina YGNPAIDCLLPQEWVQH AAPSMSEVAL VI RYINPDT RALFEAKLHRAGFVTVSSNTSAPYV . PANGYFRFOSWVNQFYS . - 42
809 - LDCLVPQEWVQH! FY E APAQTQVALVRY' GKVLFEAKLHKL: FMT ANNGDSPIT. PPNGYFRFE SHVNPF YT APM - 548
$hs - LDCLVYPQEWVQHFYQE! APAQTCVALVRVVNPDT RVLFEAKLHKLGFMT . AKNGDSPIT . PPNGYFRFESWVNPFYT . APM - 48
18-3 . LDCLVPQEWVQHF YQE SAPAQTQ EMT . AKNGDSPIT . PPNGYFREESWVHPEYT . APM Q - 48
336 xLDCLVPQE\‘I‘I FYQESAPAQTQ D’ VL FEAKLHBKMGEMT . AKNGDSPIT . PPNGYFRF ESWVHPEYT . APMGTGKGRRR I - 48
1152 ILDCLVPQEWVQHFYQE APAQ GRVLFEAKLHKLGFMT . SKNGDSPIT . PPNGYFRFESWVNPEYT . APMGTGH - 48
104 444 NVNLDCLLPQENWVQHFCQEAAP. QSDVAL TGRV . Fi IXSGYV. VAHTGPHDLVIPPNGYFRFD. WYN . F T APM. ———— 39
754 436 YVPLKGGFGNPAIDCSVFPQEWVQHF YQESAPSLGD RVLFEAKLHKGGF . TVSSTSTGRVV . PANGY] OSHVHQFYS . APMGTGNGRRRVQ- - - 43
2k 443 FRSIVPSAGGYG! IDCLIPQEWVQHFYQEAAPSQSAVA . VRYVNPDTGR . IFEAKLHR! EGFLT ANCGNNPIWPF‘NGYFRFEAWGN"FVTLAPNGSGQGRRRAQ - 50
445 443 FRSY GSGYIDCLIPQEWGOHFYQEAAPSQSAVA . VRYVNPOTGR . IFEAKLHREGF LT . ANSGNNPIVVPPNGY FRFEAWVNOFY TLAPMGSGQGRRRA~ - 49
19-28 444 MNRVTWI . LSHK: "FSTSTRKLPQ NLR¥W, LTRFTNPDTGRVLFEARLHKQGF TTVAHTGDNPIVMPPNGYFRFEAWVNQFYSL . PYGTGK . R, . VQ - 541
uz2s 433 FMPGASGH.DGAXDCLLPQEWY . HF YQEAATAQTOVAL IRFVNPDTGRVLFEGKLHKQGFIT . SNSGDHPI\W YFRFEAWVNQFYS . APV - 37
226 444 FIPLKGGYGNPAIDCLMPQ \“VQH YQESAPSLSDVALVRYVNPETGRTLFEAKLHRNGF , T VVAPTNGYFRFOSWVNHQF Y - 48
CHY 431 HIPLKGG.ADP. IDCLLPQEWIQH . YQESAPSQSDVALIRF TNPDTGRVLFEAKLHRS! YITVAN'TGSRPIV PAN YFRFDTWVNC FYS | APMG - 35
47 438 PCVQGLQGQDAFIDCLLPQEWVNHF YQEAAP SQADVALIRYVNPDTGRTLFEAKLHRSGEITVSHTGAYPLY . SHVHQFYS . APMGY - 42
Hiro 431 HIPLKGG.ADP.IDCLLPQEWIQH. YQESAPSQSDVALIRFTNPUTGRVLFEAKLHRSGYITVANTGSRPIV . PANGYFRF ' WVNQFYS . APMGTH 35
Alph23 444 QS DDGHGE STPKKIHCLLPQEFIGHFFOKQAPSLGDAALLRYVNQETNRVLFECK , YRD, VIYVAASSGLL, FPLO YIL: 56

Fig. 4. Amino acid alignment of VP1 sequences of the NoV sequences examined in this study. The following regions are
indicated above the sequences (in order): N-terminal region (line); shell domain {filled box), P1-1 domain (open box); P2 domain
(XXX); P1-2 domain (open box) and C-terminal region (line) (Chen ef al, 2004). Asterisks indicate conserved amino acids.
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