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Hepatitis E virus (HEV) is the causative agent of hepatitis E, a food- and water-borne disease. In developed
countries, consumption of meats from pigs, wild boars and deer is a major source of infection. Although
HEV and HEV-related viruses have been detected in many animal species, their zoonotic potential and
prevalence has not been completely understood. To detect anti-HEV antibody in mammalian species, a
simple enzyme-linked immunosorbent assay (ELISA) was established using extract from cells expressing
HEV capsid protein and protein A/G as an antigen and a reagent for detection of antibody. Absorbance in
the ELISA was compared with those in our previous ELISA using VLPs and anti-swine antibody, suggesting
that newly established ELISA was similarly specific and sensitive as the previous ELISA. Seroprevalence of
HEV infection among wild boars was examined in Yamaguchi Prefecture, confirming that 111 of 364 wild
boars (30.5%) were positive for anti-HEV antibody. Next, this ELISA was applied to humans, dogs, cats,
ferrets, raccoons and masked palm civets in Japan, and anti-HEV antibodies were detected in humans,
ferrets, dogs and cats. This ELISA is thus useful for serological surveys and comparison of HEV infection

Keywords:

ELISA

Hepatitis E virus
Wild animals

among various mammals, including humans.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis E virus (HEV) is a non-enveloped, single-stranded
positive-sense RNA virus that belongs to the family Hepeviridae,
genus Orthohepevirus (Smith etal.,2014). HEV is the causative agent
of acute or fulminant hepatitis E in humans (Emerson and Purcell,
2007). Human HEV consists of only one serotype, but is genetically
divided into at least four major genotypes (Okamoto, 2007). Infec-
tion with HEV genotypes 1 and 2 are restricted to humans and are
often associated with water-borne outbreaks in developing coun-
tries (Meng, 2010; Aggarwal and Jameel, 2011). On the other hand,
HEV genotypes 3 and 4 cause sporadic infections in both develop-
ing and developed countries (Meng, 2010; Aggarwal and Jameel,
2011). HEV genotypes 3 and 4 infection is recognized as zoonosis,

* Corresponding author.
E-mail address: kmaeda@yamaguchi-u.ac.jp (K. Maeda).

http://dx.doi.org/10.1016/j.jviromet.2016.07.030
0166-0934/© 2016 Elsevier B.V. All rights reserved.

and the major reservoirs are pigs (Sus scrofa domesticus), wild boars
(Sus scrofa leucomystax) and deer (Cervus spp.) (Ruggeri et al.,2013).
Genotypes 3 and 4 have been detected in many mammalian species,
including pigs, wild boars, deer, rabbits (Oryctolagus cuniculus),
and mongooses (Herpestes auropunctatus) (Cossaboom et al., 2011;
Gengetal., 2011; Meng et al., 1997; Nakamura et al., 2006). Recent
reports have demonstrated that novel HEV or HEV-related viruses
are present in other animals, including wild boars, rats (Rattus spp.),
rabbits, ferrets (Mustela putorius furo), minks (Neovison vison), foxes
(Vulpes vulpes) and bats (Chiroptera spp.) (Bodewes et al., 2013;
Drexler et al., 2012; Johne et al., 2010a, 2010b; Krog et al., 2013;
Lhomme et al., 2013; Raj et al., 2012; Takahashi et al., 2014). How-
ever, their zoonotic potential and prevalence in wild animals has
not been completely understood (Johne et al., 2014).

In order to investigate antibodies prevalence against HEV and
HEV-related viruses in wild animals, enzyme-linked immunosor-
bent assay (ELISA) using purified virus-like particles (VLPs) and
animal-specific anti-immunoglobulins have been carried out. How-
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ever, there are problems with ELISA using sera from wild animals;
(1) Sera from wild animals are sometimes hemolytic, causing non-
specific reactions in serological tests; (2) Secondary antibodies
specific for animal species are used for detection of the antibod-
ies in each wild animal, but secondary antibodies for some animals
are not widely available; (3) As HEV does not grow efficiently in cell
culture, preparation of antigens is difficult (Tanaka et al., 2007). In
many laboratories, including our own, VLPs have been used as an
ELISA antigen, but impurities in VLPs affect the results of ELISA.
Therefore, highly purified VLPs are required for ELISA to detect
antibodies specific for HEV.

