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Fig. 2 Comparison of the amino acid sequences of hypervariable region in the ORF of hepatitis E virus genotype 4
isolates. The arrow indicates a box showing amino acid sequences of ‘Shanghai strain’ and ‘Shizuoka strain’.
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Three cases of hepatitis E after eating deer meat or wild boar liver
in West Shizuoka, Japan

Kinya Kawamura'”*, Yoshimasa Kobayashi”, Kazuaki Takahashi®, Kenichi Souda",
Shinichi Sumiyoshi”, Kazuhito Kawata”, Yurimi Takahashi", Satsuki Makino",
Hidenao Noritake", Hirotoshi Nakamura', Natsuki Abe?, Masahiro Arai®

We experienced 3 cases of hepatitis E, where the patients developed their disease about two months after
eating wild boar or deer captured in Shizuoka prefecture, Japan. All three were middle-aged men, and two ate
raw wild boar’s liver by chance in the same restaurant. One often ate the raw meat of deer in his son’s hunting
life. On admission, the hepatic dysfunction was mild in all of them (total bilirubin 1.0-10.0 mg/dl, AST 754-953 U/
I, ALT 696-1182 U/I, prothrombin time 78-113%) and improved promptly with fluid infusion and rest. They were
all positive for IgM and IgG HEV antibodies and HEV-RNA. Viral genome sequencing indicated that their HEV
segregated to a cluster within genotype 4, with 99.8% or greater identity to each other. Interestingly, these iso-
lates showed 98.5-99.8% identity to “Aichi Strain of HEV Genotype 4" previously recovered from humans and
wild boars in Aichi prefecture, clearly different from those that are predominant in Japan, particularly in Hok-
kaido.

Key words: acute hepatitis HEV hepatitis E
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Efficient cell culture systems for hepatitis

E virus strains in feces and circulating blood

Hiroaki Okamoto™

Division of Virology, Department of Infection and Immunity, Jichi Medical University School of Medicine,
Shimotsuke-Shi, Tochigi, Japan

SUMMARY

Attempts have been made to propagate hepatitis E virus (HEV) in primary hepatocyte culture and various other
cultured cells. However, the replication ability of HEV recovered from culture media remains extremely low. Recently,
efficient culture systems have been established in PLC/PRF/5 (hepatocellular carcinoma) and A549 (Iung cancer) cell
lines for HEV strains of genotypes 3 and 4 in our laboratory. They originated in fecal extracts from patients containing
HEV RNA in extremely high-titers (107 copies/ml), and named the JE03-1760F (genotype 3) and HE-JF5/15F (genotype
4) strains, respectively. HEV RNA in culture supernatants reached 10®copies/ml in titer, and were transmitted
successively through many passages. An infectious HEV ¢cDNA clone (pJE03-1760F/wt) was constructed that has
replication activity comparable to that of the wild-type JE03-1760F in feces. The ORE3 protein is indispensable for
shedding HEV particles from cells in the reverse genetics system. HEV recovered from culture media, as well as
circulating HEV, possess ORF3 proteins on the surface and are covered with cellular membranes, and therefore, ORF2
epitopes are buried in these particles. In contrast, HEV excreted into feces are naked nucleocapsids without a lipid layer
or surface expression of the ORF3 protein. HEV in sera of patients with acute hepatitis E can infect and replicate in PLC/
PRF/5 and A549 cells, with efficiency comparable to the circulating HEV RNA levels. High-efficiency cell culture
systems for infectious viruses, thus developed, are expected to open up a new era and resolve many mysteries in the

epidemiology, molecular biology, and treatment of HEV. Copyright © 2011 John Wiley & Sons, Ltd.
Received: 7 September 2010; Revised: 8 November 2010; Accepted: 9 November 2010

