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Oral delivery with virus-like particles (VLPs) is advantageous because of the inherited entry pathway
from their parental viral capsids, which enables VLP to withstand the harsh and enzymatic environment
associated with human digestive tract. However, the repeat use of this system is challenged by the self-
immunity. In order to overcome this problem, we engineered the recombinant capsid protein of hepatitis
E virus by inserting p18 peptide, derived from the V3 loop of HIV-1 gp120, into the antibody-binding site.
The chimeric VLP resembled the tertiary and quaternary structures of the wild type VLP and specifically
reacted with an HIV-1 antibody against V3 loop. Different from the wild type VLP, the chimeric VLP was
vulnerable to trypsin cleavage although it appeared as intact particle, suggesting that the intermolecular
forces of attraction between the recombinant capsid proteins are strong enough to maintain the VLP
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Recombinant capsid protein

HIV-1 epitope icosahedral arrangement. Importantly, this VLP containing the V3 loop did not react with anti-HEV anti-
Trypsin proteolysis bodies, in correspondence to the mutation at its antibody-binding site. Therefore, the insertion of peptides
Quaternary structure at the surface antigenic site could allow VLPs to escape pre-existing anti-HEV humoral immunity.

© 2012 Elsevier Ltd. All rights reserved.

1. Intreduction

Development of an effective oral delivery system for mucosal
vaccination would provide a convenient means for treatment or
prevention of various human diseases because it could constrain
the establishment and dissemination of infection at their primary
entry site, thus provide the best window of opportunity in preven-
tion of human diseases. Despite its high efficiency, there are only
a limited number of oral vaccines currently available for human
utilization, far less than the number of severe health problems
caused by mucosal pathogens [1]. There are several difficulties in
oral immunization with non-replicating molecules, such as low pH
in the stomach, the presence of proteolytic enzymes in the digestive
tract, and the presence of physical as well as biochemical barri-
ers associated with the mucosal surface itself [2]. Non-replicating
virus like particles (VLPs), that inherit cell entry pathway from the
viral capsid, pose a great advantage in providing desired specificity
on tissue targeting and gene protection [3,4] but the major hurdle

* Corresponding author. Tel.: +1 530 752 5659.
E-mail address: rhch@ucdavis.edu (R-H. Cheng).
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comes from their self-immunity, as shown with polyomavirus-like
particle [5].

Hepatitis E virus (HEV) is a non-enveloped ssRNA virus [6]
that causes human acute hepatitis through primarily fecal-and-oral
transmission [7]. HEV-VLPs is a T=1 icosahedral virus-like parti-
cles with a diameter of 270 A [8,9]. It is self-assembled from the
truncated capsid protein when it is expressed in insect cells [10]
and able to induce antigen-specific mucosal immunity after oral
administration [11-13]. The structure of HEV-VLP reveals a unique
structural modularity, i.e. the three domains of the truncated pro-
tein carry independently the biological functions [14-16]. While
the N-terminal S domain (shell; amino acids 118-317) forms icosa-
hedral base [14-16] and the adjacent M domain (middle; amino
acids 318-451) builds up the three-fold plateau, the P (protruding;
amino acids 452-606) domains exhibits profound HEV antigenic-
ity [14,17,18], dimerization [19,20], and host recognition [21]. As
a result, sequence modification at the P-domain will not interfere
with HEV-VLP assembly as well as the stability of the VLP in acidic
and proteolytic environment. In fact, a chimeric VLP carrying a pep-
tide insertion at C-terminal end of the truncated capsid protein
retains the T=1 icosahedral organization [12]. If an insertion can be
placed at antibody-binding site at the P-domain, the chimeric VLP
may be able to escape from antibody-binding. However, it requires
insertion of foreign epitope in the middle region of PORF2, and four
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Fig. 1. Schematic diagram of the chimeric p18-VLPs. (A) side view of a PORF2 dimer colored in magenta for the S-domain, slate for the M-domain and gray for the P-domain.
The residue Y485 (red stick) is overlapped with the binding site of HEP224 antibody (green colored surface). (B) Top view of the dimer showing the spatial arrangement of
Y485 (red) and the binding site of HEP224 antibody (green). (C) Insertion of 15 amino acid residues of p18 (boxed; 11-115) at the position 485 (red) of P-domain indicated by
arrowhead (bottom). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

previous trials at residues A179, R366, A507 and R542 had all failed
[12] because the insertions were found to inhibit the quaternary
assembly of the VLP [22]. With the known crystal structure and a
well-defined antibody-binding site, we selected an insertion site
after residue Tyr485. Our results indicate that the chimeric VLP
carrying the insertion at Tyr485 is stable within hydrolytic and
proteolytic environments, and is thus suitable for oral delivery.

2. Results
2.1. Reaction of p18-VLP to antibodies

The P-domain of HEV organizes into a 3-barrel consisting of two
3-sheets, the F’A”Bb” sheet and the Ba”E”"D”C” sheet. The residue
Y485 is located at the A”Ba” loop and is within the binding interface
of HEP224, a conformational anti-ORF2 antibody. The A”Ba” loop is
positioned at the shoulder of the protruding P-domain and hangs
down to cover a surface groove region. This leads to a slightly higher
B-factor for the residues around Y485 and the groove provides suffi-
cient space to accommodate additional amino acids (Fig. 1A and B).
Thus the residue Y485 was identified as a promising candidate for
insertion of a short peptide without interfering with either tertiary
structure folding or capsid assembly.

To test our hypothesis, we constructed a fusion protein by
inserting a 15-amino acid antigenic peptide, “p18”, after residue
Y485 on the P-domain of HEV-VLPs (Fig. 1C). The p18 epitope
(RIQRGPGRAFVTIGK) is from the V3 loop of the HIV-1 Env subunit
gp120, which is able to stimulate an HIV-1-specific cytotoxic T-
lymphocyte (CTL) response [23]. The fusion protein was recovered
after CsCl density gradient purification in a form of chimeric virus-
like particles (Fig. 2A), referred as “p18-VLPs”. We then assessed the
reactivity of p18-VLP to two antibodies 447-52D and HEP224 spe-
cific against the V3 loop of HIV-1 Env gp120 and a conformational
epitope of the wild type HEV, respectively. As a reference, the reac-
tivity of 0.1 mg/ml wild-type HEV-VLP to antibody HEP224 was set
as 100% (Fig. 2B). The antibody 447-52D was found to react prefer-
ably with the p18-VLPs (50% to 0.001 mg/ml and 100% to 0.1 mg/ml
p18-VLP). Although nonspecific binding was observed in wild-type
HEV-VLP at all concentrations, the level was constantly less than
30% reactivity. Strikingly, the reactivity of HEP224 to p18-VLPs was

very low. Only 1-2% HEP224 reactivity to 0.1 mg/ml p18-VLP was
detected, in contrast to the 100% reactivity to 0.1 mg/ml wild-type
HEV-VLP, although 0.1 mg/ml p18-VLP showed 100% reactivity to
the antibody 447-52D. These results indicated a successful inser-
tion of p18 peptide after residue Y485, which in turn disrupted the
binding interface to antibody HEP224 but enabled the binding to
447-52D antibody.