In this study, we developed an ELISA using extracts from
mammalian cells expressing viral protein as an antigen, and
peroxidase-conjugated protein A/G as a reagent for detection of
antibody. This ELISA was applied to the serosurveillance of HEV
infection in humans, wild boars, ferrets, raccoons (Procyon lotor),
masked palm civets (Paguma larvata), dogs (Canis lupus familiaris)
and cats (Felis sylvestris Catus).

2. Materials and methods
2.1. Serum samples

Serum samples were collected from wild boars, ferrets, rac-
coons, masked palm civets, dogs and cats. A total of 519 sera from
wild boars were collected in Yamaguchi (n=364), Hyogo (n=67)
and Wakayama (n =88) Prefectures of Japan; 47 sera from ferrets
were collected in animal hospitals throughout Japan (n=47); 208
sera from raccoons were collected in Hyogo Prefecture, Japan; 65
sera from masked palm civets were collected in Hyogo Prefecture,
Japan; 170 sera from dogs were collected in Yamaguchi (n=135)
and Miyagi (n=35) Prefectures of Japan; and 17 sera from cats were
collected in Miyagi Prefecture, Japan. Serum samples were also
collected from 24 hunters who hunt wild animals in Yamaguchi
Prefecture, Japan under permission from the Center for Clinical
Research, Yamaguchi University Hospital (Control Number: H26-
116). All collected sera were stored at —20 °C until use.

2.2. Construction of plasmids

Viral RNA was extracted from the serum of a patient with
fulminant hepatitis E in Yamaguchi Prefecture, Japan in 2011
(Okita et al., 2012) using a QIAamp viral RNA Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions.
First-strand cDNA was transcribed using the RNA LA PCR Kit (AMV)
Ver.1.1 (TAKARA, Shiga, Japan) with random 9-mer primers at 30 °C
for 10 min, 42 °C for 30 min, 70 °C for 15 min and 4 °C for 5 min. Full-
length and the N-terminal-truncated fragment of the HEV open
reading frame 2 (ORF2) were amplified using two primer pairs,
Yamagul1 ORF2 1F(Clal) (5-GT ATC GAT CAC CAT GCG CTC TCG
GGCT-3") and Yamagu11 ORF2 660R-His (5'-GT AGA TCT TCA GTG
ATG GTG ATG GTG ATG GTA CTC CCG GGT TTT ACC CA-3'), for the
full-length ORF2, and Yamagu11 ORF2 112F(Clal) (5'-GT ATC GAT
CAC CAT GGC TGT GGC TCC GGC CCC T-3’) and Yamagul1l ORF2
660R-His for the N-terminal truncated ORF2. Amplified cDNA was
digested with the restriction enzymes Clal and Bglll, and was then
cloned into the Clal-Bglll site of pCAGGS plasmid (Niwa et al., 1991).
The resultant plasmids were designated pCAGGS-HEVcap(1-660)
and pCAGGS-HEVcap(112-660).

2.3. Cells

Human embryonic kidney 293T (HEK-293T) cells were grown
in Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific,
Waltham, MA) with 10% heat-inactivated fetal calf serum (FCS;

Thermo Fisher Scientific), 100 U/ml penicillin and 100 j.g/ml strep-
tomycin at 37°Cin 5% CO,.

2.4. Expression in HEK-293T cells

HEK-293T cells were transfected with plasmids, pCAGGS-
HEVcap(1-660), pCAGGS-HEVcap(112-660) and pCAGGS using
polyethylenimine (PEI; Thermo Fisher Scientific). Briefly, 16 p.g
of plasmid were mixed with 40wl of PEI (2mg/ml) and were
transfected into HEK-293T cells in a 90-mm cell culture dish (Sum-
itomo Bakelite, Tokyo, Japan), as reported previously (Boussif et al.,
1995). After 3 days post-transfection, cells were washed twice with
phosphate-buffered saline (PBS) and detached from the dishes with
a cell scraper (Sigma-Aldrich, St. Louis, MO). Cells were treated with
0.5 ml of RIPA buffer (1% sodium deoxycholate, 1% Triton X-100,
10 mM Tris-HCl pH 7.4, 150 mM sodium chloride (NaCl), 0.5 mM
ethylenediaminetetraacetic acid) for 1h at 4°C. After centrifuga-
tion at 13,000 x g for 30 min at 4 °C, supernatant was collected and
stored at —80 °C until use.