INTRODUCTION

The hepatitis E virus (HEV) can induce a spectrum
of liver disease in human beings ranging from
acute through severe-acute to fulminant hepatitis
at the extreme end. HEV is a non-enveloped small
virus with a diameter of 27-34 nm (mean: 30 nm),
and is classified into the genus hepevirus of the
family Hepeviridae [1]. The genome of HEV is a
single-stranded, positive-sense RNA composed of
7200 nt, and has a cap structure at the 5'-end as well
as a poly(A) tail at the 3’-end, and possesses short

“Corresponding author: H. Okamoto, Division of Virology, Depart-
ment of Infection and Immunity, Jichi Medical University School of
Medicine, 3311-1 Yakushiji, Shimotsuke-Shi, Tochigi 329-0498,

Japan.
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Abbreviations:

aa, amino acids; DOCA, deoxycholic acid; HAV, hepatitis A virus;
HEV, hepatitis E virus; mAb, monoclonal antibody; nt, nucleotide(s);
MOI, multiplicity of infection; RT-PCR, reverse transcription-poly-
merase chain reaction

untranslated regions at 5'- and 3'-termini and three
open reading frames named ORF1, ORF2, and
ORF3 [2], respectively (Figure 1). ORF1 codes for
non-structural proteins such as methyltransferase,
papain-like cysteine protease, helicase, and RNA-
dependent RNA polymerase, while ORF2 encodes
the viral capsid protein. ORF3 codes for a small,
phosphorylated protein made of 113 or 114 aa [3-
10]. ORF1 protein is translated from the genomic
RNA, while ORF2 and ORF3 proteins from a
bicistronic subgenomic RNA of 2.2kb in length
[11,12]. HEV principally replicate in the liver, are
shed into the intestinal lumina via the bile duct, and
are subsequently excreted into feces. Therefore,
HEV can spread easily and widely in circum-
stances with low sanitary conditions, by a fecal-
oral route, and it is highly prevalent in developing
countries in Asia, Africa, and Central America that
are located in the tropical and subtropical zones.
Until very recently, HEV was regarded to cause a
rare “imported infection”” in developed countries,
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Figure 1. The genomic structure of HEV. MT, methyltransferase; Y, Y domain; P, papain-like protease; HVR, hypervariable region; X, X

domain; Hel, helicase; and RdARp, RNA-dependent RNA polymerase

including the United States, European countries,
and Japan, and has consequently not attracted
much attention. Toward the end of the 1990s,
however, HEV started to be recognized in patients
with acute hepatitis in the United States and
Europe, who had not traveled to endemic areas
within a reasonable incubation period of up to
6 weeks [13-17]. In 1997, the first animal strain of
HEV, swine HEV, was identified and characterized
in pigs from the United States [18]. Beginning in
2001 in Japan, sporadic acute hepatitis E cases
have started to be reported increasingly more often
[19-21]. Such incidents instigated the survey of
pigs in farms throughout Japan, and wide-spread
HEV infections were identified in the animals,
which became public knowledge [22-24]. Further-
more, outbreaks of HEV infection in individuals
who had consumed meat and/or internal organs
of pigs or wild animals (boars and deer) in the
recent past were also reported [25-29]. Public
attention to HEV culminated when fatal cases of
severe-acute or fulminant hepatitis E were reported
[30-33]. Thus, hepatitis E suddenly was a topic
of interest, and this interest promoted rapid
advances in research on the diagnosis and
epidemiology of HEV infections. Japan was among
the first to note the importance of zoonosis in
the maintenance and spread of HEV among the
community [23,25,26,30,34].

Although HEV has only one serotype, it is
classified into four genotypes designated from 1 to
4; they are distinguished by nt differences of >25%
in the entire genomic sequence [34-36]. Genotypes
1 and 2 infect humans exclusively, and are
associated with infectious hepatitis in endemic
areas, while genotypes 3 and 4 infect not only
humans, but also animals such as domestic pigs

and wild boars. They are responsible for sporadic
acute hepatitis as a result of zoonotic HEV infection
(Table 1) [34,35,37]. Very recently, a novel strain of
HEV was isolated from rabbits farmed in China
[38]. The rabbit HEV is most closely related to HEV
genotype 3, with approximately 82% nucleotide
sequence identity, suggesting that rabbit HEV
may be a variant of genotype 3. However, there
is little information regarding the host range and
zoonotic potential of the rabbit HEV. At least three
genotypes of avian HEV have been identified in
chickens around the world, but they share merely
~b50% of the nucleotide sequence with mammalian
HEV genotypes [37,39].