2.2. The assembly of p18-VLP

The p18-VLP appeared as a spherical projection decorated with
spikes on a surface profile (Fig. 2A). The projection image showed
light density in the center, suggesting that the VLP was free of
nucleicacid, like the wild-type HEV-VLP. The cryo-EM map revealed
30 protruding spikes positioned at each of the icosahedral two-fold
axes (Fig. 3). Close investigation of the density radial distribution
revealed several minor differences between p18- and HEV-VLPs.
The density of the P domain appeared thicker in p18-VLP at a radius
of 120 A and two subunits appeared weakly associated than that
in the wild-type VLP (Fig. 3). The density of p18-VLP at radius of
110A rotated slightly clockwise from that in the the wild type
VLP, although the M-domain remained at the same orientation
(r=102A) in both VLPs. Thus, the insertion of p18 peptide did not
interfere with VLP icosahedral base; instead it modified slightly
the orientation of the P-domain. The coordinates of PORF2 subunits
agreed well with the cryo-EM density map of p18-VLP (Fig. 4 A). No
adjustment was needed to fine-tune the lateral contacts between
subunits. The coordinates of three domains were in good consis-
tence to the density of icosahedral shell, the threefold plateau,
and the protruding spikes, except the flexible hinge loop between
the M- and P-domains (Fig. 4B). Therefore, the chimeric PORF2
retained the tertiary and quaternary structure of HEV wild type VLP.
Most notably, the P-domain demonstrated the same intermolecu-
lar contacts as the wild type, despite of local proteolytic cleavage
in individual subunits.

2.3. Susceptibility to proteolytic digestion
The sequence of p18 peptide is rich in positively-charged amino

acids and contains three arginines at positions I1, 14, and I8 as well
as one lysine at position I15 (Fig. 1). Insertion of such a sequence in
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Fig. 2. The characterization of p18-VLPs. (A) Cryo-electron micrograph of frozen-hydrated p18-VLP. (B) Reactivity of antibodies HIV447-52D (white bars) and HEV224 (black
bars) to the p18-VLPs (non-striated) and WT-VLPs (striated) as determined by ELISA. The data are averaged from triplicate experiments and are expressed as mean +S.D.
Note high immunoreactivity of p18-VLPs with anti-HIV447-52D but it is completely diminished with anti-HEV224.

the middle of a solvent-exposed region of a viral capsid may intro-
duce vulnerable sites for trypsin cleavage, a feature that did not
exist in the original protein. As tested by immunoblotting using
anti-HIV-1 antibody 447-52D, a single immune-reactive band was
detected at a position corresponding to a molecular weight of 53 kD
from the samples purified in the presence of protease inhibitor
(Fig. 5A). Without the protease inhibitor, a weakly immunoreactive
band of 42 kD in molecular weight was observed from the sample

HEV-VLP

collected at 6 days p.i., in addition to the 53 kDa band (Fig. 5A). Upon
storage of 25 days in the absence of protease inhibitor, the intensity
of the 42 kD peptide increased dramatically (Fig. 5A) in correspond-
ing to the decrease of the 53 kD peptide. However, the intensity
of the immune-reactive band at 42 kD remained undetectable if
protease inhibitor was added (Fig. 5A). These results indicated pos-
sible protease cleavage and the cleavage may occur at the insertion
region, most likely at the C-terminal end of p18 (I15) because the

Fig. 3. Three-dimensional density maps of p18-VLP (top panel) and the wild type HEV-VLPs (bottom panel). The surface rendering map shows that the p18-VLP resembles
the appearance of HEV-VLP and contains spike and plateau at 2fold- and 3-fold axes, respectively (the position of icosahedral axes is labeled with the corresponding number).
The particles were sliced into thin sections to show the density distribution at radii of 120 A (the P-domain), 110 A (the M-domain) and the 102 A (the S-domain). The red

dashed lines profile the difference between the p18-VLP and the wild type HEV-VLP.
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Fig. 4. Fitting of p18-VLP cryo-EM density map with the crystal structure of the HEV-VLP. The coordinates of PORF2 decamer (pentamer of dimers) agreed well with the
cryo-EM density map at 5fold-axis region (A) and with the separation of S-, M- and P-domain (B). Ribbon presentation of a PORF2 dimer showing the position of surface
groove region (C) and the hydrophobic residues (stick presentations) at the P-domain dimeric interface (D).

calculated mass of the fragment from residue 112-485 (40.5 kDa)
agreed well with the measured one and the p18 immunogenicity
is integrated with the 42 kDa fragment.

2.4. Resistance to trypsin and pepsin treatment

In order to test the stability of the chimeric VLPs in a highly pro-
teolytic milieu, we further investigated the proteolytic digestion of
the purified p18-VLPs with trypsin and pepsin, two enzymes that
are present abundantly in the digestive tract. Because the 42 kD
peptide remains immunoreactive with anti-HIV-1 antibody 447-
52D, i.e. the enzyme cleavage site is most likely at the C-terminal
end of the pl18 insertion; therefore, trypsin is the dominant
enzyme in this reaction. In the presence of trypsin, the 53 kDa band
disappeared while the 42 kDa band remained unchanged (Fig. 5B).
There was no extra band observed after silver staining. In con-
trast, the wild-type VLPs remained resistant to trypsin treatment
(data not shown). Like trypsin, pepsin is an enzyme in stomach
that cleaves peptide bonds between hydrophobic and preferably
aromatic amino acids and did not enhance trypsin digestion of

intact p18-VLP. After disassembly by the mixture of EDTA and
DTT, the combination of trypsin and pepsin enhanced proteolytic
digestion of PORF2 individual dimers. It further digested 42 kD
peptide into short peptides of multiple lengths that appeared as
extra bands in SDS-PAGE. We then investigated whether protease
cleavage of p18-VLP disassembles the VLP structure. We then
investigated whether protease cleavage disrupted the structure
of p18-VLP. We treated p18-VLP with 30 mU/ml of trypsin for one
hour and examined the treated p18-VLP via electron microscopy.
The negatively stained p18-VLPs appeared as empty ring-like
profiles covered with spikes (Fig. 5C). The measured diameter of
the projection was ~25 nm, consistent with the diameter reported
for the T=1 HEV-VLP. Therefore, this data demonstrated that the
p18-VLP maintained the VLP structure after proteolytic cleavage
and retained the resistance to hydrolytic enzyme.

The structural integrity of p18-VLP is further demonstrated by
the consistency between the structures of VLPs with and with-
out p18 insertion (Fig. 4A and B). Therefore, the chimeric PORF2
retained the tertiary structure of properly folded PORF2, and assem-
bled into a quaternary structure resembling the VLP of wild type in
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Fig. 5. Hydrolysis of the p18-VLPs. (A) VLPs recovered from the culture media in the presence (+)/absence (—) of protease inhibitors were subjected on SDS-PAGE under
reducing condition and then immunoblotted with anti-HIV-1 antibody 447-52D. (B) Electrophoresis result of the p18-VLP pretreated with EDTA/DTT, 30 mU/ml or 60 mU/ml
trypsin, and 15 mU/ml pepsin. The SDS-PAGE was performed under reducing condition and developed with silver staining. (C) Electron micrograph of negatively stained

p18-VLPs after treatment with 60 mU trypsin. Bars =100 nm.

the organization of domain display and the subunit contact. Most
notably, the protruding spike of the p18-VLP remained in associa-
tion as dimeric units on top of the intact icosahedral shell, despite
of local proteolytic cleavage in individual subunits.

3. Discussion

Virus-like particles have gained increasing interest in vaccine
development due to multiple reasons. The effect of their delivery
depends largely on the insertion site where the foreign epitope can
be well-integrated into VLP structure without causing interference
with VLP assembly. The exposed terminus of the capsid protein is
the common choice for such task. However, with a known crystal
structure, a peptide insertion can be arranged at surface antigenic
loop without disturbing the VLP structure to reduce the reactivity
to the given antibodies.

The antigenic domain of HEV is reported as conformational and
a handful of amino acids were determined as essential to antibody

binding by mutagenesis [16,24]. They can be grouped as two sur-
face patches located at the two opposite sides of the P-domain
(Fig. 6A). The binding site of antibody HEP224 is composed of three
surface loops around residue Tyr485 [22]. Insertion of p18 pep-
tide at Tyr485 disrupted the interaction of these loops leading to
conformational rearrangement. As a result, the newly defined the
loop organization is no long complimentary to HEP224 paratope
and inhibits the binding of other antibodies that recognize the
same location as HEP224 (data not shown). Insertion of p18 peptide
does not shield completely the antigenic domain; therefore further
mutation is necessary to fully block the response of HEV-VLP to the
pre-existing anti-HEV antibodies.