2.5. Western blot analysis

Extracts of HEK-293T cells transfected with plasmids were
mixed with an equal volume of 2 x concentrated sample buffer
(6.25 mM Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate (SDS), 20%
glycerol, 0.001% bromophenol blue). These samples were boiled
for 3 min, placed on ice for 3 min and centrifuged at 13,000 x g for
3 min atroom temperature. Then, cell lysates were electrophoresed
on polyacrylamide gels and transferred to polyvinylidene fluoride
(PVDF) membrane (Immobilon-P; Millipore, Billerica, MA). After
blocking with Tris-buffered saline (20 mM Tris-HCl and 150 mM
NaCl, pH 7.5) (TBS) containing 3% gelatin (EIA Grade Reagent
Gelatin; Bio-Rad, Hercules, CA) for 45 min at 37 °C, the membrane
was washed three times with TBS containing 0.05% Tween 20 (T-
TBS). A mouse anti-His antibody (Tetra-His antibody; QIAGEN) was
diluted with T-TBS containing 1% gelatin. After incubation with
diluted anti-His antibody for 45 min at 37 °C, the membrane was
washed three times with T-TBS. Then, the membrane was reacted
with peroxidase-conjugated goat anti-mouse IgG+A+M (Cappel
Laboratories, Solon, OH) diluted in T-TBS containing 1% gelatin
for 45 min at 37 °C. After washing the membrane with T-TBS and
TBS three times each, specific bands were visualized with 3,3'-
diaminobenzidine tetrahydrochloride (DAB; Wako, Osaka, Japan).

In order to detect the anti-HEV antibodies in animal sera,
the PVDF membrane was prepared using the same method and
blocked with TBS containing 1% Blockace (Dainippon Pharmaceuti-
cal, Osaka, Japan) for 2 h at room temperature. Sera and Peroxidase
Conjugated Purified Recomb® Protein A/G (Thermo Fisher Scien-
tific) were diluted with T-TBS containing 0.4% Blockace.

2.6. ELISA

Extracts from HEK-293T cells transfected with the plasmids,
pCAGGS-HEVcap(112-660) or pCAGGS, were diluted to 5 pg/ml
with adsorption buffer (0.05M carbonate-bicarbonate buffer,
pH 9.6), and were distributed at 100wl per well into 96-well
microplates (Maxisorp; Nunc, Roskilde, Denmark). After incubation
at 37°C for 2 h, plates were placed at 4°C overnight. Wells were
washed three times with PBS containing 0.05% Tween 20 (PBS-T),
and were then incubated with 100 wl per well of 1% Blockace in PBS
at 37 °C for 30 min. Sera were 100-fold diluted with PBS-T contain-
ing 0.4% Blockace. Wells were washed three times with PBS-T, and
then diluted sera were added to duplicate wells. After incubation
at 37 °C for 30 min, wells were washed three times with PBS-T and
incubated with 100 pl per well of Peroxidase Conjugated Purified
Recomb® Protein A/G diluted in PBS-T containing 0.4% Blockace at
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Fig. 1. Expression of HEV ORF2 protein in HEK-293T cells. The plasmids pCAGGS-
HEVcap(1-660), pCAGGS-HEV(112-660) and pCAGGS were transfected into HEK-
293T cells and antigens were extracted from transfected cells. Inmunoblotting was
carried out using anti-His-tag antibody. Molecular masses of protein markers are
indicated on the left.