Virological studies on HEV have been hampered
by the lack of in vitro culture systems that support
of its replication. Our laboratory succeeded in
establishing efficient cell culture systems for
infectious HEV, which has opened up new research
for analyzing the virus itself that has not been
possible since the discovery of the virus by Balayan
et al. [40]. This article reviews the road map toward
the establishment of infectious HEV in cell cultures,
and introduces new knowledge that has evolved
by the virtue of this system.

PROPAGATION OF INFECTIOUS HEV IN
CULTURED CELL LINES

Five hepatitis viruses are known, and they are
named using capital letters from A to E [41]. Of
the five types, cell culture systems have been
established for HAV by Provost et al. [42], and
applied to the production of an inactivated
hepatitis A vaccine over the world. For HCV, an
in vitro culture system was worked out by Wakita
et al. [43] with use of an infectious cDNA clone of a
JFH-1 strain of genotype 2a originating in serum
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Table 1. Epidemiology and clinical characteristics of the four genotypes of HEV

Genotype  Distribution  Transmission Countries Clinical
characteristics
Developing Developed
1 Asia Water-borne  Frequent Rare Prevalent in
Africa (epidemic) (imported) younger people
2 Mexico Aggravation in pregnant women
Africa®
3 Worldwide Food-borne  Rare Frequent  Zoonotic infections
(except in Africa) (sporadic) (in pigs, wild boars, and deer)
4 China, India Prevalent in middle-aged
Indonesia and elderly men
Japan, Taiwan Severe-acute and fulminant
Vietnam hepatitis in middle-aged and

elderly men
Chronic infections in recipients
of organ transplantation

“Egypt, Chad, Namibia, the Central African Republic and Democratic Republic of the Congo are included.

from a patient with fulminant hepatitis C. It invited
robust advances in research on the infectious
capacity, replication, and particle formation of
HCV. No cell culture systems have thus far been
established for hepatitis B virus or hepatitis delta
virus strains from clinical samples: virus particles
released into the culture supernatant are not
infectious and cannot be passaged through cell
cultures [4447]. Attempts to cultivate HEV have
been made by many researchers since the 1980s [48-
57]. However, the replication efficiency of HEV has
remained extremely low, making it difficult to
passage the viruses through multiple generations,
which prohibited analyses of their physicochemical
structures and replication mechanisms. However, the
replication of TTEV had been observed in cell lines
transfected with RNA transcripts of infectious cDNA
clones, as well as a replicon derived from the virus
[58,59]. Monkeys inoculated with culture media or
lysates of cells transfected with HEV-replicon devel-
oped infections, but their viral titers were low.

The breakthrough occurred using fecal
sample from a sporadic case of acute hepatitis in
Japan containing a very high titer of HEV RNA
(JE03-1760F strain of genotype 3: 2.0 x 107 copies/
ml) that opened up a new road toward establishing
the culture system for HEV. Using fecal extract as
an inoculum, the replication capacity of HEV was
evaluated in 21 established cell lines derived from
humans, monkeys, cows, dogs, rats, and mice,
including three human hepatocellular carcinoma

cell lines (HepG2, Huh7, and PLC/PRF/5 cells). As
the results, the JE03-1760F strain was discovered
to replicate efficiently in two cell lines; PLC/PRF/5
(Alexander) from hepatocellular carcinoma and
Ab542 originating in lung cancer [60]. Daughter
viruses were excreted into culture media in
titers reflective of the HEV inoculum. Thus, when
8.6 x 10° copies [multiplicity of infection (MOI):
approximately 0.9] were seeded per well in the six-
well plate, HEV in the culture medium
reached 10® copies/ml on day 60 (Figure 2). HEV