Trypsin cleavage did not eliminate the antigenicity of p18 when
inserted after residue Y485, since the 42 kD peptide is immunore-
active to antibody 447-52D. This chimeric VLP can thus be used as
vector to deliver protein antigen and more immunological exper-
iment is necessary. However, the p18-peptide, when exposed on
the surface of VLP by insertion at C-terminal end of PORF2, is
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Fig. 6. Antigenic structure and dimeric interface of the P-domain. (A) Surface presentation of a HEV dimer, in which the P-, M-, and S-domain are colored in gray, slate
blue, and light pink, respectively. The antibody-binding amino acids identified by mutagenesis are colored in the red. They overlap with HEP224 binding-site (green) at
residue S487 (yellow) and with 8C11 binding-site (magenta) at residue D496 (colored in brown). (B) Surface potential representation of PORF2 mononer to show the dimeric
contacting interface at the P-domain. The blue region is positively charged while the red region is negatively charge and the white region is non-polar. The amino acids of
the ball-and-stick model are labelled to show residues that are critical for dimer formation. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)

able to induce HIV-1 V3 loops specific antibody in mice (data not
shown). Nevertheless, peptide remains surface-exposed to be rec-
ognized by the target molecules when inserted after residue Y485 of
PORF2.

The three-dimensional reconstruction of the p18-VLP showed
little difference to the structure of wild-type VLPs, even when
subjected to an enzymatic environment. Trypsin cleavage most
likely occurred at the C-terminal end (I15) of the inserted p18
peptide and did not induce spike disassociation from the icosa-
hedral shell. This can be explained by the intermolecular forces of
attraction that hold the quaternary structure of HEV-VLP (Fig. 6B).
The hydrophobic effect is the primary weak force stabilizing
the folding of the P-domain as well as its interaction between
two P-domains within the same spike. There are 28 hydropho-
bic amino acids lining within the P-domains and five of them
are from the [3-strand A” (amino acids 470-475) which is well
protected by the (3-sheet F’A”Bb”. The strong hydrophobic inter-
actions hold the association of -strand A” to the C-terminal
fragment after trypsin cleavage at residue 115 and tighten up the
connection of the C-terminal fragment to icosahedral shell. Thus,
the hydrophobic core of the P-domain actually protects p18-VLP
integrity so that the VLP remained intact even in a proteolytic
environment.

In conclusion, we reported a chimeric HEV-VLP that carried
a foreign epitope at outermost surface that induces conforma-
tional changes at antigenic domain while maintains the tertiary
and quaternary structures as well as the biological resistance
to proteolytic enzymes. Moreover, the antigenic peptide can be
replaced with a short peptide sequence. It has be reported that
attachment to M cells at guts epithelium initiates antigen-specific
mucosal immune responses [25] and that the o531 integrin is
uniquely distributed on the apical surface of M cells but on the
lateral and basolateral surfaces of neighboring enterocytes [26]. It
is therefore possible to design a chimeric HEV-VLP carrying an Arg-
Gly-Asp (RGD) integrin-binding motif to enhance M-cell uptake
[27], and even carrying a targeting molecules to retarget HEV-
VLP to particular cell types, e.g. RGD motif to retarget angiogenic
endothelial cells by interacting with the overexpressed integrin

receptors [28]. Angiogenesis, a process for the formation of new
capillary blood vessels, has a crucial role in solid tumor progression
and the development of metastasis. RGD-functionalized HEV-VLP
therefore provides a safe and non-invasive vector for cancer antian-
giogenic therapy, which is designed to arrest the growth or spread
of tumors.

4. Materials and methods
4.1. Cloning of p18 sequence into position 485 of PORF2-HEV

To insert the HIV-1 pl18 epitope into the PORF2 gene,
the baculovirus transfer vector carrying the PORF2 gene
(pFastBac1/PORF2-HEV/MIul) was mutated to create a unique
Mlul at the desired location. The QuikChange® Site-directed
Mutagenesis Kit (Stratagene, La Jolla, CA) was used according to
the manufacturer’s instructions to change base pairs at position
1457 (G to C) and 1458 (C to G) so as to create an Mlul restriction
enzyme site that corresponds to position 485 in the protein
sequence in PORF2-HEV. The mutagenesis primers HEVMIuFwd
(5’GACCAGTCCACTTACGCGTCTTCGACCGGCCCA3') and HEVM-
luRev (5'TGGGCCGGTCGAAGACGCGTAAGTGGACTGGTC3') were
used for this purpose. This resulted in a relatively conservative
Gly to Ala change at position 486 in PORF2. Positive clones were
confirmed by screening plasmids for the presence of the newly
created Mlul restriction enzyme site (pFastBac1/PORF2-HEV/Mlul)
by Mlul digestion.

Two overlapping phosphorylated oligonucleotides,
p18pos#485Top (5'phos CGCGTCGCGTATCCAGAGGGGACCAG-
GGAGAGCATTTGTTACAATAGGAAAAGA) and p18pos#485Bottom
(5'phos CGCGTCTTTTCCTATTGTAACAAATGCTCTCCCTGGTCC-
CCTCTGGATACGCGA 3'), encoding the p18 epitope sequence
flanked by Mlul ends, were annealed and ligated to Mlul-digested
pFastBac1/PORF2-HEV/Mlul. Clones were screened for correct
insertion and orientation by DNA sequencing (pFastBac1/PORF2-
HEV/P18pos#485).
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4.2. Production and purification of p18-VLP

The recombinant baculovirus vectors used to express VLPs
bearing p18 epitopes were generated using the Bac-to-Bac® Bac-
ulovirus Expression System [8-10]. The p18-VLPs were collected
and purified through multiple steps of ultracentrifugation and CsCl
equilibrium density gradient. The purified p18-VLP was stored in
10 mM potassium-MES buffer (pH 6.0) in the presence/absence of
protease inhibitors (1:50, v/v).

4.3. Enzymatic digestions of p18 HEV-VLPs and protein
characterization

Proteolytic treatment was carried out for one hour at room tem-
perature. Disassembly of p18-VLPs were done in a buffer containing
50 mM Tris-HCI (pH 7.5) 1 mM ethylene glycol tetra-acetic acid
(EGTA), 20 mM dithiothreitol (DTT), and 150 mM NacCl for 1h at
room temperature. The products of cleavage were then analyzed
by SDS-PAGE under reducing conditions and stained using a com-
mercial silver staining kit from Invitrogen.

4.4. ELISA to detect binding to HEP 224 and 447-52D

The 96-well plate was coated with VLP and interacted
with anti-HEV antibody HEP 224 and anti-HIV-1 antibody
447-52D. The antibody reaction was detected by alkaline
phosphatase-labeled secondary antibodies and developed using p-
nitrophenylphosphate solution.

4.5. Negative staining of proteolyzed p18-VLPs

The reaction mixtures were loaded onto a glow-discharged,
carbon-coated EM grids and stained with 2% uranyl acetate. The
samples were examined under a JEOL-1230 transmission electron
microscope (TEM) and the images were recorded on a CCD camera
(TVIPS Gauting, Germany) at a magnification of 40,000 x.