37 °C for 30 min. Following three washes with PBS-T, 100 .1 of sub-
strate reagent (HRP Substrate Kit; Bio-Rad) was added to each well.
After gentle shaking at room temperature for 30 min, the enzymatic
reaction was stopped by adding 100 .l of 2% oxalic acid to each well.
Absorbance was measured using a spectrophotometer (Bio-Rad) at
a wavelength of 415 nm. Absorbance of wells coated with extract
from empty plasmid-transfected cells were subtracted from those
of antigen-coated wells.

2.7. Statistical analysis

For statistical analysis, chi-squared, McNemar’'s and Wilcoxon
signed-rank tests were performed. P values of <0.05 were consid-
ered to be statistically significant. Cohen’s kappa coefficient was
used to calculate agreement between assays.

3. Results
3.1. Expression of HEV capsid protein

Expression of full-length and N-terminal truncated capsid pro-
teins in HEK-293T cells was confirmed by Western blot analysis
(Fig. 1). Specific bands with molecular masses of 74 kiloDaltons
(kDa) and 60kDa in cells transfected with pCAGGS-HEVcap(1-
660) and pCAGGS-HEVcap(112-660), respectively, were detected
using anti-His antibody, but no bands were detected in pCAGGS-
transfected cells. The bands with molecular masses of less

Table 1
Comparison between this and the previous ELISA using sera from wild boars in
Yamaguchi and Wakayama prefectures.

ELISA using expressed ORF2 ELISA using VLP (Hara Total
etal., 2014)
(+) (=)
(+) 44 8 52
(-) 1 118 119
Total 45 126 171

than 55kDa on N-terminal truncated protein likely represented
degraded proteins. The amount of expressed N-terminal truncated
protein was clearly greater than that of complete capsid protein.
Therefore, HEK-293T cells expressing N-terminal truncated HEV
capsid protein were extracted by TritonX-100 and sodium deoxy-
cholate and then used as antigens for ELISA and Western blot
analysis.

3.2. Establishment and evaluation of ELISA for detection of
HEV-specific antibodies in wild animals

Sixty-seven sera from wild boars captured in Wakayama Prefec-
ture, Japan, and 104 wild boars captured in Yamaguchi Prefecture,
Japan, were compared using two ELISA methods; the new method
established in this study and our previous method of VLPs and
swine-specific secondary antibody. In Wakayama Prefecture, Japan,
we did not detect any anti-HEV antibody in wild boars (Hara et al.,
2014). Using this new ELISA, the average and standard deviation
(S.D.) of OD values were 0.007 and 0.042, respectively. On the other
hand, the average and S.D. in our previous method were 0.104
and 0.074, respectively (Fig. 2). Furthermore, samples showing
absorbance of over 3.5 in this ELISA were more numerous than in
our previous ELISA. The cut-off value 0f 0.437 was calculated by ROC
analysis based on the results of this and the previous ELISA using
sera from wild boars in Yamaguchi and Wakayama Prefectures. The
area under curve of ROC was 0.986. The sensitivity and the speci-
ficity of newly developed ELISA were 0.978 and 0.937, respectively
(Table 1). By this ELISA, additional eight wild boars were classified
as positive, and one previously positive wild boar was classified as
negative The Kappa statistics for agreement between the two meth-
ods was 0.871. A conservative higher cut-off value of 0.500 was
proposed for the other mammals in order to prevent false positives.

3.3. Seroprevalence of HEV infection among wild boars in
Yamaguchi Prefecture

Seroprevalence of HEV among wild boars (n=364) in Yamaguchi
Prefecture, located in the western part of Japan, was examined by
this ELISA (Table 2). In wild boars, 111 0of 364 (30.5%) were seroposi-
tive for anti-HEV antibody. Seroprevalence in wild boars over 20 kg
(35.9%) was significantly higher than that among those less than
20kg (15%) (P<0.05) and that in wild boars over 50 kg (44.1%) was
significantly higher than that in wild boars less than 50 kg (23.9%)
(P<0.05). There were no significant differences in seroprevalence
between males (30.3%) and females (32.1%).

