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The virus isolated from moose appears to constitute a
distinct lineage within species Orthohepevirus A, but
definitive placement requires a complete genome sequence.

Orthohepevirus B. Although four genotypes of Ortho-
hepevirus B have been proposed (Bilic et al, 2009; Hsu &
Tsai, 2014; Huang et al., 2004), these are much less diverse
than the genotypes of Orthohepesvirus A. For example there
is <6 % divergence in Orthohepevirus B complete genome
amino acid sequences (Figs 1 and 3), which is less than the
divergence observed within HEV-3 (<9%) and HEV-4
(<7%). In addition, the amino acid sequence distances
among the eight currently available complete genome
sequences of members of species Orthohepevirus B form
a continuous distribution, where distances within geno-
types (maximum 3.3 %) approach those between geno-
types (minimum 3.6 %). If additional complete genome
sequences were available, this narrow division might
disappear.

Orthohepevirus C. The extent of diversity (<11 %) among
complete genome amino acid sequences of the rat-derived
Orthohepevirus C variants barely overlaps that observed
among genotypes of species Orthohepevirus A (10-18 %).
However, much greater divergence is observed between rat
and ferret Orthohepevirus C variants (23 %). Analysis of the
short region of ORF1 for which sequence information is
available from additional variants (Fig. 2d) indicates that
diversity among greater bandicoot and Asian musk shrew
isolates falls within that of the rat variants (Guan et al,
2013; Li et al, 2013), while isolates from the mink group
falls within those from ferret (Krog et al., 2013). Based on
this information, we propose that Orthohepevirus C may be
divided into two genotypes, namely HEV-C1, including
isolates derived from hosts in the orders Rodentia and
Soricomorpha, and HEV-C2, including isolates derived
from ferret (and possibly mink).

Orthohepevirus D. A single complete genome sequence is
available for species Orthohepevirus D, but phylogenetic
analysis of a short region of ORF2, for which data from
additional isolates are available, suggests a level of diversity
equivalent to that within species Orthohepevirus A and
Orthohepevirus C (Fig. 2d). While this is consistent with the
existence of multiple genotypes within Orthohepevirus D,
additional sequence information is required to confirm
that these relationships prevail for larger genomic regions.

Subgenotypes

Several studies have attempted to define subgenotypes of
genotypes HEV-1, HEV-3 and HEV-4 in the species
Orthohepevirus A, in some instances based on the analysis
of subgenomic regions (Lu er al., 2006; Zhu et al., 2011).
Such categories may form useful labels for epidemiological
studies (Dai et al, 2013), but more recent analysis of
complete genome sequences suggests that it is not possible
to define discrete boundaries that distinguish subgenotypes

with consistency (Okamoto, 2007; Oliveira-Filho et al.,
2013; Smith et al, 2013). We recommend the approach,
commonly adopted in several recent publications, of labelling
clades apparent within sequence sets (Dai et al., 2013; Tjaz
et al, 2014; Oliveira-Filho er al, 2013) without defining
them as permanent classification assignments.

Reference sequences and numbering

A recurring difficulty in the literature, relating to molecular
studies of members of the family Hepeviridae, is that of
comparing different studies for which there is no explicit
standard sequence with reference to which nucleotides or
amino acid residues are numbered. The presence of numerous
insertions or deletions and regions of low similarity in
alignments of Hepeviridae sequences precludes a unified
numbering system that is applicable across all species or
genera. We recommend that genome sequences be num-
bered with reference to the first nucleotide of the prototype
complete genome sequence available for each species within
the genus Orthohepevirus (Table 1). Nucleotide sites in variants
that contain insertions relative to the prototype sequence
should be identified with additional letters, beginning at the
site of insertion. For example, a three-nucleotide insertion at
position 1788 of the prototype sequence would be numbered
1788a, 1788b, 1788c. Insertions of more than 26 nt would be
numbered from the twenty-seventh position as 1788aa,
1788ab, etc. and then as 1788ba, 1788bb, etc. as required.
This mirrors the system adopted for HCV (Kuiken et al,
2006). Similarly, amino acid residues should be numbered
with reference to the first residue of the appropriate ORF
from the reference sequence, for example ORF1-929, with an
insertion at this site indicated by suffix letters such as ORF1-
929a, ORF1-929b, etc., followed if necessary by ORFI-
929 aa, ORF1-929ab, etc.

Conclusions

The proposed classification, which assigns a separate
hierarchy of genus and species, respects the different levels
of divergence between the cutthroat trout virus and all
other hepeviruses. The degrees of sequence divergence and
conservation of genomic features associated with these
categories closely match those attributed to genera and
species in other virus families (e.g. Picornaviridae, Calici-
viridae and Flaviviridae). This description of relationships
among members of the family Hepeviridae will help to
resolve current confusion in the literature and, by provid-
ing a rational basis for taxonomic assignments, help to
reduce the number of future conflicts as more members of
this family are discovered.

METHODS

Phylogenetic analysis included the complete genome sequences in
GenBank accessions M73218, M74506, AF082843, FJ906895,
AB301710, AJ272108, AB602441, AB856243, AB573435, KJ496143,
KJ496144, JN167537, JN167538, GU345042, GU345043, JX120573,
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AB847305, AB847306, AB847307, AB847308, AB847309, JN998606,
JN998607, AB890001, AB890374, JN597006, JN997392, AM943647,
AM943646, GU954430, AY535004, EF206691, KF511797, JQ001749
and HQ731075. Analyses of subgenomic regions included the
additional sequences JQ001744-8 and JQ071861 (bat), JN167530-6,
KC473527-31, JN040433, KC294199, JF516246, GQ504009-10 and
AB725884-900 and AB847310-406 (rat), KF268376-93 (ferret),
KC465990-6001 (greater bandicoot and Asian musk rat),
KC692369-70 (fox), KC802090-3 (mink), AY043166 (chicken) and
KF951328 (moose).

A further dataset included 137 complete genome sequences isolated
from humans, pigs, rabbits and wild boar (downloaded from
GenBank on 4 February 2014, excluding recombinant sequences
and sequences differing from other sequences by less than 0.2% of
nucleotide positions in ORF1), as follows: M73218, AB720034,
JF443717, JF443718, JF443720, JF443721, JF443722, JF443723,
JE443725, JF443726, JQ655734, FJ457024, D11092, AY204877,
AY230202, AF185822, AF076239, X99441, M74506, KC618402,
AB780450, AB740232, JQ953664, JQ953665, JQ9I53666, JN837481,
JN906974, AB593690, AB630970, AB630971, AB591733, AB591734,
HQ389543, HQ709170, AB481226, AB481228, AB481229, FJ653660,
FJ426403, FJ426404, FJ956757, FJ998008, FJ705359, AB291951,
AB291953, FJ527832, EU375463, AB189071, AB236320, EU723512,
EU723514, AB073912, EU495148, AB089824, AB091394, AB222182,
AB222183, AB222184, AB248520, AB248522, AB290312, AB290313,
AB291961, AB291962, AB291963, EU723513, EU723516, AB074920,
AP003430, EU360977, AB369687, AB369689, AB369691, AB246676,
AY575857, AF455784, AY115488, AF060669, KF922359, AF082843,
FJ906895, JX109834, AB740220, FJ906896, AB740221, AB740222,
JX565469, JQO13791, JQO13792, JQO13793, FJ610232, KC492825,
KF176351, JF915746, JQ740781, JX855794, AB291959, JQ655733,
JQ655735, JQ655736, AB698654, JQ993308, AB602439, GU361892,
GUI119960, GU119961, GU206559, HQ634346, AB481227,
HM439284, FJ763142, GU188851, AB480825, AB197673, AB197674,
AB091395, AB220974, AB291964, AB074915, AB080575, EU676172,
AB108537, AB369688, AB369690, EU366959, EF570133, DQ279091,
EF077630, AY723745, AB253420, AY594199, AJ272108, AB602441,
AB856243, AB573435, KJ496143 and KJ496144. Sequences were
aligned using MUSCLE v3.8 (Edgar, 2004) within ssE v1.1 (Simmonds,
2012), and then refined manually. Phylogenetic analysis was
conducted using MEGA version 6 (Tamura et al, 2013). Using the
optimal model for each dataset, maximum-likelihood trees were
reproduced by using the programs Models and Phylogeny in MEGA 6.
Distances between nucleotide and amino acid sequences were
generated within SSE program. Homology to known protein domains
were identified using Motif Scan (http://myhits.isb-sib.ch).
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Our previous studies indicated that hepatitis E virus (HEV) forms membrane-associated particles
in the cytoplasm, most likely by budding into intracellular vesicles, and requires the multivesicular
body (MVB) pathway to release virus particles, and the released HEV particles with a lipid
membrane retain the frans-Golgi network protein 2 on their surface. To examine whether HEV
utilizes the exosomal pathway to release the virus particles, we analysed whether the virion release
from PLC/PRF/5 cells infected with genotype 38 HEV (strain JEO3-1760F) is affected by treatment
with bafilomycin A1 or GW488689, or by the introduction of a small interfering RNA (siRNA) against
Rab27A or Hrs. The extracellular HEV RNA titre was increased by treatment with bafilomycin A1,
but was decreased by treatment with GW4869. The relative levels of virus particles released from
cells depleted of Rab27A or Hrs were decreased to 16.1 and 11.5 %, respectively, of that
released from cells transfected with negative control siRNA. Electron microscopic observations
revealed the presence of membrane-associated virus-like particles with a diameter of
approximately 50 nm within the MVB, which possessed internal vesicles in infected cells.
Immunoelectron microscopy showed positive immunogold staining for the HEV ORF2 protein on
the intraluminal vesicles within the MVB. Additionally, immunofluorescence analysis indicated the
triple co-localization of the ORF2, ORF3 and CD63 proteins in the cytoplasm, as specific
loculated signals, supporting the presence of membrane-associated HEV particles within the
MVB. These findings indicate that membrane-associated HEV particles are released together with
internal vesicles through MVBs by the cellular exosomal pathway.