8

HEV RNA (log copies/ml)
-~

® 8.6 x 10° copies/well
o 1.6 x 10° copies/well
M 6.4 x 10* copies/well
O 3.2 x 10* copies/well
A 2.4 x10* copies/well

0 4 8 12 16 20 24 28 32 36 40 42 48 52 56 60
Days Post-Inoculation

Figure 2. Replication of HEV in the PLC/PRF/5 (Alexander) cell
line originating in hepatocellular carcinoma. HEV RNA titers in
culture media are plotted for wells seeded with decreasing copy
numbers of fecal HEV (JE03-1760F strain of genotype 3) until
60 days of culture. Copied from Reference [60] with permission
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was detected in media even when the inoculum
size was reduced to 2.4 x10* (MOIL: 0.03) per
well. Moreover, daughter HEV in media replicated
efficiently through many passages in PLC/PRF/5
and A542 cell lines. The first successful cultivation
of the virus may have been due to the extremely
high HEV titer in the inoculum and 29 point
mutations (6 non-synonymous mutations that
caused aa changes) possessed by the wild-type
virus in feces, which were different from all
previously reported genotype 3 HEV strains [61].

The initial success was followed by establish-
ment of the culture system with use of another
inoculum. It was a fecal extract from a patient
with fulminant hepatitis E containing the HE-JF5/
15F strain of genotype 4 in a high titer
(1.3 x 10" copies/ml) [62]. Just as was observed
with the JE03-1760F strain, the HE-JF5/15F
strain could be propagated successively, and a
daughter strain (HE-JF5/15F p5) was detected at
a concentration of 10* copies/ml in culture media
on the 5th passage at day 2, and the titer reached
1.5 x 10° copies/ml on day 10 (Figure 3). HEV of
genotype 4 is associated with aggravation of
hepatitis on the basis of epidemiological data
[31,63]. A high replication activity of HEV geno-
type 4, reproduced in the culture system for the

HE-JF5/15F strain of this genotype, is expected
to shed light on a role of viral factors in the
development of fulminant hepatitis E in some
patients who have been infected with virus.

ADAPTATION AND POINT MUTATIONS

OF HEV DURING CELL CULTURE

For the purpose of characterizing the genetic
mutations involved in the adaptation of HEV to
the environment of cell cultures, passage exper-
iments in two arms (A and B) were conducted
using the JE03-1760F strain as the initial inoculum
[64]. In experiment A, cultures were gassaged
10 times, until the inoculum size was10” copies/
well. The median time elapsed from the inoculation
to the appearance of HEV in culture media
was shortened by 1 week for 6-10 passages in
comparison with 0-5 passages (10.0 days vs. 16.7
days); a HEV RNA titer of 10°copies/ml was
achieved by a median of 19 days earlier for 6-10
than 0-5 passages (16.0 days vs. 35.2 days). HEV
strains with a higher replication activity were
selected successively in passages 11, 12, and 13
with a decreasing inoculum size (30, 10 and
3 x 10” copies/well, respectively). As a result, the
HEV strain (p13/A), recovered after the highest
number of passages, was able to infect at a virus

(A) Genotype 3

HEV RNA (log copies/ml)