4.6. Cryo-EM and three-dimensional image reconstruction

Cryo-EM and sample preparation were performed according to
the previously described protocol [9]. The specimen was trans-
ferred into a JEOL 2100F TEM with a Gatan 626 cryo transfer system
and the micrographs were recorded under a low-dose condition
(<10 electrons/A?) on a TVIPS CCD camera at an interval of 2 A
at specimen space. Micrographs exhibiting minimal astigmatism
and specimen drift were selected for image processing. The origin
and orientation of each individual particle was first estimated and
refined using a model-based polar Fourier transform (PFT) method
[29,30]. The three-dimensional density map was computed with
superimposing 5-3-2 icosahedral symmetry. The final density map
was reconstructed from 945 individual particles with the final res-
olution at 15.3 A assessed with Fourier shell correlation by taking
correlation coefficient of 0.5 as cutoff. The fitting was carried out
initially with program O [31] and refined Situs autofitting program
[31-34] and was stopped when the cross correlation coefficient
reached 80%. The final figures were generated using PyMOL [35].
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ARTICLE INFO ABSTRACT

To determine whether or not rats are susceptible to hepatitis E virus (HEV) infection, each
of group containing three laboratory rats (Wistar) were experimentally inoculated with
genotypes 1, 3, 4 and rat HEV by intravenous injection. Serum and stool samples were
collected and used to detect HEV RNA and anti-HEV antibodies by RT-PCR and ELISA,
respectively. The virus infection was monitored up to 3 months after inoculation. None of
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1. Introduction

Hepatitis E virus (HEV) is the sole member of the genus
Hepevirus in the family Hepeviridae (Meng et al., 2012).
HEV is a small round non-enveloped virus, 27-34 nm in
diameter, containing an approximately 7.2kb single-
strand RNA molecule as the genome, which encodes three
discontinuous and partially overlapping open reading
frames (ORFs) (Balayan et al., 1983; Tam et al., 1991).
The 5’ end of the RNA contains a cap structure, and the 3’
terminus of the RNA is polyadenylated (Kabrane-Lazizi
et al.,, 1999b; Magden et al., 2001; Tam et al., 1991). HEV
causes both epidemic and sporadic acute hepatitis E, which
is not only a serious public health concern in many
developing countries, but also is not rare among the
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general population in developed countries (Emerson and
Purcell, 2003; Nelson et al., 2011). Pregnant women have a
high mortality risk, as high as 20% (Khuroo et al, 1981;
Navaneethan et al., 2008). HEV is transmitted primarily via
the fecal-oral route through contaminated drinking water.
The full genome of G1 HEV was first identified in 1990
(Reyes et al.,, 1990). Since then, a large number of HEV have
been isolated from human and other animals (Meng et al.,
1997; Nakamura et al., 2006; Tei et al., 2003; Zhao et al,,
2009), and the HEV isolates were grouped into at least four
major genotypes, genotypes 1-4 (G1-G4) on the basis of
the nucleotide and deduced amino acid sequences (Liu
et al,, 2008). In addition to these four genotypes are
mammalian HEV strains that have been isolated from wild
boar, bat, avian, and wild rat (Drexler et al, 2012;
Hagshenas et al., 2001; Johne et al., 2010a; Raj et al,,
2012; Takahashi et al., 2011). Because G3 and G4 HEV were
isolated from pigs and wild boars in addition to humans,
and because much direct and indirect evidence has
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indicated that HEV is transmitted from pigs or wild boars
to humans, hepatitis E is recognized as a zoonotic disease
(Li et al,, 2005; Meng, 2010).

Rat HEV was recently isolated from Norway rats in
Germany (Johne et al., 2010a). However, the antigenicity,
pathogenicity, and epidemiology of this virus remain
unclear due to the lack of a viable cell culture system to
grow the virus. Although anti-G1 HEV antibodies have
been detected in wild rats in USA and Japan (Favorov
et al., 2000; Hirano et al., 2003), it is obscure whether or
not HEV (G1-G4 HEV, and wild boar HEV) substantially
replicates in rats. Although it has been reported that G1,
G2 and G3 HEV do not infect laboratory rats (Purcell
et al,, 2011), an early report showed that human HEV is
transmissible to Wistar rats (Maneerat et al., 1996).
Furthermore, part of the G3 HEV genome was detected
recently in various species of wild-caught rats (Lack and
Volk, 2012). At present, the susceptibility and infectivity
of HEV in rat remain unclear. On the other hand, rat
HEV-specific antibodies have been found in humans,
suggesting the zoonotic potential of rat HEV (Dremsek
et al.,, 2012). However, infection experiments indicated
that monkey and pigs are not susceptible to rat
HEV (Cossaboom et al., 2012; Purcell et al., 2011). In
this study, we inoculated laboratory rats (Wistar)
with G1, G3, G4, and rat HEV, and monitored the virus
growth to determine the rats’ susceptibility to HEV
infection.

2. Materials and methods
2.1. Preparation of HEV

The G1 HEV strain was derived from stool specimens
from a cynomolgus monkey (Macaca fascicularis), which
had been experimentally infected with an Indian strain
(Li et al., 2004). The G3 HEV strain (DQ079632) was
derived from stool specimens collected on a pig farm in
Japan. The G4 HEV strain (DQ079628) was from a stool
specimen collected from a wild boar caught in Aichi
prefecture, Japan. The infectivity of G1, G3, and G4 HEV
had been confirmed by experimental infections with
cynomolgus monkeys (Li et al., 2008). The copy numbers
of the G1, G3, and G4 HEV genome in the stool specimens
were 5 x 10%, 2 x 10% and 1 x 10° per ml, respectively, by
real-time RT-PCR as described previously (Jothikumar
et al., 2006). Rat HEV (V-105) was derived from rat serum
and lung tissue collected from a Vietnamese wild rat (Li
et al., 2011). Because the rat serum was collected to
detect anti-hantavirus antibodies, it was heat-inactivated
at 56 °C for 30 min. The rat lung tissue was homogenized
with 10 mM phosphate-buffered saline (PBS) to prepare a
10% suspension, shaken at 4 °C for 1h, and clarified by
centrifugation at 10,000 x g for 30 min. The supernatant
was passed through a 0.45 pm membrane filter (Milli-
pore, Bedford, MA). Both rat serum and lung suspensions
were positive for rat HEV RNA by reverse-transcription
polymerase chain reaction (RT-PCR); however, the
amount of the rat HEV RNA was too low to be detected
by real-time RT-PCR. All the specimens were stored at
—80 °C until use.

2.2. Inoculation of rats and sample collection

Fifteen 5-week-old and six 20-week-old SPF rats
(Wistar, Japan SLC), as well as two 5-week-old nude rats
(Long-Evans-run/run, Japan SLC) were used in this study.
All rats were female and negative for rat HEV RNA and anti-
rat HEV antibodies, as determined by nested broad-
spectrum RT-PCR and ELISA, respectively. To examine
the laboratory rats’ susceptibility to HEV, the rats were
inoculated with HEV intravenously through the tail vein.
To confirm the transmission route of rat HEV, two rats
were fed in a cage in which had been placed 10 g of nude
rats’ stool samples containing 1.3 x 10° copy/g of rat HEV
RNA. The rats were fed in the rat HEV-contaminated
environment for one week and then moved to a new cage
that was without rat HEV contamination. The serum
samples were collected weekly for examining of HEV RNA
as well as for HEV-specific IgG and IgM antibodies. Sera
were also used to determine ALT values. Stool samples
were collected daily after the inoculation to detect HEV
RNA. Tissues of nude rats were collected after exsanguina-
tion, and a 10% tissue suspension was prepared as
described above. The rats were monitored for 3-4 months
after inoculation and were weighed daily. All the rat
experiments were reviewed by the Institute’s ethics
committee and carried out according to the “Guides for
animal experiments performed at NIID” under codes
111069 and 112011. Rats were individually housed in
BSL-2 facilities.

2.3. A nested broad-spectrum RT-PCR

The RNA was extracted using the MagNA Pre LC system
with MagNA Pre LC Total Nucleic Acid isolation (Roche
Applied Science, Mannheim, Germany) according to the
manufacturer’s recommendations. Reverse transcription
(RT) was performed at 42 °C for 50 min followed by 70 °C
for 15 min in a 20 pl reaction mixture containing 1 pl of
Superscript™ II RNase H™ reverse transcriptase (Invitro-
gen, Carlsbad, CA), 1l of the oligo(dT) primer, 1l of
RNaseOUT™, 2 ! of 0.1 M dithiothreitol, 4 pl of 5 x RT
buffer, 1 pl of 10 mM deoxynucleoside triphosphates, 5 vl
of RNA, and 5 .l of distilled water.

