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Abstract: Hokkaido virus (HOKYV) is a member of the genus Hantavirus, in the family Bunyaviridae. To
investigate HOKY infection in the host Myodes rufocanus, the grey red-backed vole, 199 animals were cap-
tured at Tobetsu (October 2004 and July 2005) and Nakagawa (October 2004) in Hokkaido, Japan, for
detection of antibody, antigen, and viral RNA. In the surveys in Tobetsu (2004) and Nakagawa (2004),
seropositive animals were detected at a frequency of 6.0% (5/84) and 10.4% (5/48), respectively. No
seropositive animals were detected in Tobetsu in 2005. Seroprevalence in males in Tobetsu and Nakagawa
in 2004 was 25% (1/4) and 45.5% (5/11), respectively, which was higher than in females, at 5.0% (4/80) and
0% (0/37), respectively (P<0.01). These results suggest that male animals play an important role in the
maintenance of HOKYV in M. rifocanus. Two females were seronegative but viral RNA-positive, indicating
that these animals had acute infections before antibody was produced. Another five infected animals in
Nakagawa were all male and had high levels of antibodies and viral RNA, suggesting that they had persis-
tent infections. Viral RNA copies in organs of infected animals in Nakagawa were quantified by real-time
polymerase chain reaction. Two acutely infected animals had >10 times the number of RNA copies in their
Iungs compared to those of persistently infected animals. In most cases, lungs or spleen had the highest

RNA copy number, regardless of infection status.

Key words: Hantavirus, Rodent, Epidemiology

Hantaviruses are the causative agents of rodent-borne
zoonotic diseases called hemorrhagic fever with renal
syndrome (HFRS) in Eurasian countries, and hantavirus
pulmonary syndrome (HPS) in American countries (12,
41). Viruses in the genus Hantavirus within the family
Bunyaviridae are maintained in rodents and are trans-
mitted to humans via excreta of infected rodents (48,
56). The virus genome is tripartite, single, and negative-
stranded RNA consisting of small (S), medium (M),
and large (L) segments, which encode nucleocapsid
protein (NP), glycoproteins (G1 and G2), and viral
RNA polymerase, respectively (2, 52). Humans are
considered a “dead-end” host for hantaviruses, but there
is the one exceptional case of Andes virus (ANDV)
infection that is transmitted from human to human (13,
47). Hantavirus infection among rodents occurs by

*Address correspondence to Dr. Hiroaki Kariwa, Graduate
School of Veterinary Medicine, Hokkaido University, Kita-18,
Nishi-9, Kita-kn, Sapporo, Hokkaido 060-0818, Japan. Fax:
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Abbreviations: Ab, antibody; Ag, antigen; ANDV, Andes
virus; BAYV, Bayou virus; BCCV, Black Creek Canal virus;
¢DNA, complementary deoxyribonucleic acid; DDW, deionized
distilled water; dNTP, deoxyribonucleotide triphosphate; DOBY,
Dobrava virus; DTT, dithiothreitol; EDTA, ethylenediamine
tetraacetate acid; ELISA, enzyme-linked immunosorbent assay;
FAM, carboxyfluorescein; FITC, fluorescein isothiocyanate; G,
glycoprotein, GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; HFRS, hemorrhagic fever with renal syndrome; HOKYV,
Hokkaido virus; HPS, hantavirus pulmonary syndrome; HTNYV,
Hantaan virus; IFA, immunofluorescent antibody assay; KCl,
potassium chloride; L, large; LECV, Lechiguanas virus; LNV,
Laguna Negra virus; M, medium; MGB, minor groove binder;
NaCl, sodium chloride; NP, nucleocapsid protein; NYV, New
York virus; OD, optical density; OPD, o-phenylenediamine;
PBS, phosphate buffered saline; PBST, PBS with Tween 20;
PCR, polymerase chain reaction; PMSF, phenylmethylsulphonyl
fluoride; PO, peroxidase; PUUYVY, Puumala virus; RMV, Rio
Mamore virus; RNA, ribonucleic acid; rfNP, recombinant NP; RT,
reverse transcription; S, small; SD, standard deviation; SEQV,
Seoul virus; SNV, Sin Nombre virus; Tris-HC), Tris (hydroxy-
methyl) aminomethane hydrochloride.
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direct physical contact (46) or through saliva, feces, and
urine (59).