INTRODUCTION

Hepatitis E virus (HEV), a member of the genus Hepevirus
in the family Hepeviridae, is the causative agent of acute or
fulminant hepatitis E, which occurs in many parts of the
world, principally as a water-borne infection in developing
countries and a zoonotic infection in industrialized countries
(Chandra et al., 2008; Colson et al, 2010; Dalton et al., 2008;
Purcell & Emerson, 2008; Tei et al., 2003; Yazaki et al., 2003).
HEYV is a non-enveloped small virus with a diameter of 27—
32 nm, present in the bile and faeces of infected hosts. The
HEV genome is a positive-sense, ssSRNA composed of
approximately 7200 nt, which is capped and polyadenylated
(Kabrane-Lazizi et al., 1999; Tam et al., 1991). The genome
consists of a 5" UTR, three ORFs (ORF1, ORF2 and ORF3)
and a 3’ UTR with a poly(A) tail (Emerson & Purcell, 2007).
ORF1 encodes non-structural proteins, including a methyl-
transferase, a papain-like cysteine protease, a helicase and an

RNA-dependent RNA polymerase (Agrawal et al, 2001;
Koonin et al, 1992). ORF2 and ORF3 overlap, and their
proteins are translated from a bicistronic subgenomic RNA
that is 2.2 kb in length (Graff er al., 2006; Ichiyama et al,
2009). The ORF2 protein is the viral capsid protein, while
the ORF3 protein is a small protein of only 113 or 114 aa that
is thought to act as an adaptor to link the intracellular trans-
duction pathways, reduce the host inflammatory response
and protect virus-infected cells (Chandra et al, 2008).
Recently, it was found that ORF3 proteins play an important
role in virion egress from infected cells (Emerson et al, 2010;
Nagashima et al., 2011b; Yamada et al., 2009a).

Four major genotypes (1—4) of HEV have been identified
in humans. HEV genotypes 1 and 2 have only been found
in humans and are associated with epidemics in developing
countries, whereas HEV genotypes 3 and 4 are zoonotic,
and are responsible for sporadic or clustered cases of
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disease worldwide (Okamoto, 2007). A number of animal
strains of HEV have also been identified in increasing
numbers of animal species, including chickens, pigs, wild
boars, deer, mongooses, rabbits, rats, ferrets and bats
(Meng, 2013).

Although HEV particles present in faeces and bile are non-
enveloped, those in circulating blood and culture supernat-
ant have been found to be covered with a cellular membrane,
similar to enveloped viruses (Takahashi et al., 2008b, 2010;
Yamada et al, 2009a). Our previous studies demonstrated
that a PASP motif in the ORF3 protein of HEV is necessary
for virion release from infected cells (Nagashima et al,
2011b), and that the tumour susceptibility gene 101 (Tsg101)
and the enzymic activities of vacuolar protein sorting protein
4 (Vps4A and Vps4B) are involved in the release of HEV
virions, indicating that HEV utilizes the multivesicular body
(MVB) pathway to release HEV particles, which is promoted
by the cellular mechanism of endosomal sorting complexes
required for transport (ESCRT) (Nagashima et al., 2011a).
Furthermore, it was found that the membrane-associated
HEV particles are abundantly present in the lysates of infected
cells, thus suggesting that HEV utilizes the MVB machinery
intracellularly, but not on the cell surface (Nagashima et al,
2014). Based on the results obtained in such previous studies,
it is likely that HEV utilizes the endomembrane for mem-
brane formation and budding. However, the release pathway
of the virion has not yet been characterized.

Enveloped viruses, such as hepatitis C virus (HCV), human
herpes virus 6 (HHV-6) and rice dwarf virus (RDV), are
known to be released from infected cells together with
internal vesicles (exosomes) via the cellular exosomal pathway
(Mori et al, 2008; Tamai et al, 2012; Wei et al, 2009).
Therefore, in the present study, we investigated the require-
ment of the exosomal pathway for the release of HEV virions
by using an inhibitor and accelerator of exosome release or a
small interfering RNA (siRNA) against Rab27A, which is a
Rab GTPase important for MVB docking at the plasma
membrane and exosome secretion (Ostrowski et al, 2010),
and Hrs, which is an ESCRT-0 component required for the
secretion of exosomes (Tamai et al, 2010). We thereafter
observed the membrane-associated virus-like particles in
HEV-infected cultured cells by immune electron microscopy.

RESULTS

Reguirement of the exosomal pathway for virion
release

To investigate the involvement of the exosomal pathway in
HEV release, we examined the effects of an accelerator or
inhibitor of exosomal release. The accelerator was bafilo-
mycin Al, a vacuolar H™ ATPase inhibitor, which inhibits
lysosomal function (Alvarez-Erviti et al, 2011). We also
used GW4869, a neutral sphingomyelinase inhibitor, which
is known to inhibit ceramide biosynthesis (Trajkovic et al,
2008). We examined the effects of these agents on the

release of HEV in the HEV-infected cells. These drugs had no
significant effect on the viability of the cells, as revealed by
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS)
assay, within 24 h of the drug application (Fig. 1a). We
therefore treated the infected cells with the two drugs for
24 h.

After treatment for 24 h, the cells and their culture super-
natants were collected. The extracellular HEV RNA levels
were increased to 203.6, 226.8 and 244.9 % of the levels of
the DMSO-treated control after treatment with 10, 20 and
50 nM bafilomycin Al, respectively (Fig. 1b, left panel)
(P<0.01). Conversely, the intracellular HEV RNA levels
were reduced to 75.8, 66.7 and 52.1% of the DMSO
control levels after treatment with 10 nM, 20 nM and
50 nM bafilomycin Al, respectively, suggesting that HEV
release is greatly facilitated by bafilomycin Al (Fig. 1b,
right panel) (P<<0.01 or P<C0.001).

On the other hand, the extracellular HEV RNA levels were
reduced to 98.2, 85.6 and 74.0 % of the DMSO control after
treatment with 2, 5 and 50 pM GW4869, respectively (Fig.
1¢, left panel) (P<<0.001). In contrast, the intracellular HEV
RNA levels were increased to 105.9, 110.7 and 120.6 % of
the DMSO control level after treatment with 2, 5 and 50 uM
GW4869, respectively (Fig. Lc, right panel) (P<0.001). This
suggests that GW4869 blocked HEV particle release, without
affecting HEV RNA replication, thereby causing the
accumulation of HEV particles in the infected cells. These
results suggest that the exosomal pathway is required for the
release of HEV virions.

Functional involvement of Rab27A and Hrs in
virion release

To examine whether the exosomal pathway is functionally
involved in HEV release, we utilized siRNA to deplete
Rab27A, which is a Rab GTPase required for the secretion of
exosomes (Ostrowski er al., 2010), or Hrs, which is known to
be necessary for exosome secretion (Tamai et al,, 2010), and
examined their effects on the HEV virion release from
infected cells. Firstly, to confirm the subcellular localization
of the ORF3 protein, Rab27A, and Hrs in the PLC/PRF/5
cells inoculated with HEV, we carried out a double immuno-
fluorescent staining assay. The ORF3 protein co-localized
with Rab27A (Fig. 2a) and Hrs (Fig. 2b), thus suggesting that
both Rab27A and Hrs participate in virus replication.