A nested broad-spectrum RT-PCR analysis was per-
formed to amplify a portion of the ORF1 genome, based on
the method described previously with slight modification
(Johne et al., 2010b). Five microliters of the cDNA was used
for the first PCR in 50 I of the reaction mixture containing
an external forward primer, HEV-cs (5'-TCGCGCATCACMT-
TYTTCCARAA-3'), and an external reverse primer, HEV-cas
(5-GCCATGTTCCAGACDGTRTTCCA-3'). Each cycle con-
sisted of denaturation at 95 °C for 30 s, primer annealing
at 52 °C for 45 s, and an extension reaction at 72 °C for 60 s
followed by final extension at 72°C for 7 min. Two
microliters of the first PCR product were used for the
nested PCR with an internal forward primer, HEV-csn (5/-
TGTGCTCTGTTTGGCCCNTGGTTYCDG-3'), and an internal
reverse primer, HEV-casn (5-CCAGGCTCACCRGART-
GYTTCTTCCA-3'). Each cycle consisted of denaturation at
95 °C for 30s, primer annealing at 55 °C for 45s, and an
extension reaction at 72°C for 60s followed by final

— 145 —



56 T.-C. Li et al. / Veterinary Microbiology 163 (2013) 54-61

extension at 72 °C for 7 min. The nested PCR products were
separated by electrophoresis on 2% agarose gels.

2.4. Quantitative real-time RT-PCR for detection of rat HEV

To determine rat HEV RNA titers, a TagMan assay was
performed by using the 7500 FAST Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s recommendations. The primers consisted
0f 900 nmol/L forward (5-GTGGTGCTTTTATGGTGACTG-3/,
nt 4123-4143) and 900 nmol/L reverse {5-CAAACTCAC-
TAAAATCATTCTCAAACAC-3', nt  4196-4223), and
250 nmol/L probe (5'-6FAM-GTTCAGGAGAAGTTC-
GAGGCCGCCGT-TAMRA-3', nt 4148-4173). One-step
quantitative RT-PCR (qRT-PCR) cycling conditions were
15 min at48 °C, a 10-min incubation at 95 °C, and 50 cycles
for 15s at 95°C and 1 min at 60°C. Standard RNA is a
partial genome of V-105 (nt 3991-5100) that was
synthesized by using the MEGA script kit (Applied
Biosystems). A 10-fold serial dilution of standard RNA
(107 to 10! copies) was used for the quantitation of viral
copy numbers in reaction tubes. Amplification data were
collected and analyzed with Sequence Detector software
version 1.3 (Applied Biosystems). This quantitative real-
time RT-PCR system, with a sensitivity of 10 copies, was
used exclusively for rat HEV.

2.5. Detection of IgG and IgM antibodies

Anti-rat HEV IgG and IgM antibodies were detected by
enzyme-linked immunosorbent assay (ELISA) as described
previously (Li et al,, 2011). Flat-bottom 96-well polystyr-
ene microplates (Immulon 2; Dynex Technologies, Chan-
tilly, VA) were coated with the purified rat HEV-LPs (1 g/
mL, 100 pl/well) and incubated overnight at 4°C. The
unbound HEV-LPs were removed, and the plates were
washed twice with 10mM phosphate-buffered saline
containing 0.05% Tween 20 (PBS-T) and then blocked with
200 .l of 5% skim milk (Difco Laboratories) dissolved in
PBS-T for 1h at 37 °C. After the plates were washed four
times with PBS-T, diluted rat (100 wl/well) serum samples
were added in duplicate. The plates were incubated at
37 °C for 1 h and washed three times as described above.
The wells were incubated with 100wl of horseradish
peroxidase-conjugated goat anti-rat IgG (H+L) (Zemed
Laboratories, San Francisco, CA) (1:10,000 dilution) or
horseradish peroxidase-conjugated goat anti-rat IgM
(Jackson Immunoresearch Laboratories Inc., West Grove,
PA){1:100,000 dilution), diluted with PBS-T containing 1%
skim milk. The plates were incubated at 37 °C for 1 h and
washed four times with PBS-T. The substrate orthophe-
nylenediamine (100 1) (Sigma Chemical, St. Louis, MO)
and H,0, were added to each well. The plates were
incubated in a dark room at room temperature for 30 min,
and then 50 ul of 4N H,SO, was added to each well.
Absorbance was measured at 492 nm. The cutoff values for
IgG and IgM were determined as described previously (Li
et al,, 2011). A sample was considered positive when the
absorbance exceeded the cutoff value. Anti-G1, G3, and G4
HEV IgG and IgM antibodies were detected by ELISA as
described previously (Li et al., 2000).

2.6. Liver enzyme level

ALT value was monitored weekly by the Fuji Dri-Chem
Slide GPT/ALT-PII kit (Fujifilm, Saitama, Japan). The
geometric mean ALT during the pre-inoculation period
of each animal was used as the normal ALT value, and a
two-fold or greater increase at the peak was considered a
sign of hepatitis.

3. Results

3.1. Rats became infected with rat HEV but not with G1, G3, or
G4 HEV

Fifteen 5-week-old SPF rats (Wistar) were randomly
assigned to five groups (Table 1). RT-PCR and ELISA
indicated that all animals were negative for HEV RNA and
anti-rat HEV antibodies prior to inoculation. All rats were
inoculated intravenously with 300 pl of each sample. The
rats in groups 1, 2, and 3 were inoculated with the stool
samples containing 10% copies of G1, G3, and G4 HEV,
respectively. Two rats in group 4 and two in group 5 were
inoculated similarly with 10% rat lung homogenate or
RNA-positive rat serum, respectively. Rat-12 and Rat-15
received PBS and were used to monitor the fecal-oral
transmission of the virus (Table 1).

In groups 1, 2, 3, and 5, all the rat serum samples
collected from 1 to 13 weeks p.i. were negative for HEV
RNA, anti-HEV IgG, and anti-HEV IgM antibodies. ALT
elevation was not observed in these serum samples.
Consistent with the above results, HEV RNA was not
detected in stool samples in those groups (data not
shown). These results indicated that G1, G3, and G4 HEV as
well as heat-inactivated rat HEV were unable to infect
laboratory rats.

In contrast, anti-rat HEV IgG and IgM antibodies were
detected in Rat-10 and Rat-11 at 4 and 5 weeks p.i. in group
4 (Fig. 1). The IgG titers increased with time, peaking at 10
and 7 weeks p.i. in Rat-10 and Rat-11, respectively, before
gradually decreasing. The RNA was detected in the stool

Table 1
Grouping of HEV inoculation.
Groups Rat no. Genotype Specimens Virus titers
Group1  Rat-1 G1 HEV Monkey stool 10*
Rat-2 G1 HEV Monkey stool 10*
Rat-3 G1 HEV Monkey stool 10*
Group2  Rat4 G3 HEV Pig stool 10*
Rat-5 G3 HEV Pig stool 10*
Rat-6 G3 HEV Pig stool 104

wild boar stool  10*
Wild boar stool  10%
Wwild boar stool ~ 10%

Group 3 Rat-7 G4 HEV
Rat-8 G4 HEV
Rat-9 G4 HEV

Group 4 Rat-10 Rat HEV Rat lung tissue ND?
Rat-11 Rat HEV Rat lung tissue ND?
Rat-12 - PBS -

Group 5 Rat-13 Rat HEV Rat serum® ND®
Rat-14  Rat HEV Rat serum® ND?
Rat-15 - PBS _

? Less than detection threshold.
> Headed at 56 °C for 30 min.
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Fig. 1. Kinetics of biochemical, serological, and virological markers after intravenous inoculation. Laboratory rats (Wistar) were inoculated with rat HEV-
positive lung suspension (Rats 10 and 11) or PBS (Rat-12). HEV RNA in the stool was monitored by RT-PCR: +, positive; —, negative. Anti-rat HEV IgG (O) and
IgM (A) antibodies were detected by ELISA, and ALT (x7) elevation was monitored.

specimens from Rat-10 on days 17-20 and from Rat-11 on
days 21-24 p.i. The copy numbers of the RNA were low and
were detectable only by the nested RT-PCR (data not
shown). Rat HEV RNA was undetectable in the rat serum.
The nucleotide sequences of the amplified products from
the stool specimens were identical to those detected from
the lung suspension samples (data not shown). These
results demonstrated that rat HEV is infectious to
laboratory rats.