3.4. Detection of antibodies against HEV in humans, wild boars,
ferrets, raccoons, masked palm civets, dogs and cats

Sera from 24 hunters who hunt wild animals in Yamaguchi
Prefecture, Japan, were tested and nine hunters (38%) were
seropositive for anti-HEV antibodies. Sera from wild boars captured
in Hyogo Prefecture (n=67) and Wakayama Prefecture (n=388) of
Japan, were tested, and eight from Hyogo Prefecture (13%) and none
from Wakayama Prefecture (0%) were seropositive. Forty-seven
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Fig. 2. Comparison of absorbance in ELISA using HEV ORF2 protein expressed in cells and VLPs as antigens. ELISA was performed using sera from 67 wild boars captured in
Wakayama Prefecture, Japan, and 104 wild boars in Yamaguchi Prefecture, Japan. Black lines show the results for the new ELISA established in this study. Dotted lines show

the results for our previous ELISA (Hara et al., 2014).

Table 2
Seroprevalence of HEV in wild boars in Yamaguchi Prefecture.
Sex Body weight (kg) Total
Male Female Unknown <20 20-50 >50 Unknown
Number of examined animals 142 209 13 66 135 127 36 364
Number of anti-HEV antibody positive animals 43 67 10 38 56 7 111
Percentage of anti-HEV antibody positive animals 30.3 32.1 15 28.1 441 19 30.5
Table 3
Seroprevalence of HEV in mammals.
Species Place Year Percentage of positive animals
(Number of HEV positive
animals/Number of examined animals)
Human Yamaguchi 2015 38(9/24)
Wild boar Yamaguchi 2010-2015 30.5(111/364)
Hyogo 2011-2014 13(9/67)
Wakayama 2007-2013 0(0/88)
Dog Yamaguchi 2010-2015 0.7 (1/135)
Miyagi 2015 0(0/35)
Cat Miyagi 2015 12 (2/17)
Ferret Japan 2012-2014 11(5/47)
Raccoon Hyogo 2008-2014 0(0/208)
Masked palm civet Hyogo 2011-2014 0(0/65)

sera from ferrets were collected in animal hospitals throughout
Japan. Five ferrets (11%) were seropositive for anti-HEV antibod-
ies. Raccoons and masked palm civets were captured in Hyogo
Prefecture, Japan, and all raccoons and masked palm civets were
seronegative for anti-HEV antibodies. Sera from dogs were col-
lected in Yamaguchi and Miyagi Prefectures in Japan. The results
showed that one of 135 dogs in Yamaguchi Prefecture (0.7%) and
none of 35 dogs in Miyagi Prefecture (0%) was seropositive for anti-
HEV antibodies. In cats, two of 17 (12%) in Miyagi Prefecture, Japan,
were seropositive for anti-HEV antibodies. (Table 3)

3.5. Confirmation of antibodies against HEV by Western blot
analysis

To confirm the specificity of ELISA, Western blot analysis was
carried out. Selected sera that were positive for anti-HEV antibody

by ELISA were used as the first antibody, and a specific protein with
a molecular mass of 60 kDa was detected (Fig. 3).

4. Discussion

In this study, it was demonstrated that the newly established
ELISA is useful for detection of HEV infection in various mammalian
species, including humans. This ELISA using the new antigen and
HRP-labelled Protein A/G was improved when compared with the
previous ELISA using VLPs and animal-specific secondary antibod-
ies (Hara et al., 2014). This novel ELISA is expected to be applicable
to serological surveys of HEV infection among various wild animals.

In the previous ELISA, VLPs of HEV were expressed in insect cells
infected with recombinant baculovirus expressing a truncated HEV
capsid protein. VLPs were then purified from culture supernatant
by polyethylene glycol precipitation and density-gradient centrifu-
gation (Yamashita et al., 2009, Hara et al., 2014). The preparation
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Fig. 3. Detection of anti-HEV antibodies by Western blotting. Extracts from HEK-293T cells were used as antigens for Western blotting. Sera of 12 wild boars, 2 ferrets, 2 cats
and 2 dogs were used as the 1st antibody. Peroxidase Conjugated Purified Recomb® Protein A/G was used as a reagent for detection of antibody. Representative results are

shown in this figure. Arrow heads show the expressed HEV capsid protein.