To deplete Rab27A or Hrs in PLC/PRF/5 cells, the cells were
treated with 5 nM siRNA specific for Rab27A (siRab27A) or
Hrs (siHrs) or with negative control siRNA (NC siRNA) two
days before and four days after virus inoculation (Fig. 2c).
Two days after the first transfection of siRNA, the treated
cells were inoculated with 1.0 x 10° copies of cell culture-
derived HEV. Transfection of siRab27A and siHrs, but not
NC siRNA or buffer only (no siRNA), caused a marked
reduction in the respective levels of endogenous Rab27A and
Hrs in the inoculated cells (Fig. 2d, e; day 0). In contrast, no
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Fig. 1. Effects of drugs on HEV virion release. The PLC/PRF/5 cells infected with culture-produced wild-type HEV (JEO3-
1760F strain) were cultivated with growth medium containing 0—1.0 % (v/v) DMSO, 0-50 nM bafilomycin A1 (abbreviated as
Baf-A1 in this figure) in the presence of 0.1 % DMSO, or 0-50 pM GW4869 in the presence of 1.0 % DMSO for 24 h. (a) The
results of an analysis of the cellular proliferation and survival by the MTS assay. (b) The levels of extracellular and intracellular
HEV RNA in the infected cells treated with bafilomycin A1. (c) The levels of extracellular and intracellular HEV RNA in the
infected cells treated with GW4869. All experiments were done in triplicate, and the data represent the mean £ sp. *, P<0.01;

**, P<0.001.

discernible alteration was observed in the expression level of
B-actin. The HEV RNA levels in the culture supernatant of
cells transfected with NC siRNA or no siRNA increased
gradually from six days post-inoculation, and reached
4.3 x10° and 4.0 x 10° copies ml~" on day 10, respectively
(Fig. 2f). In sharp contrast, the HEV RNA level in the culture
supernatant of the siRab27A- or siHrs-transfected cells
increased only slightly on day 10, reaching 7.0 x 10* and

5.1 x 10* copies ml™}, respectively (P<<0.001). The relative
levels of virus particles released from cells depleted of Rab27A
or Hrs were significantly decreased to 16.1 and 11.5 % of that
released from cells transfected with NC siRNA, respectively.
The depletion of endogenous Rab27A and Hrs continued at
least until day 10, while f-actin was detected at equal levels in
both the cells transfected with siRab27A or siHrs and those
transfected with NC siRNA or no siRNA.
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Fig. 2. Effects of siRNAs on HEV virion release. (a, b) Double immunofluorescent staining of the Rab27A (a) or Hrs (b) and
OREF3 proteins in PLC/PRF/5 cells infected with cell culture-produced HEV (JEO3-1760F strain), as determined by an Alexa
Fluor 488-labelled anti-Rab27A (a) or anti-Hrs mAb (b) and an Alexa Fluor 594-labelled anti-ORF3 mAb. Co-localization is
shown in yellow. Nuclei were stained with DAPI. All images are representative of two independent experiments. Scale bars,
10 pm. (c) The experimental schedule. PLC/PRF/5 cells were transfected with siRNA two days before and four days after virus
inoculation on day 0. Half of the culture medium was replaced with antibiotic-free growth medium every other day after virus
inoculation. (d, e) The effects of siRNA specific for Rab27A (d) or Hrs (e). PLC/PRF/5 cells were treated with siRNA specific for
Rab27A (siRab27A), Hrs (siHrs), negative control siRNA (NC siRNA) or buffer only (no siRNA). On the indicated days after
inoculation, the cells were lysed, and the expression levels of Rab27A (d, upper panel), Hrs (e, upper) and f-actin (d, e, lower
panel) were detected by Western blotting analysis using anti-Rab27A, anti-Hrs and anti-$-actin mAbs, respectively. (f) The
levels of extracellular HEV RNA in the infected cells treated with siRNA. (g) The levels of intracellular HEV RNA in the infected
cells that were transfected with siRNA. The HEV RNA titre was quantified by real-time RT-PCR with primers and a probe
targeting the ORF2/ORF3 overlapping region. All experiments were done in triplicate and the data represent the mean = sp.
*, P<0.001.

Next, the intracellular viral RNA was serially quantified by
real-time reverse transcriptase (RT)-PCR methods with an
ORF2/ORF3 probe capable of detecting both genomic and
subgenomic RNAs. The HEV RNA levels in the siRab27A-
or siHrs-transfected cells were similar to those in the cells
transfected with or without control siRNA at one, four and

eight days post-inoculation (Fig. 2g), suggesting that the
HEV RNA replication was not affected by the siRab27A or
siHrs transfection. These results clearly indicated that both
Rab27A and Hrs play a pivotal role in the release of HEV
virions, and also strongly suggested that HEV utilizes the
exosomal pathway to release virions.
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Morphological analysis of HEV-infected celis
using electron microscopy

To gain further insight into the trafficking patterns of HEV
particles in infected cells, we performed an electron micro-
scopic analysis of the HEV-infected cells. First, we analysed
the HEV particles released from infected cells using a trans-
mission electron microscope (TEM). Membrane-associated
HEYV particles were observed extracellularly (Fig. 3a). These
particles were approximately 50 nm in diameter and
contained the outer membrane and nucleocapsid, which
were included in the core exhibiting a high electron density
(Fig. 3a). In agreement with previous studies (Balayan et al.,
1983; Bradley 1990, Ticehurst 1991), these particles without
an outer membrane were estimated to be 30-35 nm in
diameter. Furthermore, similar membrane-associated parti-
cles were observed extracellularly in HepG2 and A549 cells
(Fig. 3b, c). On the other hand, no such virus-like particles
were observed in the uninfected cells.

We subsequently examined the intracellular HEV particles
using TEM. The MVB, which includes a multitude of
small vesicles, were present in the cytoplasm (Fig. 4a),
and membrane-associated virus-like particles were found
within the MVB (Fig. 4b, c). These virus-like particles
possessed the outer membrane and core in the nucleo-
capsid, and their diameters were consistent with those of

Fig. 3. Electron microscopy findings of the HEV-infected cells.
Ultrathin sections of epon-embedded PLC/PRF/5 (a), HepG2 (b)
and A549 (c) cells infected with cell culture-produced HEV (JEO3-
1760F strain). The arrows indicate extracellular membrane-
associated virus-like particles. The insets show high magnification
images. Scale bars, 50 nm.

Fig. 4. Morphological features of HEV-infected PLC/PRF/5 cells.
In ultrathin sections of epon-embedded cells, the arrows indicate
the MVB, including a multitude of small vesicles in the cytoplasm
(scale bar, 100 nm) (a) and membrane-associated virus-like
particles within the MVB (scale bar, 50 nm) (b, ¢). The insets
show high magnification images.

the extracellular HEV particles (Fig. 3). Similar virus-like
particles were observed in the MVB of HEV-infected
HepG2 and A549 cells, but not in the uninfected cells (data
not shown).

Fig. 5. Imnmunocytochemical detection of the ORF2 protein within
the MVB in HEV-infected PLC/PRF/5 cells. In ultrathin sections of
LR white-embedded cells, the arrows indicate positive immuno-
gold staining for the HEV ORF2 protein on the intraluminal vesicles
within the MVB. Scale bars, 50 nm.
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Fig. 6. Results of a triple-labelled immunofluorescence analysis of the ORF2, ORF3 and CD63 proteins in PLC/PRF/5 cells
infected with cell culture-produced HEV (JE03-1760F strain). At 20 days post-inoculation, the infected cells were stained
simultaneously with Alexa Fluor 350-conjugated anti-CD63, Alexa Fluor 488-conjugated anti-ORF2 and Alexa Fluor 594-
conjugated anti-ORF3 antibodies. Triple localization is shown in white. All images are representative of two independent

experiments. Scale bars, 10 um.

Next, to confirm whether the virus-like particles were those
of HEV, we carried out immunoelectron microscopy studies
using a mouse mAb against the ORF2 protein of HEV
(H6225) and immunogold-conjugated anti-mouse IgG
(12 nm colloidal gold). Positive immunogold staining for
the HEV ORE2 protein was detectable on the intraluminal
vesicles within the MVB (Fig. 5). In contrast, no specific
binding of gold colloid was observed in the cells that reacted
only with immunogold-conjugated anti-mouse IgG. These
findings indicate that membrane-associated HEV particles
are present within MVBs, together with internal vesicles.

Co-localization of the virus proteins (ORF2 and
ORF3) with CD63

In previous studies, we demonstrated that the ORF3 protein
is present on the surface of membrane-associated HEV
particles in the circulation and in the culture supernatants
(Takahashi et al, 2008b, 2010), and that it is co-localized
with CD63, one of the MVB marker proteins, in the
cytoplasm of the infected cells (Nagashima et al., 2011a). To
examine the intracellular co-localization of the three pro-
teins (ORF2, ORF3 and CD63), PLC/PRE/5 cells inoculated
with HEV were fixed and stained simultaneously with Alexa
Fluor 350-conjugated anti-CD63, Alexa Fluor 488-conju-
gated anti-ORF2 and Alexa Fluor 594-conjugated anti-ORF3
antibodies. These proteins partially co-localized in the
cytoplasm and exhibited specific loculated signals (Fig. 6),
supporting the observation that membrane-associated HEV
particles are present within the MVB.

Exosomes derived from HEV-infected cells
contain viral proteins

To establish the role of exosomes in secretion of HEV
particles from infected cells, exosomes were isolated from
culture supernatants of HEV-infected or -uninfected PLC/
PREF/5 cells using differential centrifugation. As shown in
Fig. 7 (upper panel), Western blot analysis of exosomes
confirmed the presence of CD81, one of exosome marker
proteins (Escola er al, 1998), in both cells. Moreover,

exosomes isolated from HEV-infected cells contained
detectable levels of viral ORF2 and ORF3 proteins (Fig. 7,
middle and lower panels). These results support the hypo-
thesis that secretion of HEV particles is associated with
exosomes.