During the 3 months of the experiments, the ALT levels
of all the rats were lower than 401U/L, demonstrating no
changes in liver failure. The body weights of the infected
rats increased similarly to those without infection, even in
the period when rat HEV replication was extensive. No
virus replication markers were detected in one of the non-
inoculated rat (Rat-15). In this case, we found no evidence
of oral transmission of rat HEV.

3.2. Infectivity of stools recovered from V-105-infected rats

To confirm the infectivity of rat HEV recovered from
Rat-10 and Rat-11, stool samples taken from Rat-10 on day
18 p.i. and those from Rat-11 on day 22 p.i. were made to
10% stool suspensions. Two 20-week-old female rats (Rat-
10a and Rat-10b) were intravenously inoculated with
300 pl of the suspension from Rat-10. Similarly, Rat-11a
and Rat-11b were used for the stool suspension from Rat-
11. As shown in Fig. 2, anti-rat HEV IgG and IgM antibodies
were detected in the sera from all four rats at 3 weeks p.i.
Rat HEV RNA was detected in stool from three of the rats,
Rat-10a, Rat-10b, and Rat-11a, indicating that the rat HEV
recovered from laboratory rats Rat-10 and Rat-11 are
infectious. The ALT level did not increase during the
experiment in any of the four rats (data not shown).

Because serum and stools recovered from laboratory
rats contain extremely low copy numbers of rat HEV, two
5-week-old nude rats (athymic rats), NR1 and NR2, were
intravenously injected with 300 w1 of a 10% stool suspen-
sion derived from Rat-10 to produce a larger amount of rat
HEV. In both nude rats, viral RNA was first detected at 3
weeks p.i. in sera and at 2 weeks p.i. in the stool (Fig. 3). The

RNA increased, peaking at 12 weeks in serum with titers
1.6 x 10° copy/ml, and were constantly detected in feces
with the titers 2 x 10°-7 x 10°copy/g. The IgG was
negative during the experimental period (data not shown).

To compare the viral loads in different tissues of the
nude rats, the sera, intestinal contents, and tissues
including liver, heart, spleen, lung, kidney, bladder, womb,
salivary gland, and muscle were collected following the
exsanguination at the 120 days p.i. The viral RNA titers
were detected by real-time RT-PCR with a 10% suspension
of each tissue or 100wl of blood. In addition to the
intestinal contents, high virus titers were observed in the
liver: 3.1 x 107 and 3.9 x 107 copies/g in nude rats N1 and
N2, respectively (Fig. 4). Other than the liver, the spleen
was the only other site where HEV RNA was detected, with
an extremely low titer, 2.1 x 10%, suggesting that rat HEV
replicates in liver and is secreted in intestine.

3.3. Rat HEV transmitted through fecal-oral route

Because human HEV is transmitted via a fecal-oral
route, the possibility of the same transmission route was
examined. Two 20-week-old female rats, OR1 and OR2,
were fed in a cage with 10 g of stool samples containing
1.3 x 10° copy/g of rat HEV RNA derived from rat HEV-
infected nude rats N1 and N2. After one week, both rats
were moved to a clean cage and serum and stool samples
were collected to monitor the RNA.

As shown in Fig. 5, rat HEV RNA in stools was detected
from 36 to 42 days p.i. in OR1 and from 13 to 20 days p.iin
OR2. Anti-rat HEV IgG and IgM were both detected in the
sera at 6 and 3 weeks p.i. in OR1 and OR2, respectively. The
IgM antibody titers peaked at 7 and 5 weeks p.i. then
decreased gradually. The IgG antibody titers peaked at 8
and 5 weeks, respectively, and remained at high levels
until the end of the experiment. Rat HEV RNA in the serum
samples was detected at 3 weeks p.i. only in OR2. These
results indicated that rat HEV was transmitted through the
fecal-oral route. Compared with intravenous inoculation,
transmission by the fecal-oral route took more time and
higher titers of rat HEV to establish infection. The anti-IgG

— 147 —



58 T.-C. Li et al./ Veterinary Microbiology 163 (2013) 54-61

Rat-10a

Rat-10b

8,1
E

&N
g
[
o
]
% 6 8
2
® Rat-11a Rat-11b
4] 3.0
D e = = = -
2.5 -
2.0~ a
1.5 -
1.0 -
0.5- -
0 ] i i i
0 2 4 6 80 2 4 6 8

Weeks post infection

Fig. 2. Infectivity of the stool suspensions derived from the V-105-infected rats. Laboratory rats (Rats 10a and 10b) were inoculated with the stool
suspension from Rat-10. Stool samples were collected daily and serum samples were collected weekly until 6 or 8 weeks. Similarly, Rats 11a and 11b were
inoculated with the stool suspension from Rat-11. HEV RNA in the stool was monitored by RT-PCR: +, positive; —, negative. Serum IgG (O) and IgM (A)

antibodies were detected by ELISA.

antibody induced by oral inoculation lasted longer than
that induced by intravenous inoculation.

4. Discussion

Rats have long been suspected as a potential reservoir
for HEV. Before rat HEV was isolated in Germany, anti-HEV
IgG antibodies have been detected in various rat species,
including Norway (Rattus norvegicus), black (Rattus rattus),
and cotton (Sigmodon hispidus) rats (Arankalle et al., 2001;
Favorov et al., 2000; Hirano et al., 2003; Kabrane-Lazizi
et al., 1999a) by using the antigens derived from G1 HEV,
suggesting that HEV or HEV-like virus infection occurred in
wild rats. However, the source of the infection was
confirmed in a few cases, and it is not clear whether the
anti-HEV 1gG was induced by HEV or other HEV-like
viruses. In 2002, it was reported that the partial genome of
the genotype 1 HEV was detected from wild rats in Nepal

(He et al., 2002). However, that paper was retracted in
2006 because of a suspicion that the Nepal rodent HEV
sequence was contaminated in the laboratory.

Recently, the capsid proteins of rat HEV were expressed
by a recombinant baculovirus in insect Tn5 cells; these
proteins were found to be self-assembled and to form
virus-like particles (V-LPs). An ELISA was developed using
rat HEV-LPs as antigens and was employed to examine the
rat HEV-specific IgG and IgM responses. We found that
20.9% and 3.6% of wild rats in Vietnam were positive for rat
HEV IgG and IgM antibodies, respectively. Furthermore, a
new rat HEV strain, V-105, was isolated from rat HEV IgM-
positive serum (Li et al., 2011).

To determine whether or not rat HEV can infect
laboratory rats and to examine the susceptibility of
laboratory rats to other HEV genotypes, we performed
infection experiments using G1, G3, G4, and rat HEV with
laboratory rats. No sign of viral replication of G1, G3, or G4
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Fig. 3. Kinetics of rat HEV RNA in nude rats. Two nude rats were intravenously inoculated with rat HEV-containing stool suspension. HEV RNA in the serum
(A) and stool (B) were monitored by real-time RT-PCR. Nude rat N1, O; nude rat N2, A.