Each hantavirus is associated predominantly with
one host rodent, and more than 30 different viruses
have been identified in the genus Hantavirus (61). The
host-virus relationships related to HFRS are Apodemus
agrarius-Hantaan virus (HTNV) (32), Rattus norvegi-
cus-Seoul virus (SEOV) (10), Apodemus flavicollis-
Dobrava virus (DOBV) (4), and Myodes glareolus-
Puumala virus (PUUYV) (44, 60). The host-virus rela-
tionships in HPS are Peromyscus maniculatus-Sin
Nombre virus (SNV) (43), Peromyscus leucopus-New
York virus (NYV) (53), Sigmondon hispidus-Black
Creek Canal virus (BCCV) (50, 51), Oryzomys palus-
tris-Bayou virus (BAY V) (29, 55), Oligoryzomys longi-
caudatus-ANDV ~ (8), Oligoryzomys flavescens-
Lechiguanas virus (LECV) (8), Oligoryzomys microtis-
Rio Mamore virus (RMV) (6), and Calomys laucha-
Laguna Negra virus (LNV) (21).

In Japan, all HFRS cases have been reported in rela-
tion to urban rats (33, 54) and laboratory rats (27, 57).
However, no HFRS cases have been officially reported
in the past 20 years (3, 24), although antibody to SEOV
was detected in one person from the Japan Ground
Self-defense Forces in Hokkaido (35), and seropositive
individuals have been reported among patients with
unknown hepatic disorders (24).

Seroepizootiological surveys on Hokkaido Island,
the northern-most major island of Japan, have revealed
that M. rufocanus is a predominant host for Hokkaido
virus (HOKV), which is serologically related to PUUY,
but has a genetically distinct lineage from the European
PUUYV (25). Although HOKV is widely distributed in
Hokkaido (26, 35), little is understood about the mode
of infection of HOKYV in M. rufocanus. Recently, Iwasa
et al. (20) reported that horizontal infection may be the
main means of maintaining HOKV in the M. rufocanus
population, as shown by microsatellite analysis. In this
study, we analyzed HOKV infection in M. rufocanus
populations from various areas, by detection of anti-
HOKYV antibody, viral antigen and viral RNA, to reveal
the mode of HOKYV infection in M. rufocanus. This
should enable us to understand the mechanism of han-
tavirus maintenance in nature.

Materials and Methods

Epizootiological surveys. In 2004 and 2005, a total of
199 indigenous wild voles (M. rufocanus) were cap-
tured in the forests of Tobetsu, Ishikari District, and
Nakagawa, Rumoi District, Hokkaido, Japan, by using
live traps (Fig. 1). The traps were baited with oatmeal
and left overnight. Blood samples were collected from
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Fig. 1. Geographic location of survey points in Hokkaido at
which M. rufocanus were captured. Filled circles indicate survey
points in 2004 and 2005.

live animals via cardiac puncture under anesthesia, fol-
lowed by collection of lungs, kidney, and spleen. Filter
paper was used to collect blood samples from dead ani-
mals.

Sample preparation. Serum samples were heat-inac-
tivated at 56 C for 30 min and stored at —40 C until use.
Lungs, kidney, spleen, and blood clots were mixed with
ISOGEN (Nippon Gene, Tokyo) and homogenated by
shaking with a zirconium bead at 3 frequency/sec for 3
min, using Qiagen M300 (Retsch, Haan, Germany) for
total RNA extraction. After being kept at room tempera-
ture for 5 min, the homogenate samples were stored at
—80 C until used for RNA extraction.

Lungs were also mixed with a lysis buffer [0.01 M
Tris-HCl pH 7.8 (Kanto Chemical, Tokyo), 2% Triton
X-100 (Nacalai Tesque, Kyoto, Japan); 0.15 M NaCl,
0.6 M KCI, 5 mM EDTA (Kanto Chemical); Aprotinin 2
ug/ml, Pepstatin 2 pg/ml, Leupeptin 5 pg/ml (Wako,
Osaka, Japan), and 1 mM PMSF (Sigma, St. Louis,
Mo., US.A)]I@37) for viral NP detection. The
homogenates were kept on ice for 30 min and cen-
trifuged at 6,000-7,000 rpm for 10 min. Supernatants
were collected and stored at —80 C until used for viral-
antigen detection. Sample preparation was performed in
a biosafety level 3 containment room, except for sample
collections from animals that were carried out in the
field.

Enzyme-linked immunosorbent assay (ELISA). (i)
ELISA for antibody detection (Ab-ELISA). Recombi-
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nant NP (tNP) of HOKV was expressed as a fusion
protein with N-utilization substance A (NusA). The
NP was diluted to 1.6 pg/ml with 0.05 ™
carbonate/bicarbonate  buffer (pH 9.8; Sigma).
Escherichia coli-expressed NusA was also diluted to
1.6 ug/ml. These recombinant proteins were added to
96-well plates (100 pl/well) and kept at 4 C overnight.
The plates were washed six times with phosphate-
buffered saline containing 0.05% Tween 20 (PBST),
blocked with Block Ace (Dai Nippon Pharmaceutical,
Osaka, Japan) at a dilution of 1:5 in deionized distilled
water (DDW), and incubated at 37 C for 1 hr. After
washing, 1:100 dilutions of wild-rodent sera were
applied to the plates (50 pl/well) and incubated at 37 C
for 1 hr. The plates were washed and incubated with
protein G/peroxidase (PO) conjugate (Zymed, San
Francisco, Calif., U.S.A.; 50 ul/well) at 37 C for 1 hr.
After washing, 200 pl o-phenylenediamine tablets
(OPD; Sigma) with hydrogen peroxide were added to
each well, and the plate was left at room temperature for
30 min. Finally, optical density (OD) values were mea-
sured at 450 nm using a Labsystem Multiskan MS
(Labsystem, Helsinki, Finland). The OD value of the
NP well minus that of the NusA well with the same
serum was calculated and regarded as the ELISA value.