DISCUSSION

Many enveloped viruses are known to complete their
replication cycle by budding from the plasma membrane
(Demirov et al, 2002; Hartlieb & Weissenhorn, 2006;
Jayakar et al, 2004). Human immunodeficiency virus,
Ebola virus and other RNA viruses utilize the ESCRT
mechanism to promote their escape from host cells by
redirecting ESCRT complexes to the cell surface, where they

<—(CD81
100 —
75 — s | <« ORF2
20—
15— ¥ |~ ORF3

Fig. 7. Western blot analysis of the purified exosomes from the
culture supernatants of HEV-infected or -uninfected PLC/PRF/5
cells. The cells were incubated in serum-free medium, and the
exosomes were purified from the culture supernatants by
differential centrifugation. Exosomes were subjected to Western
blot analysis with an anti-CD81 antibody (upper panel). ORF2 or
ORF3 proteins were detected by Western blot analysis with the
anti-ORF2 mAb (middle panel) or the anti-ORF3 mAb (lower
panel), respectively. Molecular markers are indicated in kDa.

http://vir.sgmjournals.org

2171

— 162 —



S. Nagashima and others

appear to drive the budding and fission of the viral particles
(Demirov et al.,, 2002; Garrus et al, 2001; Martin-Serrano
et al., 2003). On the other hand, in most herpesviruses, the
final envelopment occurs in the Golgi or post-Golgi
compartments, such as the frans-Golgi network (TGN), or
endosomes (Crump et al., 2007, Fraile-Ramos et al., 2007). It
has been reported that HHV-6 buds at TGN-associated
membranes, which express CD63 and TGN46, and that
CD63 is incorporated into the virions (Mori et al, 2008). In
addition, the virions are released together with internal
vesicles (exosomes) through the MVBs via the cellular
exosomal pathway. Similarly, RDV particles are released,
together with small vesicles similar to secreted vesicles
(exosomes), from infected cells (Wei et al., 2009).

It has recently been reported that the Hrs-dependent
exosomal pathway plays an important role in HCV
secretion (Tamai et al., 2012). Our previous study revealed
that the membrane-associated HEV particles are abun-
dantly present in the lysates of infected cells and the trans-
Golgi network protein 2 derived from the TGN is retained
on the surface of the particles (Nagashima et al., 2014).
This suggests that the membrane of membrane-associated
HEV particles is derived from the intracellular membrane,
not from the cell surface. In the present study, we
confirmed the previous observations regarding the origin
of the membrane of membrane-associated HEV virions,
and demonstrated that HEV utilizes the exosomal pathway
to shed from the infected cells.

As expected, in the present study, the virion release was
increased by treatment with bafilomycin Al, which is
known to act as an accelerator of exosome release due
to lysosomal inhibition (Alvarez-Erviti et al, 2011). In
contrast, the virion release was decreased by treatment
with GW4869, which was reported to act as a blocker
of exosome release by inhibiting ceramide biosynthesis
(Kosaka et al, 2010; Trajkovic et al, 2008) (Fig. 1b, c}.
When siRNA against Rab27A or Hrs was introduced, the
relative levels of virus particles released from the cells
depleted of Rab27A or Hrs decreased significantly (Fig. 2d,
e). These results are in agreement with our proposal that
HEV utilizes the exosomal pathway to release virions,
similar to that observed for known enveloped viruses, such
as HCV, HHV-6 and RDV (Tamai et al., 2012; Mori et al.,
2008; Wei et al, 2009).

Our previous study demonstrated that HEV recruits
Tsgl0l via its PSAP motif in the ORF3 protein, that it
requires the late domain function for virion release from
infected cells and that the enzymic activity of Vps4 is
involved in the virus release (Nagashima et al, 2011a).
These results suggest that, although HEV is known to be a
non-enveloped virus, it requires the MVB pathway for its
release from infected cells. However, it remains unknown
whether HEV buds from the membrane of the MVB or
other endosomes. In this study, an electron microscopic
observation revealed that the membrane-associated HEV
particles were present within the MVB, together with

internal vesicles (Fig. 4). In support of this observation, the
specific binding of antibodies with gold colloid for the
HEV ORF2 protein was observed on the intraluminal
vesicles within the MVB (Fig. 5), although aggregated
forms of gold colloid were not observed in the MVB,
probably due to the attenuation of the antigenicity of the
ORF2 protein during the fixation of cells for microscopic
observation. These results indicate that HEV obtains a
membrane on the surface due to the budding of the MVB
membrane.

We have previously reported that HEV particles present
in the circulating blood and culture supernatants are
associated with a cellular membrane and the ORF3 protein
(Takahashi et al, 2010). The membrane association of
virions in serum and culture supernatants was also noted for
rat HEV obtained from wild rats (Rattus rattus) (Jirintai
et al, 2014), which may be a characteristic common to
hepeviruses. In this study, we revealed the presence of the
membrane on the surface of HEV particles by using TEM
(Fig. 3). The diameter of these membrane-associated
particles was estimated to be approximately 50 nm, and
due to the thickness of the membrane (8-10 nm), the
diameter of the HEV particles without the lipid membrane
was estimated to be 30-35 nm, similar to the known HEV
particles previously evaluated in faeces and bile (Balayan
et al., 1983; Bradley, 1990; Ticehurst, 1991).

Recently, Ramakrishnaiah et al. (2013) reported that
hepatic exosomes can transmit productive HCV infection
in vitro, and are partially resistant to antibody neutraliza-
tion. Similarly, hepatitis A virus particles released from
cells are cloaked in host-derived membranes, thereby pro-
tecting the virion from antibody-mediated neutralization
(Feng et al., 2013). Furthermore, these enveloped viruses
resemble exosomes. Recent evidence indicates that virus
spread to secondary sites is not achieved only by lytic
mechanisms, and a non-lytic cell-cell strategy has been
suggested for coxsackievirus B3 (Inal & Jorfi, 2013). A
physical interaction between infected and non-infected
cells is thought to be related to the extracellular vesicles
(exosome). In HEV, we reported that immune sera have no
ability to neutralize the membrane-associated HEV parti-
cles in serum and culture supernatants (Takahashi et al,
2010). In this study, we revealed that membrane-associated
HEV particles are released together with internal vesicles
(exosomies) through MVBs by the cellular exosomal pathway.
The membrane structure of membrane-associated particles
closely resembles that of exosomes. It is likely that the
membrane-associated HEV particles play a part in cell-to-cell
transmission, and that exosomes transmit productive HEV
infection.

In conclusion, this present study revealed that the membrane-
associated HEV particles are present in the MVB with internal
vesicles, and that HEV virion release is related to the exosomal
pathway, thus indicating that HEV egress depends on the
exosomal pathway with secretory internal vesicles (exosomes)
through the MVBs. Further studies on viral particles and
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cellular exosomes are warranted to elucidate the effects of
their production on the viral pathogenesis and the virus entry
factors required for infection.

METHODS

Cell culture. PLC/PRF/5 (ATCC no. CRL-8024; American Tissue
Culture Collection), HepG2 (No. RCB0459; RIKEN BRC Cell Bank)
and A549 (No. RCB0098; RIKEN BRC Cell Bank) cells were grown in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supplemen-
ted with 10 % (v/v) heat-inactivated FBS (HANA-NESCO BIO), 100 U
penicillin ml™, 100 g streptomycin mi™" and 2.5 pg amphotericin B
ml™! (growth medium) at 37 °C in a humidified 5% CO, atmosphere,
as described previously (Tanaka et al., 2007).

Viruses. A culture supernatant containing a cell culture-adapted
JE03-1760F strain (passage 26:4.3 x 107 copies ml™') (Lorenzo et al,
2008) was used for virus inoculation.

Virus inoculation. Monolayers of PLC/PRF/5, HepG2 and A549 cells
in six-well plates (TWAKT) were inoculated at 1.0 x 10° copies of HEV
progenies diluted with PBS without Mg?* and Ca®* [PBS(-—)],
containing 0.2% (w/v) BSA (Sigma-Aldrich). After inoculation at
room temperature for 1 h, the cells were washed with PBS(—), 0.5 ml
growth medium was added to each well and the cells were incubated
at 35.5 °C. To analyse the effects of drug treatment, infected PLC/
PRF/5 cells were washed with PBS(—), trypsinized and collected by
centrifugation at 100 g at room temperature for 5 min. After removal
of the supernatant, the cell pellet was resuspended in growth medium
and the cells were plated onto new 24-well plates (BD Falcon).

MTS assay. Monolayers of PLC/PRF/5 cells in 96-well plates
(IWAKT) were incubated with growth medium containing the indicated
concentrations of bafilomycin Al (AdipoGen), GW4869 (Sigma-
Aldrich) or DMSO (Nacalai Tesque) at 37 °C (see Fig. la). After 24 h
of incubation, the number of viable cells was measured by the MTS
assay using a CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (Promega) according to the manufacturer’s recommendations.

Treatment of PLC/PRF/5 cells with drugs during HEV infection.
Monolayers of HEV-infected PLC/PRF/5 cells grown in 24-well plates
were washed with PBS(—) and incubated with the indicated
concentrations of bafilomycin Al or GW4869 in growth medium
containing 0.1 and 1% (v/v) DMSO, respectively (see Fig. 1b, ¢).
After 24 h of incubation, the culture supernatant was collected and
centrifuged at 1300 g at room temperature for 2 min, and the
supernatant was stored at —80 °C until use. The cells were washed
and then collected in the presence of TRIzol reagent (Invitrogen). The
samples were stored at —80 °C until use.