0 4 8 12

16 20 24 2830

(B) Genotype 4

O Passage 1
@ Passage 2
O Passage 3
B Passage 4
/\ Passage 5

IR TR SR RN NN TR TR WO SR TR T 1

0 4 8 12 16 20 24 2830

Days Post-Inoculation

Figure 3. Propagation of HEV genotype 3 (JE03-1760F) and HEV genotype 4 (HE-JF5/15F) in the PLC/PRF/5 cell line in culture. Excretion
patterns of (A) genotype 3 HEV derived from the feces of a patient with acute hepatitis E, and (B) HEV genotype 4 from that of a patient with
fulminant hepatitis E are compared through 5 passages until 30 days of culture
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load 1/30 that of the parent wild-type strain (JEO3-
1760F in feces). In experiment B, a shorter duration
before the appearance of HEV in media was also
achieved after 6-10 compared to 0-5 passages.
Eventually, HEV became detectable after only
2 days following the seeding in culture media for
5-10 passages, with the time before virus titers had
reached 10° copies/ml shortened by the mean of
1 week (17.0 days vs. 9.6 days), and the concen-
tration of HEV in media exceeded 10°copies/ml
10 days after inoculation of the 10th passage [64].

Full-genome sequences of a 13-passage strain
(p13/A) in experiment A and a 10-passage strain
(p10/B) in experiment B were determined and
compared with that of the parent wild-type HEV
(Table 2). The newly derived strain had mutations
in 19 and 23, respectively, of the 7226 nt in the
genome. Of the 19 variations found in pl13/A,
5 were non-synonymous mutations in ORF1 (3 of
them) and ORF3 (2). Likewise, of the 23 variations
identified in pl0/B, 10 were non-synonymous
mutations in ORF1 (4 of the 10), ORF2 (3), and
ORF3 (3).

REVERSE GENETICS SYSTEMS FOR
ENGENEERING INFECTIOUS HEV
Using the genomic RNA obtained from a fecal
specimen containing the JE03-1760F strain, as the
template, a full-length infectious cDNA clone
(pJE03-1760F/wt) was constructed [65]. Three
¢cDNA fragments covering the entire genome,
one of which contained the T7 RNA polymerase
promoter sequence upstream of the extreme 5'-end
in the JE03-1760F genome, were amplified by RT-
PCR, and inserted into the HindIIl and BamHI sites
of a plasmid vector, along with Fragment poly-
AT7® carrying 31 nt of adenine and a T7 terminator
sequence (Figure 4A). Then, using the Nhel-
linearized plasmid as a template, the genomic
RNA was transcribed in vitro, a cap was added at
the 5'-end, and the RN A was transfected into PLC/
PRF/5 cells in culture. HEV RNA in culture media
started to increase on day 4, and was maintained at
high levels (>10” copies/ml) from days 28 to 60
(Figure 4B). A cDNA clone of the wild-type virus
deprived of ORF1 (pJE03-1760F/AORF1), whish
served as a negative control, did not replicate in
PLC/PRF/5, and HEV RNA levels kept decreasing
during the culture period.

The ORF2 protein in PLC/PRF/5 cells was
stained by immunofluorescence with a mouse

anti-ORF2 mAb (H6225) [66]. Cultured cells
staining positive for ORF2 protein increased with
time over days 5,7, 11, and 15, reflecting a spread in
HEV infection in these cells (Figure 4C). HEV in the
supernatant of cultured fostering cells transfected
with RNA transcripts of pJE03-1760F/wt, not
only infected PLC/PRF/5 as well as A549 cells
in culture, but also could be passaged through
many generations retaining a replication capacity
comparable to that of the wild-type JE03-1760F
strain in patient’s feces.