of purified VLPs is complex and time-consuming. Our procedure
to prepare ELISA antigen comprises only lysis of cells transfected
with the plasmid. Transfection using PEI is a recently developed
and inexpensive method (Boussif et al., 1995). Furthermore, as
control wells were treated with lysates of cells transfected with
empty vector, the OD value of non-specific reactions could be cor-
rectly subtracted from the OD value in wells using lysates of HEV
capsid-expressing cells. In fact, mean absorbance of wild boars in
Wakayama Prefecture in our newly established ELISA was 0.007,
but that in the previous ELISA was 0.104 (Fig. 2), indicating that
our newly established ELISA can remove the non-specific reaction.
In addition, OD values of HEV-positive individuals by newly estab-
lished ELISA were significantly higher than those by the previous
ELISA (P<0.05, Fig. 2, Table 1), indicating that it is more sensitive
than our previous ELISA.

In order to apply the novel ELISA to numerous mammalian
species, HRP-conjugated protein A/G was selected to detect HEV-
specific antibodies. Protein A/G has been reported to have a broad
binding ability forimmunoglobulins of various mammals, including
wild boars, monkeys, dogs, raccoons and raccoon dogs (Inoshima
et al., 1999; Shimoda et al., 2013, 2014; Suzuki et al., 2015). More-
over, we demonstrated the availability of HRP-conjugated protein
A/G as areagent for detection of antibody for ELISA (Inoshima et al.,
1999; Shimoda et al., 2013, 2014; Suzuki et al., 2015; Our unpub-
lished data). Therefore, this novel ELISA could be applied to many
animal species and does not require species-specific secondary
antibodies. Importantly, the reactivity between antibody and pro-
tein A/G should be examined before ELISA using sera from new
species.

Previously, we reported a high prevalence of HEV among wild
boars in Yamaguchi Prefecture, Japan (Hara et al., 2014). In this
study, further investigation was performed using the new ELISA
method, indicating that 111 of 364 (30.5%) wild boars in Yamaguchi
Prefecture, Japan, were seropositive for HEV. This positive rate was
significantly higher than that in the other two prefectures of Japan,
Hyogo Prefecture (13%) and Wakayama Prefecture (0%) (P<0.05).
This confirms that Yamaguchi Prefecture, Japan, is an endemic area
for HEV.

We found that five of 47 (11%) ferrets tested were seropositive
for HEV. Recently, it was reported that ferret HEV was detected in
Japan (Li et al., 2014) and that it serologically cross-reacted with
human HEV (Yang et al., 2013). Therefore, these seropositive fer-
rets might be infected with ferret HEV, but not human HEV. This
suggests that the present ELISA also works well for investigating
the seroprevalence of ferret HEV infection in ferrets.

Sera from raccoons and masked palm civets in Hyogo Prefec-
ture, Japan, where a case of HEV contracted by consumption of
deer meat was first reported in 2003 (Tei et al., 2003), were exam-
ined. Although wild boars in Hyogo Prefecture, Japan, (13%) were
seropositive, all raccoons and masked palm civets were seronega-
tive for HEV. This suggests that raccoons and masked palm civets
are not reservoirs of HEV. In sera from dogs and cats, few samples
were positive for HEV. This suggests that dogs and cats in Japan are
also atrisk for HEV infection. Animal sera positive for anti-HEV anti-
body by ELISA were examined by Western blotting. A specific band
with a molecular mass of 60 kDa was visualized using sera from
wild boars, ferrets, dogs and cats (Fig. 3). The results confirmed the
ELISA data.

In conclusion, this simple and sensitive ELISA was able to detect
anti-HEV antibodies in wild boars, ferrets, dogs, cats and humans.
This ELISA may therefore become a powerful tool for investigation
of HEV prevalence among several mammals.
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Takahashi M, et a/. Swine hepatitis E virus strains in Japan form four phylogenetic
clusters comparable with those of Japanese isolates of human hepatitis E virus. J
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Kanayama A, et al. Epidemiology of domestically acquired hepatitis E virus infection
in Japan: assessment of the nationally reported surveillance data, 2007-2013. J
Med Microbiol. 2015 Jul;64(7):752-8.
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