Quantification of HEV RNA. RNA extraction from the culture
supernatants was performed using the TRIzol-LS reagent (Invitrogen).
Intracellular RNA was extracted from cultured cells using the TRIzol
reagent. The quantification of HEV RNA was performed by real-time
RT-PCR using a LightCycler apparatus (Roche), with a QuantiTect
Probe RT-PCR kit (Qiagen) and two sets of primers and a probe
targeting the ORF2 and ORF3 overlapping region, as described
previously (Takahashi et al., 2008a).

Immunofluorescence assay. To stain the HEV-infected PLC/PRE/5
cells in a four-well chamber slide (Nunc), mAbs against the ORF2
protein (anti-ORF2 mAb; H6225) (Takahashi et al.,, 2008a) and ORF3
protein (anti-ORF3 mAb; TA0536) (Takahashi et al, 2008b) were
used to label cells by using the Zenon Alexa Fluor 488-mouse IgG,
and Zenon Alexa Fluor 594-mouse IgG,, labelling kits (Molecular
Probes), respectively, according to the manufacturer’s instructions.

Similarly, mouse anti-Rab27A (SAB1404290; Sigma-Aldrich) and
anti-Hrs (WHO0009146M1; Sigma-Aldrich) mAbs and a rabbit anti-
CD63 polyclonal antibody (H-193; Santa Cruz Biotechnology) were
labelled using the Zenon Alexa Fluor 488-mouse IgG; and Zenon
Alexa Fluor 350-rabbit IgG labelling kits (Molecular Probes),
respectively.

Briefly, the cultured cells were fixed in 4% (v/v) paraformaldehyde
(Wako Pure Chemical Industries) at room temperature for 15 min
and treated with 50 mM glycine in PBS(—) at room temperature for
30 min. The cells were then treated with cold methanol at —20 °C for
15 min and permeabilized in PBS containing 0.2 % (v/v) Triton X-
100 at room temperature for 15 min. Non-specific binding was
blocked with 1% BSA in PBS(—) at room temperature for 30 min.
Zenon labelled complexes were diluted to 1:50 for all primary
antibodies in PBS(—) containing 1 % (w/v) BSA, and were applied to
the cells at room temperature for 1 h. The nuclei were counterstained
with DAPI (Roche). The slide glasses were mounted with
Fluoromount/Plus (Diagnostic BioSystems) and then viewed under
a FV1000 confocal laser microscope (Olympus). All images are
representative of two independent experiments.

RNA interference. The following siRNAs were obtained from
Dharmacon, and were used in the present study: human Rab27A
(siGENOME SMARTpool M-004667-00-0005), human Hrs (siGENOME
SMARTpool M-016835-00-0005) and control siRNA (siGENOME Non-
Targeting siRNA Pool no.1 D-001206-13-05). The PLC/PRF/5 cells
were seeded at a density of 1.0 x 10° cells per well in 24-well plates in
antibiotic-free growth medium. The cells were transfected with 5 nM
(final concentration) siRNA in Opti-MEM (Gibco/Invitrogen) using
DharmaFECT 1 (Dharmacon) according to the manufacturer’s
instructions, two days before and four days after virus inoculation.

Virus inoculation. Monolayers of PLC/PRF/5 cells in 24-well plates,
which were pretreated with siRNA against Rab27A or Hrs as
described above, were inoculated with 1.0 x 10° copies of HEV
progenies in the culture supernatant of JE03-1760F-infected cells.
After incubation at room temperature for 1 h, the cells transfected
with siRNA were washed with PBS(—), and 0.5 ml of antibiotic-free
growth medium was added to each well, and the cells were incubated
at 37 °C. Every other day, half of the culture medium (0.25 ml) of the
siRNA-transfected cells was replaced with antibiotic-free growth
medium. The collected culture medium was centrifuged at 1300 g at
room temperature for 2 min, and the supernatant was stored at
—80 °C until use.

Western blot analysis. The siRNA-transfected cells were lysed in
lysis buffer [50 mM Tris/HCl (pH 8.0), 1% (v/v) NP-40, 150 mM
NaCl and protease inhibitor cocktail (Sigma-Aldrich)], and the
proteins in the cell lysates were separated by SDS-PAGE. The proteins
were blotted onto PVDF membranes (0.45 um; Millipore), immuno-
detected with an anti-Rab27A, anti-Hrs or anti- f-actin (Sigma-Aldrich)
mAb and then visualized by chemiluminescence using the ImageQuant
LAS500 (GE Healthcare), as described previously (Yamada et al,
2009b). Similarly, exosomes isolated from culture supernatants were
subjected to SDS-PAGE and immunodetected with a rabbit anti-CD81
polyclonal antibody (System Biosciences). Viral proteins were detected
by mAbs against the ORE2 protein (anti-ORF2 mAb; H6210)
(Takahashi et al,, 2008a) or ORF3 protein (anti-ORF3 mAb; TA0536).

Electron microscopy. The uninfected cultured cells and cells
infected with strain JE03-1760F were scraped off the six-well plates
and pelleted by centrifugation at 300 g at room temperature for
3 min. Small pieces of cells were fixed with 2.5 % (v/v) glutaraldehyde
in sodium phosphate buffer (0.1 M, pH 7.4) for 1.5 h at 4 °C, and
were post-fixed with 1% (v/v) OsO, in sodium phosphate buffer
(0.2 M, pH 7.4) for 1.5 h at 4 °C. After dehydration with a series of
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increasing concentrations of ethanol, the specimens were embedded
in an epoxy resin mixture. Ultrathin sections were cut using an
ultramicrotome (NACC), stained with aqueous uranyl acetate and
lead citrate (Reynolds, 1963) and examined using a TEM (model HT-
7600; Hitachi) at an acceleration voltage of 80 kV.

Immunoelectron microscopy. For immunoelectron microscopy,
small pieces of cultured cells that were or were not infected with
strain JE03-1760F were fixed with 2.5% glutaraldehyde in sodium
phosphate buffer (0.1 M, pH 7.4) for 1.5 h at 4 °C. After dehydration
with a series of increasing concentrations of ethanol, the specimens
were embedded in LR white (London Resin Company). Ultrathin
sections were cut and mounted on a nickel grid supported by a
Formvar film. The ultrathin sections on the grid were treated with
10 % Blocker BSA (Thermo Scientific) in PBS at room temperature
for 20 min to block non-specific reactions. The sections were reacted
with anti-ORF2 mAb at room temperature for 18 h, the sections were
then washed with PBS and reacted with a secondary antibody (12 nm
Colloidal ~ Gold-AffiniPure goat anti-mouse IgG; Jackson
ImmunoResearch) for 2 h at room temperature, and washed again
with PBS. The immunostained sections were stained with aqueous
uranyl acetate and observed by a TEM, as described above.

Isolation of exosomes. Exosomes from cell culture supernatants
were isolated by differential centrifugation as described (Ostrowski
et al., 2010) with several modifications. In brief, HEV-infected or -
uninfected PLC/PRF/5 cells were replaced by serum-free medium (VP-
SEM, Gibco/Invitrogen) and then cultured for 48 h. The collected
culture supernatants were centrifuged at 1200 g for 10 min, and at
10000 g for 30 min at 4 °C to remove cells and debris. The second
supernatants were sequentially centrifuged at 100000 g for 60 min at
4 °C, using an SW40 rotor (Beckman Coulter Instruments). The
exosome pellet was resuspended in PBS(-) and then subjected to SDS-
PAGE and Western blot analysis as described above.

Statistical analysis. The results were presented as the mean+sD.
Statistical significance was assessed by Student’s #-test. P-values of less
than 0.05 were considered significant.
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Abstract Our previous studies demonstrated that hepa-
titis E virus (HEV) requires the multivesicular body (MVB)
pathway to release virus particles, suggesting that HEV
utilizes the cellular ESCRT machinery in the cytoplasm,
not at the cell surface, to be released from infected cells. In
this study, we generated a murine monoclonal antibody
(mAb) against the membrane-associated HEV particles to
examine whether the membrane is derived from intracel-
lular vesicles or the cell surface. An established mAb,
TA1708, was found to capture the membrane-associated
HEV particles, but not the membrane-dissociated particles
or fecal HEV, in an immunocapture RT-PCR assay. Fur-
thermore, digitonin treatment confirmed that the membrane
on the surface of cell-culture-generated HEV particles was
a lipid membrane. Double immunofluorescence staining
revealed that mAb TA1708 specifically recognizes trans-
Golgi network protein 2 (TGOLN?2), an intracellular anti-
gen derived from the trans-Golgi network. Supporting
these findings, HEV particles with lipid membranes and
ORF?3 proteins on their surface were found abundantly in
the lysates of HEV-infected cells. These results indicate
that HEV forms membrane-associated particles in the
cytoplasm, most likely by budding into intracellular vesi-
cles, and that the released HEV particles with a lipid
membrane retain the antigenicity of TGOLNZ2 on their
surface.
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Introduction

Hepatitis E virus (HEV), a member of the genus Hepevirus in
the family Hepeviridae, is the causative agent of acute and
fulminant hepatitis E, which occurs in many parts of the
world, principally as a water-borne infection in developing
countries and zoonotically in industrialized countries [5, 6, 9,
35, 43, 47]. HEV has a single-stranded, positive-sense RNA
genome of approximately 7,200 nucleotides (nt). The genome
is capped and polyadenylated [19, 40] and contains a 5’
untranslated region (UTR), three open reading frames (ORFs;
ORF1, ORF2 and ORF3),a 3’ UTR and a poly(A) tail at the 3’
terminus [11]. ORFIl encodes non-structural proteins,
including methyltransferase, papain-like cysteine protease,
helicase and RNA-dependent RNA polymerase [1, 21].
ORF?2 and ORF3 overlap, and the ORF2 and ORF3 proteins
are translated from a bicistronic subgenomic RNA of 2.2 kb
in length [15, 17]. The ORF2 protein is the viral capsid pro-
tein, while the ORF3 protein is a small protein of only 113 or
114 amino acids (aa) that is suggested to act as an adapter to
link the intracellular transduction pathways, reduce the host
inflammatory response and protect virus-infected cells [S].
Recently, it was found that ORF3 proteins play an important
role in virion egress from infected cells [12, 30, 45].