AN ORF3-NULL MUTANT CLONE FOR
ANALYSIS OF THE FUNCTION OF THE
ORF3 PROTEIN

The function of the ORF3 protein of HEV remains
unknown. Various functions have been attributed
to ORF3 in cells in which it is over-expressed [67].
For example, the ORF3 protein has been suggested
to interact with cellular proteins, including signal
proteins containing Src homology 3 domains [68],
bikunin [69], hemopexin [70], and microtubule
proteins [71], and it might modulate the acute-
phase disease response [72], protect cells from
mitochondrial depolarization [7] and enhance
the expression of glycolytic-pathway enzymes
[6]. However, its function under the physiological
conditions is not clear. Nor it is known whether
or not the ORF3 protein is required for the
morphogenesis and release of virus particles.
Recent studies using infectious HEV cDNA clones
have suggested that the expression of intact ORF3
protein is essential for infection of animals [73,74];
however, it is not required for infection and virion
morphogenesis in vitro [75]. For the purpose of
exploring the function of the ORF3 protein, HEV
cDNA clones with and without ORF3 expression
were compared for their impact on virion egress in
cell culture. A cDNA clone harboring a defect in
ORF3 (pJE03-1760F/AORF3) was produced by
converting its initiation codon (AUG) to GCA.
A549 cells inoculated with the ORF3-defective
virus did not shed HEV particles into culture
media (Figure 5A), although they produced
intracellular HEV RNA at levels comparable to
those of the parent wild-type clone (pJE03-1760F/
wt; Figure 5B). On the basis of these observations,
the ORF3-null mutant was confirmed to replicate
in cells, but nonetheless, is not able to direct the
infected cells to secrete HEV extracellularly.
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Table 2. Comparison of the nucleotide sequences of wild-type JE03-1760F and two daughter
strains (p13/A and p10/B) over the entire genome

Nt no. Region Nt aa
Wild-type p13/A p10/B Residue Mutation
no.
61 ORF1 8] U e 12 —
370 ORF1(MT)" C e C 115 —
445 ORF1(MT) 9] U b o] 140 —
591 ORF1(MT) C e C 189 Ala to
Val
829 ORF1(Y) C C 268 —
1378 ORF1(P) C C 451 —
1549 ORF1(P) u 9] 508 —
2191 ORFI(HVR) C C 722 —
2236 ORF1(HVR) C C 737 —
2246 ORF1(HVR) 8] T 741 Trp to
Arg
2704 ORF1(X) U o U 893 —
2808 ORF1(X) U U ] 928 Val to
Ala
2913 ORF1(Hel) A A e 963 Glu to
Gly
2915 ORF1(Hel) G G o 964 Val to
Leu
2938 ORF1(Hel) C C 971 —
3106 ORF1(Hel) A - A 1027 —_
3223 ORF1(Hel) U U v 1066 —
3235 ORF1(Hel) C C 1070 —
3453 ORF1(Hel) C C 1143 Ala to
Val
3475 ORF1(Hel) C C b
3496 ORF1(Hel) C C 1157 —_
3553 ORF1(Hel) C C 1176 —
3620 ORF1(Hel) U U 1199 —
4015 ORF1(RdRp) C C 1330 —
4309 ORF1(RdRp) C C hes 1428 —
4462 ORF1(RdRp) C ] C 1479 —
5312 ORF2 U §] e 47 —
ORF3 51 Ile to
Thr
5378 ORF2 A e G 69 -
ORF3 73 Asn to
Ser
5456 ORF2 C ey e 95 —
ORF3 99 Pro to
Leu
6047 ORF2 U U e 292 —
(Continues)
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Table 2. (Continued)

Nt no. Region aa
Wild-type p13/A p10/B Residue Mutation
no.
6470 ORF2 C C 433 —
6578 ORF2 C C 469 —
6611 ORF2 C C 480 —
6626 ORF2 U U 485 —
6651 ORF2 G G ERE 494 Val to
Ala/Thr
6652 ORF2 U U W 494 Val to
Ala/Thr
6855 ORF2 A A i 562 Asn to
Asp
6944 ORF2 U U 591 —
7186 3’ UTR C C NA

*Nt mutations are shaded for visual clarity.

°MT, methyltransferase; Y, Y domain; P, papain-like protease; HVR, hypervariable region; X, X domain; Hel, helicase;

RdRp, RNA-dependent RNA polymerase.

‘Nt mutations that are commonly seen in the two distinct series of passages in experiments A and B, are shown in bold

type.
R, mixture of A and G.