(ii) ELISA for antigen detection (Ag-ELISA): Ninety-
six-well flat-bottom microtiter plates (Coaster, Corning,
N.Y.,, US.A.)) were coated with anti-rNP rabbit IgG,
diluted 1:100 with carbonate/bicarbonate buffer
(Sigma), at 4 C overnight. The well coated with anti-
NusA rabbit IgG at the same dilution was used as a
control and kept at 4 C overnight. After washing, diluted
Block Ace (1:5) was added to the plate and incubated at
37 C for 1 hr. Lung homogenates were diluted with
PBST (1:40) and added to the plates, followed by incu-
bation and washing. Diluted anti-PUUV mouse serum
with PBST (dilution 1:1,000) was added to the plates,
and incubated as described above. After washing, anti-
mouse IgG PO (1:10,000 dilution) was added to the
plates, which were further incubated. After washing,
200 ul OPD (Sigma) with hydrogen peroxide were
added to each well, and the plate was left at room tem-
perature for 30 min. The OD value of the anti-rNP rab-
bit IgG well minus that of the anti-NusA rabbit IgG
well with the same serum was calculated and regarded
as the ELISA value.

Indirect immunofluorescent antibody assay (IFA).
Vero E6 cells were infected with PUUV Sotkamo strain
and cultured for 21 days in a CO, incubator. The infect-
ed cells were collected by trypsinization, seeded onto
24-well slides, and incubated for 4 hr in a CO, incuba-
tor. The cells were washed twice with PBS and fixed
with cold acetone at —20 C for 20 min. After fixation,

the slides with the fixed cells were washed with dis-
tilled water, air dried, and stored at —30 C until use as
the antigen slide. The sera from wild rodents were tested
for anti-hantavirus antibodies by using the antigen slide
and FITC-conjugated protein G (Zymed) (34, 39).

RNA isolation and reverse transcription-polymerase
chain reaction (RT-PCR). (i) RNA extraction: RNA was
isolated from tissues (lungs, kidneys, spleen, and blood
clots) using ISOGEN (Nippon Gene), according to the
manufacturer’s protocol.

(ii) Reverse transcription: Preparation for the first-
strand synthesis of complementary DNA (cDNA) was
done by mixing 11 ul extracted RNA (5 lg), 1 pl Ran-
dom Primer (3 pg/ul) (Invitrogen, Carlsbad, Calif.,
U.S.A), and 1 ul 10 mm ANTP (TaKaRa, Otsu, Japan).
The RNA mixtures were heated at 70 C for 10 min,
cooled to 25 C for 10 min, and chilled on ice for 3 min.
The samples were further mixed with 4 ul 5X first-
strand buffer (Invitrogen), 2 il 0.1 mM DTT, and 1 pul
SuperScript II (200 U/ul) (Invitrogen). cDNA synthesis
was carried out at 42 C for 50 min and heated at 70 C
for 15 min.

(iii} PCR: The reaction mixture for PCR was pre-
pared by mixing with 1 ul cDNA sample, 18.75 pl
DDW, 2.5 ul 10X HiFi buffer (Invitrogen), 1 pul 50 mm
MgSO, (Invitrogen), 0.5 pul 10 mMm dNTP (TaKaRa), 0.5
pl forward primer (10 pum), Hokkaido S172Fw (5-
CTGCAAGCACGGCAACAAACAGTGTCAGCA-3Y,
0.5 pl reverse primer (10 M), Hokkaido S894Rv (5'-
GTCGGGGACATGATTCTTATCAAGCACATC-3",
and 0.25 pl Platinum Tag DNA polymerase High
Fidelity 5 U/ul (Invitrogen). Partial S segment was
amplified according to a thermal cycling program with
40 cycles of denaturation at 94 C for 30 sec, annealing
at 60 C for 30 sec, and extension at 68 C for 2 min. The
PCR product was further amplified by a nested PCR
with inner primer pairs, PUUV S269Fw (5-CTAAGC-
CTGCTGACCCGACTGG-3" and PUUV S707Rv (5~
ACCCCCATGACAGGACTCAT-3). The PCR pro-
gram consisted of 40 cycles of denaturing at 94 C for 30
sec, annealing at 57.5 C for 30 sec, and extension at 68
C for 2 min.