Four major genotypes (1-4) of HEV have been identified
in humans. While HEV genotypes 1 and 2 have only been
found in humans and are associated with epidemics in
developing countries, HEV genotypes 3 and 4 are zoonotic
and responsible for sporadic cases of disease worldwide
[32]. A number of animal strains of HEV have also been
identified in several animal species including chickens,
pigs, wild boars, rabbits and rats [28].

HEYV particles present in feces and bile are non-enveloped,
while those in circulating blood and culture supernatant have
been found to be covered with a cellular membrane, similar to
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enveloped viruses [39]. Enveloped viruses acquire their
envelope by budding through cellular membranes of different
origin. HIV-1 becomes enveloped while budding through the
plasma membrane, and the release of nascent virions requires a
membrane fission event that separates the viral envelope from
the cell surface [10]. To facilitate this crucial step in its life
cycle, HIV-1 exploits the endosomal sorting complexes
required for the transport (ESCRT) complexes (ESCRT-I,
ESCRT-II and ESCRT-III) that constitute the cellular mem-
brane remodeling and fission machinery known as the ESCRT
pathway [14]. Other enveloped RNA viruses, such as the Ebola
virus [26], avian sarcoma virus (ASV) [33] and, more recently,
hepatitis C viras (HCV) [3, 7], have also been shown to utilize
ESCRT complexes during virion morphogenesis. Further-
more, enveloped DNA viruses, including hepatitis B virus
(HBV) [23] and herpes simplex virus 1 (HSV-1) [8], have been
reported to exploit the multivesicular body (MVB) machinery.

In our previous study, we demonstrated that the PSAP
motif(s) in the ORF3 protein is necessary for the egress of
HEV particles from infected cells and proposed that the
PSAP motifs in the ORF3 protein play a role as the func-
tional domain required for virion release associated with
lipids and the ORF3 protein [30]. Furthermore, tumor sus-
ceptibility gene 101 (Tsgl01), a cellular factor involved in
the budding of viruses containing the P(T/S)AP late domain
and a component of ESCRT-I, and the enzymatic activity of
vacuolar protein sorting-associated protein 4A (Vps4A) and
VPs4B are involved in the release of HEV virions, thus
suggesting that HEV utilizes the MVB machinery to exit
cells [31]. However, the nature and origin of the virion
membrane have not yet been characterized.

In this study, we generated a murine monoclonal antibody
(mAb) against membrane-associated HEV particles using
purified cell-culture-generated HEV particles as immuno-
gens. An established mAb, TA1708, bound specifically to
the component of the membrane on the surface of the HEV
particles and reacted with an intracellular antigen that was
found to be trans-Golgi network protein 2 (TGOLN2) in
double staining immunofluorescence studies; however, it did
not react with the plasma membrane. The membrane-asso-
ciated HEV particles were present abundantly in lysates of
infected cells. Based on the results obtained in the present
study, we propose that HEV utilizes the endomembrane for
membrane formation and budding and that TGOLN2 is a
surface antigen of membrane-associated HEV particles.

Materials and methods
Cell culture

PLC/PRF/5 cells (ATCC no. CRL-8024) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing

@ Springer

10 % (vol/vol) heat-inactivated fetal calf serum (FCS),
100 U/ml of penicillin, 100 pg/ml of streptomycin and
2.5 pg/ml of amphotericin B (growth medium) at 37 °C in
a humidified 5 % CO, atmosphere, as described previously
[42].

Viruses

A fecal suspension containing a wild-type genotype 3 HEV
(JE03-1760F strain; 2.0 x 10’ copies/ml) [36] and a cul-
ture supernatant containing a cell-culture-generated JE03-
1760F variant (1.2 x 10® copies/ml) [24] were used as
reference viruses in this study. HEV progenies in the cul-
ture supernatant of PLC/PRF/S cells transfected with RNA
transcripts of an infectious HEV cDNA clone (pJEO3-
1760F/wt, GenBank accession no. AB437316) and its
derivative ORF3-deficient mutant (pJE03-1760F/AORF3,
GenBank accession no. AB437317), whose initiation
codon of the ORF3 gene was mutated to GCA (Ala), were
used for the experiments [46].

Preparation of membrane-associated HEV particles
as Immunogens

The cell-culture-adapted JE03-1760F strain in the 23™
generation of supernatant passage (JE03-1760F_p23) [24]
was cultivated in PLC/PRF/5 cells in a 75-cm? culture
bottle (Asahi Glass Co. Ltd., Tokyo, Japan) with growth
medium for more than 120 days, and culture media
(204 ml) harvested during days 34-102 were pooled. The
pooled culture media were spun down in a Beckman SW28
rotor (Beckman Coulter, Inc., Indianapolis, IN) at
112,700 x g at 10 °C for 5 h. The resulting pellets were
suspended in 2 ml of TEN buffer containing 0.01 M Tris-
HCI (pH 7.5), 0.001 M EDTA and 0.1 NaCl and subjected
to sucrose density gradient ultracentrifugation as described
previously [38]. A 2-ml volume of pooled peak fractions at
a sucrose density of 1.14 g/ml was used as a viral sus-
pension for immunization.

Production of mAbs

mAbs were raised against purified cell-culture-generated
HEV particles using a method described elsewhere [44],
with slight modifications. Briefly, BALB/c mice were
injected three times intraperitoneally with 100 or 150 pl of
the viral suspension (1.3 x 10'° copies/ml) in PBS on days
0, 14 and 53 and with 0.1 pg of inactivated pertussis toxin
(Pertussis Toxin Salt-Free; List Biological Laboratories,
Inc., Campbell, CA) on day 161 as an adjuvant, followed
by the intravenous injection of 75 pl of the same viral
suspension (with the adjuvant) on day 192, three days
before fusion. NS-1 myeloma cells were fused with
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immunized spleen cells at a ratio of 1:10. The screening of
mAbs was performed using immunocapture RT-PCR as
described below. Hybridomas secreting mAbs against
membrane-associated HEV particles of the desired speci-
ficity were propagated in the peritoneal cavities of mice
that had been made ascitic due to the injection of 2,6,10,14-
tetramethylpentadecane. The ascites fluid was harvested
approximately 10 days after implantation, and the y-glob-
ulin fractions were precipitated with 2 M (NH4),SO, and
then purified via gel filtration in Sephadex G-200 (GE
Healthcare UK Ltd., Buckinghamshire, England). The
mAbs were tested for their immunoglobulin class/subclass
using a murine monoclonal antibody isotyping kit (Bio-
Rad Laboratories, Hercules, CA).

Immunocapture RT-PCR assay

To screen mAbs with virus-binding ability, immunocapture
RT-PCR was performed as described previously [38] with
the following modifications. In brief, the wells of the im-
munoplate (part no. 762071; Greiner Bio-One GmbH,
Frickenhausen, Germany) were washed with saline three
times, and 50 pl each of 10 pg/ml goat affinity-purified
antibody to murine IgG (#55479; MP Biomedicals, Santa
Ana, CA) and mouse IgM (#55484; MP Biomedicals) in
saline was added to each well and immobilized. The wells
were incubated at room temperature overnight and then
washed five times with saline. Fifty microliters of culture
supernatant containing mAbs was added to each well and
incubated with shaking at room temperature for 1.5 h. The
solution in each well was removed, and the wells were
washed three times with saline. Fifty microliters of diluted
culture supernatant containing HEV progeny (approxi-
mately 10° copies/ml) was added to each well and incu-
bated with shaking at room temperature for 2 h and then
incubated with shaking at 4 °C overnight. The solution in
each well was removed, and the wells were washed three
times with saline. One hundred fifty microliters of TRIzol®
LS Reagent (Invitrogen, Carlsbad, CA) and 50 ul of dis-
tilled water were directly added twice to each well. The
RNA was then extracted and subjected to quantitative
detection of HEV RNA as described below.