The expression of the ORF3 protein was
examined by immuno-capture PCR with a mouse
anti-ORF3 mAb (TA0536) [76]. ORF3 protein
was not detectable on HEV particles in the patient’s
feces. In contrast, the protein was identified on
HEV particles excreted into the media of cultured
cells [76,77]. In the absence of detergent, only
a small percentage of the HEV particles were
captured by anti-ORF2 and anti-ORF3 antibodies.
This stands in a sharp contrast to the fact that both
anti-ORF2 and anti-ORF3 antibodies were able to
capture virtually all of the HEV particles after they
had been treated with various detergents. These
lines of evidence point to the existence of ORF3
protein on HEV particles produced in culture, but
that the protein is covered with a lipid layer.

HEYV particles in the feces are not captured by
a mAD specific to ORF3 protein. They are released
from the liver through the bile duct into the
intestinal lumina. During this transition, HEV
particles are exposed to deoxycholic acid (DOCA)
in the bile and proteolytic enzymes excreted from
the pancreas. It is reasonable to presume, therefore,
that fecal HEV are deprived of ORF3 protein
and free of cellular membranes constituting the
envelope. In support of this view, HEV particles in

culture media, after treatment with DOCA
and trypsin, were trapped completely by the
mAb to ORF2 protein, but not at all by that to
ORF3 protein. In line with these observations, the
density of cultured HEV in sucrose gradient
centrifugation shifted from 1.15-1.16 to 1.27-
1.28 g/cm’ (Figure 6D), after treatment with DOCA
and trypsin, which was comparable to that of fecal
HEV (Figure 6A). Of note, the buoyant density of
HEV particles treated with 1% DOCA (Figure 6C),
or 5% Tween 20, or even after they had been treated
with 10% chloroform, shifted to 1.20-1.25g/cm?,
which was still a little lower than 1.27-1.28 g/cm®,
suggesting that proteolytic digestion is necessary
to dissociate ORF3 protein from HEV particles
released from infected cells.

The results of these experiments have exten-
sively characterized the ORF3 protein. The protein
is a structural HEV protein, in that it exists on
the surface of nascent HEV. As such, it most likely
has a critical role in the release of HEV from
infected cells. HEV particles in culture media
are covered with cellular membranes and behave
as if they were “enveloped” viruses. In contrast,
HEV particles excreted into feces are naked “non-
enveloped” virus as has been documented in text
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Figure 4. Production and replication of an infectious HEV ¢DNA clone. (A) Construction of the wild-type cDNA clone (pJE03-1760F/wt)
and the same clone deprived of ORF1 (pJE03-1760F/AORF1). (B) Replication of these two clones, representing the wild-type HEV and a
negative control, is compared in the culture meida of the PLC/PRF/5 cell line transfected with these clones. (C) Expression of the ORF2
protein in cultured cells transfected with the wild-type HEV ¢cDNA clone was followed until 15 days post-transfection by staining with the
mAb against the ORF2 protein labeled with Alexa Fluor 488. Copied from Reference [65] with permission

books for several decades [78]. In fact, HEV exists
in two different forms, one “enveloped” and the
other “non-enveloped.” Hence, the presence of
“enveloped” HEV in the physiological state was
sought for further experiments.

INFECTIOUS CAPACITY OF HEV STRAINS
IN CULTURES DERIVED FROM PATIENT
SERA

HEV particles from patient sera, in the absence or
presence of anti-HEV, have a density peaking at
1.15-1.16 g/ cm? in sucrose gradient centrifugation,
similar to those in culture media (Figure 6E,F). HEV
particles in culture media, unlike those in feces,
take the form of an “enveloped” virus. None-
theless, they can infect cultured cells, and can
replicate efficiently. On the other hand, cases of
post-transfusion HEV infection have been reported

from Japan [79-81] and other countries [82-84].
These lines of evidence invite a possibility for
establishing an HEV culture system with use of
circulating HEV particles as the starting inoculum.