Real-time PCR. (i) DNase treatment. The mixture of
total RNA for DNase treatment was prepared in a tube
by adding 15 pg sample RNA, 5 pl 10X DNase buffer
(TaKaRa), 2 pul DNase I (5 U/ul, RNase free; TaKaRa),
0.5 ul RNase Out Ribonuclease Inhibitor (40 U/ul;
Invitrogen), and DDW to make 50 pl. The sample was
incubated at 37 C for 30 min, precipitated with Lithium
Chloride Precipitation Solution (Ambion, Austin, Tex.,
U.S.A)), and dissolved in 30 ul DDW. The DNase-treat-
ed RNA was used for cDNA synthesis as described
above.
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(ii) Real-time PCR: The primers and minor groove
binder (MGB) probes targeting HOKV S segment were
designed using the software package Primer Express
version 2.0 (Applied Biosystems, Foster City, Calif.,
U.S.A.). Probe was labeled with the 5-reporter dye
FAM and a 3-MGB/non-fluorescent quencher, respec-
tively. After optimization of primer and probe concen-
trations, samples were assayed in quadruplicate in a 25-
pl reaction mixture. Each well of the sample plate for
real-time PCR consisted of 2.25 pl ¢cDNA, 12.5 pl 2X
TagMan Universal PCR Master Mix (Applied Biosys-
tems), 0.225 pl forward primer (100 um), Hokkaido
91Fw  (5-ATGGACCCAGATGACGTTAACAA-3),
0.225 pl reverse primer (100 pm), Hokkaido 231Rv (5
TCAGCAGGCTTAGTATCCATCTT-3%, 0.46 ul fluo-
rescent probe (10.9 pum), Hokkaido S (5-ACAGT-
GTCAGCATTGG-3"), and 9.34 ul DDW. The sample
was kept at 50 C for 2 min and 95 C for 10 min, fol-
lowed by 60 thermal cycles at 95 C for 15 sec and 60 C
for 1 min, with real-time data collection using the 7000
Sequence Detection System (Applied Biosystems). For
standardization, the same amount of cDNA was applied
for rodent GADPH control with 12.5 pl 2X TagMan
Universal PCR Master Mix, 0.25 pl 10 um Rodent
GADPH Forward Primer, 0.25 @l 10 uM Rodent
GADPH Reverse Primer, and 0.25 pl 20 um Rodent
GADPH Probe (VIC Probe). All primers and probes for
real-time PCR were purchased from Applied Biosys-
tems.

Statistical analyses. Viral RNA and antibody preva-

N.H. ABU DAUD ET AL

lence (i.e., the number of animals with detectable viral
RNA or antibody, respectively) were compared between
males and females using Chi-square analyses. The dif-
ferent was considered statistically significant if P<<0.01.

Results

Evaluation of Ab-ELISA by Comparison with IFA and
RT-PCR in M. rufocanus Samples

To efficiently detect antibodies to HOKV in M. rufo-
canus for analyzing the mode of infection in a rodent
population, we expressed rNP in bacterial cells and
tried to establish an Ab-ELISA by using rNP as the
antigen. A total of 199 serum samples collected in three
different surveys (Tobetsu, 2004 and 2005, and Naka-
gawa, 2005) were tested by IFA and Ab-ELISA. In
IFA, eight sera had 1:32 or higher titers, ranging from
1:32 to 1:512, and were determined as positive (Fig. 2).
In Ab-ELISA, the OD values ranged from —0.229 to
1.273. All IFA positive sera were also positive by Ab-
ELISA (Fig. 2, Group A), if the cutoff value was set at
OD 0.3. Above this value, two IFA negative sera
(Tobetsu, 2004, #79 and #85) were considered positive
by ELISA (Fig. 2, Group B). Since viral RNA was
detected by RT-PCR from lung samples of these two
voles in Group B and seven of eight voles in Group A
(Fig. 2), ten rodents in Groups A and B were infected
with HOKV. Ab-ELISA gave a sensitivity of 100%
(8/8) and a specificity of 99.0% (189/191) to IFA in 199
M. rufocanus sera (Table 1). In the same way, Ab-
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Fig. 2. Correlation of IFA titers and ELISA. The filled and open circles indicate samples from Nakagawa and Tobetsu,
respectively. Group A, eight samples positive for ELISA and IFA; Group B, two samples positive for ELISA but neg-
ative for IFA; Group C, 189 samples negative for both tests. Cutoff points were 0.3 and =16 for ELISA and IFA,

respectively.