To evaluate the specificity of the established mAbs and
further characterize the HEV particles, an immunocapture
RT-PCR assay was also performed, with or without prior
treatment of HEV particles with 0.1 % (vol/vol) sodium
deoxycholate and/or 0.1 % (wt/vol) trypsin at 37 °C for
2 h, or 1.5 % (wt/vol) digitonin (Nacalai Teaque, Kyoto,
Japan) at room temperature for 13 h. In addition to the
mAb (TA1708) against membrane-associated HEV parti-
cles generated in the present study, an anti-ORF2 mAb
(H6225) [37] and an anti-ORF3 mAb (TA0536) [38] were
used.

Quantitation of HEV RNA

RNA extraction was performed using TRIzol® LS Reagent
(Invitrogen). Quantification of HEV RNA was performed
by real-time RT-PCR using a LightCycler apparatus
(Roche Diagnostics, Mannheim, Germany), with a Quan-
tiTect Probe RT-PCR Kit (QIAGEN, Hilden, Germany),
primer set, and a probe targeting the ORF2 and ORF3
overlapping region, as described previously [37].

Digitonin treatment and sucrose density gradient
centrifugation

The culture supernatants containing HEV progeny
(1.0 x 10° copies), collected from PLC/PRF/5 cells
transfected with RNA transcripts of pJE03-1760F/wt or
pJE03-1760F/AORF3 at 18 days post-transfection, were
treated with or without 1.5 % digitonin at room tempera-
ture for 13 h. The digitonin-treated culture supernatants
were subjected to equilibrium centrifugation in a sucrose
density gradient as described previously [38]. The gradi-
ents were fractionated, and the density of each fraction was
measured using refractometry. Similarly, the culture
supernatant containing 6.0 x 10° copies of HEV or cell
lysates containing 5.0 x 107 copies of HEV collected from
the PLC/PRF/5 cells transfected with RNA transcripts of
pJEO3-1760F/wt at 28 days post-transfection were sub-
jected to equilibrium centrifugation in a sucrose density
gradient.

Immunofluorescence assay

PLC/PRFE/S cells in a 4-well chamber slide (Nunc, Ros-
kilde, Denmark) were subjected to immunofluorescence
staining using mAb TA1708 and rabbit polyclonal anti-
bodies raised against well-established cellular markers (see
below) as the primary antibodies, followed by Alexa Fluor
488-conjugated anti-mouse IgM (Molecular Probes,
Eugene, OR) and Alexa Fluor 594—conjugated anti-rabbit
IgG (Molecular Probes) as the secondary antibodies. For
staining of Myc-tagged TGOLN2 recombinant protein in
the cells transfected with expression plasmid (see below),
anti-Myc mAb (9E10; Santa Cruz Biotechnology) labeled
by using a Zenon Alexa Fluor 488 mouse IgG labelling kit
(Molecular Probes) as well as mAb TA1708 as the primary
antibody and Alexa Fluor 568—conjugated anti-mouse IgM
(Molecular Probes) as the secondary antibody, or anti-
TGOLN2 antibody (HPA012723; Sigma-Aldrich, St Louis,
Mo) as the primary antibody and Alexa Fluor 594—conju-
gated anti-rabbit IgG (Molecular Probes) as the secondary
antibody, were used. Briefly, the cultured cells were fixed
in 4 % (vol/vol) paraformaldehyde (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) at room temperature for
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15 min and treated with 50 mM glycine in phosphate-
buffered saline (PBS) at room temperature for 30 min. The
cells were treated with cold methanol at —20 °C for 15 min
and permeabilized in PBS containing 0.2 % (vol/vol) Tri-
ton X-100 at room temperature for 15 min. Nonspecific
binding was blocked with 1 % BSA in PBS at room tem-
perature for 30 min. The fixed cells were incubated with
the appropriate primary antibodies diluted in PBS con-
taining 1 % BSA and 0.1 % Triton X-100 or Can Get
Signal® immunostain solution A or B (Toyobo, Osaka,
Japan) at 4 °C overnight. The rabbit polyclonal antibodies
used as the primary antibodies were as follows: Golgi
marker (giantin, sc-67168; Santa Cruz Biotechnology,
Santa Cruz, CA), trans-Golgi network (TGN) markers
including TGN46 (T7576; Sigma-Aldrich), TGN38 (sc-
33783; Santa Cruz Biotechnology), syntaxin 6 (#2869; Cell
Signaling technology, Beverly, MA) and TGOLN2, MVB
marker (CD63, sc-15363; Santa Cruz Biotechnology), early
endosomal marker (EEAI1, E3906; sigma-aldrich), late
endosomal marker (Rab7, sc-10767; Santa Cruz Biotech-
nology) and recycling endosomal marker (Rabl1, #3539;
Cell Signaling technology). After washing with PBS, the
cells were stained with appropriate secondary antibodies
diluted in PBS containing 1 % BSA and 0.1 % Triton
X-100 or Can Get Signal® immunostain solution A or B
(Toyobo) at room temperature for 2 h. The nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI;
Roche Diagnostics, Mannheim, Germany). The slide glas-
ses were mounted with Fluoromount/Plus (Diagnostic
BioSystems, Pleasanton, CA) and then viewed under a
FV1000 confocal laser microscope (Olympus, Tokyo,
Japan). For the quantitation of co-localization in cells
(mean =+ standard error), at least 20 cells each were used
for calculations in two independent experiments.

Expression of TGOLN2 recombinant protein

The expression plasmid for FLAG- and Myc-tagged
TGOLN2 (pFLAG-Myc-CMV-22-TGOLN2) was con-
structed as follows. The coding sequence of TGOLN?2
gene was amplified by PCR using a human cDNA clone of
TGOLN2 (FCC138E05; Toyobo) as a template, TaKaRa
Ex Tag® DNA polymerase (TaKaRa Bio, Otsu, Japan),
and appropriate oligonucleotide primers. The sequences of
the primers used were as follows: TGOLN2-EcoRI-A-335
P, 5-TGAATTCAATGCGGTTCGTGGTTGCCTTGG-3';
EcoRI site (underlined) and plus-strand sequence (nt
335-356) of TGOLN2 gene, and TGOLN2-Xbal-1645 M,
5'-ATCTAGAGGACTTCTGGTCCAAACGTTGG-3'; Xbal
site (underlined) and minus-strand sequence (nt 1624-1645)
of TGOLN?2 gene. The PCR product was subcloned into the
T-vector pMD20 (TaKaRa Bio), and the nucleotide sequence
between the EcoRI and Xbal sites of the derived clone was
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confirmed. The EcoRI-Xbal fragment of this subclone was
ligated into pFLAG-Myc-CMV-22 (Sigma-Aldrich), from
which the EcoRI-Xbal fragment had been removed, yielding
pFLAG-Myc-CMV-22-TGOLN2.

PLC/PRF/S cells in a four-well chamber slide (Nunc)
were transfected with 0.5 pg of pFLAG-Myc-CMV-22-
TGOLN2 using TransIT-LT1 reagent (Mirus Bio, Madi-
son, WI) according to the manufacturer’s recommenda-
tions. The empty vector was used as negative control. At
48 h after transfection, an immunofluorescence assay was
performed to investigate the co-localization between the
TGOLN?2 recombinant protein and the antigen recognized
by mAb TA1708, as described above.

Results
Production and characterization of mAbs

Six hybridoma clones secreting mAbs designated as
TA1703, TAL1705, TA1706, TA1707, TA1708 and
TA1709 against the cell-culture-generated HEV particles
were obtained in the present study. The specificity of
these six mAbs was verified using immunocapture RT-
PCR. Among them, mAb TA1708 (IgM class) exhibited
the highest reactivity with viral particles associated with
a membrane in the culture supernatant. Thereafter, mAb
TA1708 was used in the further analyses. The mem-
brane-associated HEV particles were efficiently captured
by mAb TA1708 (86.8 %) (Table 1). In contrast, almost
none of the viruses were captured by anti-ORF2 (H6225)
or anti-ORF3 (TA0536) mAbs (5.3 % and 7.1 %,
respectively). As with fecal HEV, no viruses were cap-
tured by mAb TA1708 (0.1 %). On the other hand, the
viruses in feces that are known to be non-enveloped
were efficiently trapped by the anti-ORF2 mAb (92.3 %)
but not by the anti-ORF3 mAb (0.0 %). These results
suggest that mAb TA1708 binds to membrane-associated
HEV particles.

mAb TA1708 binds specifically to the membrane
on the surface of HEV particles

To examine further whether mAb TA1708 binds to the
membrane on the surface of viral particles, an immuno-
capture RT-PCR assay was performed using mAb TA1708,
anti-ORF2 (H6225), and anti-ORF3 (TA0536) mAbs with
or without prior treatment with detergents (Table 1).
Consistent with our previous observations [39], when the
particles in the culture supernatant were treated with 0.1 %
or 1 % sodium deoxycholate, the efficiency of binding of
HEV particles induced by anti-ORF2 mAb increased to
80.9 % and 84.2 %, respectively, while that induced by
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Table 1 Reactivity of mAb TA1708 with HEV particles with or
without prior treatment with detergents, as evaluated using immu-
nocapture RT-PCR

Virus® % of captured HEV in the total HEV per
well
mAb mAb H6225 mAb TA0536

TA1708 (anti-ORF2) (anti-ORF3)

Without pre-treatment with detergent
Culture supernatant 86.8 53 7.1
Fecal supernatant 0.1 923 0.0
With pre-treatment with detergents®
Culture supernatant