HEV was observed, and we concluded that the laboratory
rats were resistant to G1, G3, and G4 HEV infection.
Therefore, the anti-HEV IgG antibodies reported in various
species of rats before may be cross-reactive antibodies
induced by HEV or HEV-like virus other than human HEV.
This result was consistent with that reported by Purcell
et al.,, in which they confirmed that genotype 1. 2 and 3
HEV do not infect laboratory rats (Purcell et al., 2011).
However, Maneerat et al. (1996) published a contradictory
result, in which it has reported that human HEV
(presumably genotype 1) was transmissible to Wistar

4x107
£

B 7 -]
@ 3x10
&
(=] -
L
2 o107+
o 2x10
=
had
Yo L
=~ 10
]
- ==
0 i i i H 1 i ] i N

)
tsE2FseEeE
& =2 o8 5 3B E & g 2
TJd2d8§ 293§
@ 2 m >= o
m e
2 F
@ -
“ 3
e
£

Fig. 4. Distribution of rat HEV in a nude rat. HEV RNA in different tissues
from two nude rats, NR1 (white bars) and NR2 (black bars), are shown.

laboratory rats, although others have not been able to
reproduce this report. Recently Lack and Volk (2012)
isolated strains of genotype 3 HEV from various species of
wild-caught rats in the United States. Although the
detailed sequences data are not available, the genetic
trees from the Technical Appendix shows that isolated
sequences are quite similar to those of G3 HEV strain
AF082843, isolated from a pig in the United States.
However, this strain failed to infect to laboratory rats
(Purcell et al., 2011).

In contrast to G1, G3, and G4 HEV, HEV derived from
wild rats infected the laboratory rats. Although no rat HEV
RNA was detected in the serum samples, seroconversions
were observed and rat HEV was detected in stool,
demonstrating that laboratory rats are susceptible to rat
HEV. We also confirmed that rat HEV was transmitted by
the fecal-oral route. However, during the experimental
period, rat weight increased as with normal rats and the
ALT level did not change (Fig. 1). These results suggested
that rat HEV, at least in low doses, might not be pathogenic
torats, as shown in this study, where i.v. inoculation or oral
transmission did not induce any serious sign in the rats.
We also found that the infectivity of rat HEV was lost after
heat treatment at 56 °C for 30 min, suggesting that rat HEV
can be inactivated relatively easily.

Because the wild rat serum has been heated at 56 °C for
30 min, we used rat lung homogenates containing rat HEV
RNA to inoculate laboratory rats for the transmission
study. We did not think rat HEV could be replicated at lung
tissues, and we think that rat HEV RNA is included in the
blood remaining in the lung tissues. In fact, after
exsanguinations, the lung tissues from experimentally
infected nude rats were all negative for HEV RNA. In
addition, rat HEV RNA was not detected in heart, spleen,
kidney, bladder, womb, salivary gland, or muscle, though it
was detected in liver, suggesting that rat HEV replicates in
rat liver.

In this study we confirmed that rat HEV infection was
transmitted through the fecal-oral route. However, rat R-
12 did not become infected with rat HEV (Fig. 1) even
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Fig. 5. Kinetics of biochemical, serological, and virological markers after oral inoculation. Laboratory rats were fed HEV-contaminated food for one week, and
then viral RNA in the sera and stool were monitored by RT-PCR; +, positive; —, negative. Anti-rat HEV IgG (O) and IgM (A ) antibodies were detected by

ELISA, and ALT (v7) elevation was monitored.

though it was kept with HEV-infected rats, R-10 and R-11.
The amount of rat HEV in the stools was too low to cause
infection. Thus, HEV infection by oral inoculation may
require more virus than that by intravenous inoculation.
Our results clearly showed that the nude rats were useful
to obtain a large amount of virus for further study of the
cell culture and characterization of rat HEV.

When IgG antibody kinetics were compared between
intravenous inoculation and oral inoculation, we found
that oral inoculation induced higher titers, which was
maintained for a long time without decline (Fig. 5). These
results give us a hint about the route of HEV vaccination.
Thus far, phase II and III recombinant HEV vaccine trials
have been reported by two research groups (Shrestha et al.,
2007; Zhu et al, 2010). Both groups delivered the
candidate HEV vaccine by intramuscular injection.
Although the protective efficacy against clinically overt
HEV infection was confirmed, the duration of protection
afforded by this vaccine remains unknown. Shrestha et al.
(2007) reported that only 56.3% of vaccine inoculators
maintained a level of anti-HEV antibody for 2 years post-
vaccination. As natural HEV infection occurs via the fecal-
oral route, oral delivery of an HEV vaccine could induce the
same immune responses as natural infection. It is
necessary to consider whether the oral delivery of HEV
vaccine induces immune responses that are stronger than
those induced by intramuscular inoculation.
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SUMMARY

To examine the prevalence of human pathogens carried by rats in urban areas in Hanoi and Hai
Phong, Vietnam, we live-trapped 100 rats in January 2011 and screened them for a panel of
bacteria and viruses. Antibodies against Leptospira interrogans (22:0 %), Seoul virus (14-0 %) and
rat hepatitis E virus (23-0 %) were detected in rats, but antibodies against Yersinia pestis were not
detected. Antibodies against L. interrogans and Seoul virus were found only in adult rats.

In contrast, antibodies to rat hepatitis E virus were also found in juvenile and sub-adult rats,
indicating that the transmission mode of rat hepatitis E virus is different from that of L. interrogans
and Seoul virus. Moreover, phylogenetic analyses of the S and M segments of Seoul viruses found
in Rattus norvegicus showed that Seoul viruses from Hai Phong and Hanoi formed different clades.

Human exposure to these pathogens has become a significant public health concern.

Key words: Hantavirus, hepatitis E, leptospirosis, surveillance, zoonoses.

INTRODUCTION

Rodents play a role as reservoir hosts of causative
agents for various bacterial, viral and parasitic zo-
onoses. Wild rats (Rattus spp.) are a particularly
important source of human pathogens because they
inhabit areas in the vicinity of human dwellings.

* Author for correspondence: Professor J. Arikawa, Department
of Microbiology, Graduate School of Medicine, Hokkaido
University, Kita-ku, Kita-15, Nishi-7, Sapporo 060-8638, Japan.
(Email: j_arika@med.hokudai.ac.jp)

Leptospirosis is caused by spirochaetes belonging
to the genus Leprospira. Leptospirosis is an important
worldwide zoonosis for which the major reservoir
animals are rodents. Although some leptospirosis
cases have been diagnosed correctly, leptospirosis is
thought to be a major cause of undiagnosed acute
febrile illness (AFI) in endemic countries [1]. About 12
outer membrane proteins, including Lipl.32, OmpL1,
Ligb, LenA, LenD and Loa22, have been identified
[2]. The major outer membrane lipoprotein, LipL.32,
is the most abundant protein of the entire cell and is
highly conserved in pathogenic Leptospira spp. [3].
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Hantavirus infection, haemorrhagic fever with re-
nal syndrome (HFRS) and hantavirus pulmonary
syndrome (HPS) are also known as worldwide rodent-
borne viral zoonoses. Hantaviruses are enveloped and
negative-sense RNA viruses with a tripartite genome
comprising of large (L), medium (M) and small (S)
segments [4]. Seoul virus (SEOV) is one of the causa-
tive agents of HFRS and is carried by Rartus
norvegicus. We previously conducted epidemiological
studies on the prevalence of SEOV infection in ro-
dents and AFI patients who were not leptospirosis
patients in East Asian countries including Vietnam
[5, 6], Indonesia (Ibrahim e al., unpublished data),
Thailand [7], and Sri Lanka [8]. The epidemiological
results indicate that SEOV infection exists in rodents
and non-leptospirosis patients in all of those coun-
tries. However, hantavirus antibody-positive rates
in non-leptospirosis AFI patients were about 2-3 %,
which is almost the same as the rate in healthy people
in Vietnam [5]. Therefore, although SEOV infection is
one of the possible causes of AFI, other causative
agents are thought to exist.