0.1 % DOC-Na 14.6 80.9 59.0
1 % DOC-Na 11.2 84.2 443
0.1 % DOC-Na and 3.5 924 04
0.1 % trypsin

1 % DOC-Na and 0.8 94.1 02
0.1 % trypsin

0.1 % trypsin 73.5 7.1 0.2

% Viruses derived from the culture supernatant of infected cells (strain
JE03-1760F) were subjected to immunocapture RT-PCR

® Prior to performing the immunocapture RT-PCR assay, the viruses
were mixed with detergents, incubated at 37 °C for 2 hours, and then
diluted 1:10 with PBS containing 0.1 % BSA

anti-ORF3 mAb increased to 59.0 % and 44.3 %, respec-
tively. Furthermore, the binding efficiencies of HEV par-
ticles subjected to prior treatment with 0.1 % sodium
deoxycholate and 0.1 % trypsin or 1 % sodium deoxy-
cholate and 0.1 % trypsin increased to 92.4 % and 94.1 %,
respectively, for the anti-ORF2 mAb and decreased to
0.4 % and 0.2 %, respectively, for the anti-ORF3 mAb. On
the other hand, after treatment with these detergents or
detergents/proteases, the binding efficiency of the viruses
was reduced to 0.8-14.6 % for mAb TA1708 (Table 1).
The virus particles in the culture supernatant treated with
0.1 % trypsin were efficiently captured by mAb TA1708
(73.5 %) but not by anti-ORF2 or anti-ORF3 mAbs (7.1 %

Fig. 1 Sucrose density gradient 1.2

and 0.2 %, respectively). These results indicate that mAb
TA1708 binds specifically to a component of the mem-
brane on the surface of HEV particles.

The membrane on the surface of HEV particles released
into the culture supernatant is a lipid membrane

The HEV particles in the culture supernatant of the wild-
type RNA- and ORF3-null mutant (AORF3) RNA-trans-
fected cells were processed using digitonin, which effec-
tively water-solubilizes lipids and has several membrane-
related applications, including solubilizing membrane
proteins and permeabilizing cell membranes, and changes
in reactivity to mAb TA1708 were analyzed. After treat-
ment with 1.5 % digitonin, the HEV particles were sub-
jected to equilibrium centrifugation in a sucrose density
gradient (Fig. 1). In agreement with the finding of our
previous study [30], the wild-type HEV in the culture
supernatant exhibited a peak density of 1.16 g/ml, while
the AORF3 viruses in the culture supernatant banded at
1.27 g/ml in sucrose. The observed differences in buoyant
density were found to be ascribable to the acquisition of the
ORF3 protein and cellular membrane on the surface of the
virions [38, 45]. The peak density of digitonin-treated virus
particles in the culture supernatant of the wild-type RNA
transfected cells shifted to 1.20 g/ml, a value that is
between those observed for the membrane-associated HEV
particles (1.16 g/ml) and the membrane-unassociated HEV
particles (1.27 g/ml) (Fig. 1). On the other hand, the
AORF3 mutant viruses in the culture supernatant banded at
1.27 g/ml, similar to fecal HEV, regardless of digitonin
treatment.

To characterize the virus particles treated with digitonin
that shifted to a peak density of 1.20 g/ml, an immuno-
capture RT-PCR assay was performed using anti-ORF2,
ORF3 and TA1708 mAbs (Table 2). The membrane-asso-
ciated particles (1.16 g/ml) in the culture supernatant of
cells transfected with wild-type RNA were efficiently
captured by mAb TA1708 (57.2 %), but not by the anti-

fractionation of HEV in the
culture supernatants of RNA-
transfected PLC/PRF/5 cells
(wild-type and AORF3) with or
without prior treatment with
1.5 % digitonin

Wild type

0.8

0.4

HEV RNA ( X 10¢ copies/fraction)

0.0
1.05 110 115 120 1.25 130 1.35
Density (g/ml)

1.8

® 0%
®15%

1.2

0.6

0.0
1.05 110 115 1.20 125 130 1.35

Density (g/ml)

HEV RNA ( X 105 copies/fraction)
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Table 2 Reactivity of mAb TA1708 with membrane-associated and -
unassociated HEV particles with or without prior treatment with 1.5%
digitonin, as evaluated using immunocapture RT-PCR

Virus® % of captured HEV in the total HEV
per well
mAb mAb mAb

TA1708 H6225
(anti-ORF2)

TA0536
(anti-ORF3)

pJE03-1760F/wt

Without pre-treatment with  57.2 4.7 9.0
digitonin (1.16 g/ml)
With pre-treatment with 9.1 30.5 56.7
digitonin® (1.20 g/ml)
AORF3
Without pre-treatment with 2.2 919 3.0

digitonin (1.27 g/ml)
With pre-treatment with 1.8 94.2 0.8

digitoninb (1.27 g/ml)

* Viruses were derived from the culture supernatants of transfected
cells (pJE03-1760F/wt or AORF3) at 18 days post-transfection

® Prior to performing the sucrose density gradient centrifugation, the
viruses were mixed with 1.5% digitonin and incubated at room
temperature for 13 hours

OREF2 or anti-ORF3 mAb (4.7 % and 9.0 %, respectively).
In contrast, the higher-density particles (1.20 g/ml) derived
from digitonin treatment in the supernatant of the wild-type
virus were trapped by both anti-ORF2 and anti-ORF3
mAbs (30.5 % and 56.7 %, respectively), while the effi-
ciency of capture by mAb TA1708 was reduced to 9.1 %
(Table 2). Viral particles with or without prior treatment
with 1.5 % digitonin in the culture supernatant of the cells
transfected with AORF3 RNA were efficiently captured by
the anti-ORF2 mADb (94.2 % and 91.9 %, respectively), but
not by the anti-ORF3 (0.8 % and 3.0 %, respectively) or
TA1708 (1.8 % and 2.2 %, respectively) mAbs. These
results indicate that the membrane on the surface of the
viral particles generated in the culture supernatant is a lipid
membrane.

Subcellular localization of the antigen recognized
by mAb TA1708

We subsequently examined the subcellular localization of
the antigen recognized by mAb TA1708 using immuno-
fluorescence confocal microscopy. PLC/PRF/S cells were
prepared on a chamber slide and stained with mAb
TA1708 and Alexa Fluor 488—conjugated anti-mouse
IgM. Specific signals were observed only in the cyto-
plasm, primarily on the fringe and unevenly in the nucleus
(Fig. 2, upper panel). In contrast, no specific signals were
observed in the cells stained only with Alexa Fluor 488—
conjugated anti-mouse IgM (Fig. 2, lower panel). These
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mAb TA1708 (mouse IgM)
+
Alexa Fluor 488-conjugated
anti-mouse IgM

Alexa Fluor 488-conjugated
anti-mouse IgM

Fig. 2 Subcellular localization of the antigen recognized by mAb
TA1708. PLC/PRF/5 cells were fixed and stained with mAb TA1708
and then labeled with Alexa Fluor 488—conjugated anti-mouse IgM.
The nuclei were stained with DAPI. All images are representative of
two independent experiments

results indicate that mAb TA1708 reacts with intracellular
antigens but not with the plasma membrane, suggesting
that HEV forms membrane-associated particles in the
cytoplasm, likely by utilizing the membranes of intracel-
lular vesicles.

In order to identify the antigen recognized by mAb
TA1708, we carried out double staining immunofluores-
cence assays using antibodies against well-established
cellular markers (see Materials and methods). Although the
antigen recognized by mAb TA1708 was co-localized with
giantin and TGN46, strong co-localization was observed
with TGN46 (Fig. 3). On the other hand, no clear co-
localization was observed with the other cellular markers.
Using anti-TGN38 and anti-syntaxin 6 antibodies, which
are antibodies against TGN marker proteins, we performed
double staining with mAb TA1708. The antigen recognized
by mAb TA1708 exhibited a more distinct, pronounced co-
localization signal between TGN38 and TGN46 when
compared with syntaxin 6 (Fig. 4A). These results suggest
that mAb TA1708 recognizes TGOLN2, which is encoded
by the TGOLN2 gene and is also known as TGN38§,
TGN46, TGN48, TGN51 or TTGN2 [20, 25, 34]. Fur-
thermore, we carried out double staining immunofluores-
cence studies using an anti-TGOLN?2 antibody. The antigen
recognized by mAb TA1708 also demonstrated co-locali-
zation in the double staining with TGOLN2 (Fig. 4B).
These results suggest that TGOLN2 derived from TGN is a
surface antigen of membrane-associated HEV particles.
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Fig. 3 Co-localization of the
antigen recognized by mAb
TA1708 with six established
cellular markers. PLC/PRF/5
cells were fixed and double-
stained with mAb TA1708
labeled with Alexa Fluor 488
and rabbit anti-giantin, anti-
TGN46, anti-EEA1, anti-CD63,
anti-Rab7, or anti-Rab11
antibodies labeled with Alexa
Fluor 594. The nuclei were
stained with DAPI. Co-
localization is indicated by
yellow staining. All images are
representative of two
independent experiments

mAb TA1708

mAb TA1708

mAb TA1708

mAb TA1708

mAb TA1708

mAb TA1708
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