Hepatitis E virus (HEV) is a positive-sense, single-
stranded RNA virus, and the HEV genome includes
two short non-coding regions surrounding three open
reading frames (ORF1-ORF3). HEV can generally be
divided phylogenetically into four genotypes. A gen-
etically distinct HEV has recently been isolated from
rats [9]. Our previous study showed the prevalence of
rat HEV antibody in wild rats in Hanoi, Vietnam.
Furthermore, the rat HEV genome was seen to be
closely associated with rat HEV in Germany [10].
Although a recent study provided evidence of human
infection with rat HEV in Germany [11], the re-
lationship between rat HEV and human disease is still
unclear.

In this study, we investigated the prevalence of
Leptospira interrogans, SEOV and rat HEV in urban
rats captured in urban areas in Hai Phong and Hanoti
City, which are the second and third most populous
cities in Vietnam, respectively. Antibody against
Yersinia pestis was also examined as it is an important
rodent-borne pathogen.

METHODS
Animals

Two hundred and 220 tomahawk live-traps were set
in the evening and checked in the morning after a
trapping night in residential districts of urban areas in

Hanoi City (4105-84° E, 20-97° N) and inside a
warehouse facing the residential district of an urban
area in Hai Phong Port (+106:69° E, 20-87° N), in
Northern Vietnam in January 2011. A total of 100
small mammals (94 R. norvegicus, 6 R. tanezumi) were
captured in Hanoi City and in Hai Phong Port.
Weight, sex and species identification were recorded
for each animal. Species were identified by external
morphology and DNA sequencing of the mitochon-
drial cytochrome b gene as described previously
[5, 12]. Sequence data for cytochrome b obtained
in this study were deposited in DDBJ/EMBL/
GenBank (accession numbers: AB674753~-AB674758,
AB746356-AB746367). To investigate the relation-
ship between maturation stage and seroprevalence,
R. norvegicus were tentatively categorized by weight
as juveniles (<100 g), sub-adults (100-200 g) and
adults (>200 g) [13]. A blood sample was collected
from each rodent via cardiac puncture under ether
anaesthesia. Serum specimens were stored at —80 °C
until serological examination. Lung specimens were
collected and stored at —80°C for polymerase
chain reaction (PCR) examination of the hantavirus
genome.

Antibody detection

Antibody against L. interrogans was detected by an
enzyme-linked immunosorbent assay (ELISA) with
Escherichia coli-expressed Lipl.32 of L. interrogans as
an antigen according to a previously described meth-
od [14]. ELISA was performed essentially by the same
procedure as described previously for hantavirus in-
fection [15]. Briefly, wells of a 96-well plate were
coated with 1 ug/ml antigen in phosphate-buffered
saline (PBS). The plates were then blocked with PBS
containing 3% bovine serum albumin (BSA) for 1 h
at 37 °C. Rodent sera were diluted 1:200 with ELISA
buffer (PBS containing 0-5% BSA and 0:05%
Tween-20) and added to the wells. After incubation
for 1 h at room temperature, the plates were washed
three times with ELISA buffer, and horseradish
peroxidase-conjugated goat anti-rat IgG antibody
(Zymed Laboratories Inc., USA) was added as the
secondary antibody. After incubation for 1 h at room
temperature, the plates were washed as described
above and colorimetric reaction was developed by
the addition of o-phenylenediamine dihydrochloride
(OPD; Sigma-Aldrich, USA). Optical density (OD)
was measured at 450 nm. A negative antigen that in-
cluded the Nus-tag protein, made from the pET43b
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vector, was used as a negative control. The sample
OD was calculated by subtracting the average OD
for each set of negative antigen duplicates from the
average OD for each set of LipL32 duplicates.
Serum samples from three wild rats (R. norvegicus),
which had been confirmed as antibody-negative to
L. interrogans by various diagnoses, were used as
negative control sera. The negative control sera were
examined in all ELISA experiments, and mean OD
value plus three times the standard deviations (s.p.)
was used as a cut-off value to distinguish ELISA-
positive and ELISA-negative samples. Antibody-
positive sera were then subjected to Western blotting
(WB) using the same antigen by the procedure de-
scribed previously [16]. Samples were considered
L. interrogans 1gG antibody-positive if they were
positive by both ELISA and WB.

Antibody to SEOV was detected by IgG ELISA
with E. coli-expressed N-terminal 103 amino acids of
the nucleocapsid protein as an antigen (HS103) as
described previously [7]. Wells of a 96-well plate were
coated with 1 ug/ml HS103 in PBS as a capture anti-
gen. ELISA using HS103 antigen was performed
using the same procedure as described above.
Antibody-positive sera were then subjected to WB
using the baculovirus-expressed antigen using the
same procedure as described above [17]. Samples were
considered SEOV IgG antibody positive if they were
positive by both ELISA and WB.

Antibody to rat HEV was detected by ELISA
with virus-like particles consisting of baculovirus-
expressed rat HEV ORF2 proteins as described pre-
viously [10]. Wells of a 96-well plate were coated with
1 ug/ml rat HEV ORF?2 proteins in PBS as a capture
antigen. ELISA was then performed essentially by the
same procedure as described above. However, block-
ing was performed using 5% skimmed milk dissolved
in PBS-T for 1 h at 37 °C.

Antibody to Y. pestis was detected by ELISA with
Fraction 1 antigen, which is a capsule-like antigen
encoded by the caf! gene, as described previously [18].
Wells of a 96-well plate were coated with 1 ug/ml
Fraction 1 antigen in PBS as a capture antigen.
ELISA was then performed using the same procedure
as described above.

Molecular characterization of hantaviruses

Total RNA was extracted from lung tissues of all
R. norvegicus and R. tanezumi rodents using Isogen
(Nippon Gene, Japan) and then reverse-transcribed
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using a First-Strand ¢DNA Synthesis kit (GE
Healthcare UK Ltd, UK). Real-time PCR followed
by PCR for sequencing of the hantavirus genome
were performed to amplify the target sequence.
Primer and probe sequences for real-time PCR were
as follows: Realtime SEOS F (5-TATGGTTGC-
CTGGGGAAAG-3'), Realtime SEOS R (5-GCT-
CTGGATCCATGTCATCA-3") and probe no. 86
(5-GCAGTGGA-3"). Hantavirus sequences were
then amplified by PCR using primers for the S and
M segments as follows: MurS110F (5-CAGAAGG-
TIAIGGATGCAGA-3"), SEOS1589R (5-ACTTA-
AGGTGACCTGGCCCT-3), SEOMI1277F (5-TT-
TAGAGCAGCTGAGCAGCAGAT-3) and MI12-
3161R (5-AACCACTATGGCCACCTTTC-3)).

PCR products were purified and DNA sequencing
was performed as described previously [5]. Phylogen-
etic relationships among the hantavirus sequences
were evaluated using the Neighbour-Joining (NJ)
program with the Kimura two-parameter distance in
CLUSTALW version 1.83 (European Bioinformatics
Institute, UK). The phylogenetic tree was visualized
using the NJ plot program. Bootstrap resampling
analysis was performed using 1000 replicates.

The viral sequence data obtained in this study were
deposited in DDBIJ/EMBL/GenBank (accession
numbers: AB674759—-AB674769).

Statistical analysis

Differences between seroprevalence and body weight
were examined for statistical significance by the
Mann-Whitney U test. P values <0-05 and <0-01
were considered significant. Differences in sero-
prevalence, sex and geographical origin were ex-
amined for statistical significance by Pearson’s y* test
or Fisher’s exact test. To estimate the relationship of
co-infection of a human pathogen in the rodents, we
obtained an estimate from each study of the odds
ratio (OR) with 95% confidence interval (95 % CI).

RESULTS
Prevalence of antibodies to rodent-borne pathogens

The trapping rates of rodents in Hanoi City and Hai
Phong Port were 32-0% and 15-0%, respectively.
Prevalence of antibodies against four rodent-borne
pathogens is given in Table 1. Antibodies against
L. interogans were detected in 21-7% (13/60) and
26:5% (9/34) of R. norvegicus captured at Hanoi City
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