Sera from 23 patients with hepatitis E, who had
been exposed to either imported or domestic HEV
infections, were seeded into PLC/PRF/5 cells in
culture [85]. Each well of the six-well plate received
HEV of genotype 1, 3, or 4 either in the order
of 106cogies [1.5-3.0 x 10° copies/well (n=4)] or
that of 10” copies [1.5-5.8 x 10 copies/well (n =9)].
HEV replicated in all the wells, to levels reflecting
the size of the inoculation. Thus, HEV RNA titers
increased to the median of 2.1 x 10° copies/ml for
wells seeded with HEV in the 10° order, and to
1.9x%x10° copies/ml for wells seeded with HEV in
the 10° order on day 30 (Figure 7A,B, respectively).
HEV replicated in 8 of the 19 (42%) wells receiving
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Figure 5. Production of HEV by cells in culture inoculated with viruses derived from HEV ¢DNA. Patterns of the wild-type cDNA clone
(pJE03-1760F/wt) and the same clone deprived of ORF3 (pJE03-1760F/AORF3) are compared. (A) Extracellular secretion of HEV into culture
media. (B) Intracellular production of HEV. See Reference [77] for further details

HEV in the order of 10* (2.0~7.2 x 10* copies/ well),
and HEV RNA levels in these wells reached
a median of 3.9 x 10*copies/well (Figure 7C).
Of interest, genotype 3 HEV strains tended to
replicate more efficiently than genotype 4 HEV
strains, with a higher median HEV load on day 30
(1.7 x 10° copies/ml vs. 6.7 x 10* copies/ml on day
30) in the culture supernatant of wells receiving
HEV in the 10> order (Figure 7B) along with a
higher frequency of infection (6/12 or 50% vs. 2/7
or 29%) in wells receiving HEV in the 10* order
(Figure 7C). These genotype-dependent behaviors
stand at a substantial variance with our previous
experiences on fecal HEV; the genotype 4 strain (HE-
JE5/15F) replicated much more efficiently than the
genotype 3 strain (JE03-1760F) (Figure 3) [62].
It remains to be seen, therefore, which of genotypes
and strain differences affects the efficiency of
replication to higher extents.

The nucleotide sequence spanning 412nt in
ORF2 was determined, and the sequence was
compared between the serum HEV used as the
inoculum and the HEV in culture media recovered
at day 30. The 100% identity between these ORF2
sequences testified to the successful propagation
of circulating HEV in culture. When HEV in
culture media were seeded into A549 cells, they
replicated efficiently and raised HEV RNA levels to
1.0 x 107 copies/ml in culture media [85].

Of the 21 serum samples for which the replica-
tion of HEV was confirmed, only three were
negative for anti-HEV (marked by asterisks in
Figure 7). HEV in the remaining 18 (86%) serum
samples co-existed with anti-HEV. Irrespective of
co-occurring anti-HEV, the density of HEV in the
samples peaked at 1.15-1.16g/cm’, that is, the
same as that of HEV in culture media (Figure 6E,F).
When immuno-precipitation with goat anti-human
[gG/IgM/IgA antibodies was performed on HEV
from 4 serum samples with and 3 samples without
anti-HEV, the HEV stayed mostly in the super-
natant and only 8.1% of the samples were
recovered in precipitates. In contrast, fecal HEV
samples, which had been pre-incubated with sera
from patients in the recovery phase of acute
hepatitis E, were precipitated nearly completely
by anti-human immunoglobulin antibodies. Based
on these results, serum HEV does not form immune
complexes with anti-HEV and circulate in a free
form [85].

Pre-treatment of HEV in sera with detergent,
such as Tween 20 and NP-40, made them reactive
with anti-ORF2 and anti-ORF3 mAb to some
extent, when enabled them to be recovered in
precipitates, as was observed for HEV in culture
media. When HEV in sera were pre-treated with
detergents and proteolytic enzymes, they banded
at 1.27-1.28g/ cm® in a sucrose gradient, to the
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Figure 6. The density of HEV in sucrose gradient centrifugation.
HEV from various sources are compared (A-F). The effects of
treatment with detergent, either alone or in combination with
proteases, are evaluated for HEV recovered from culture media
(C, D)

same density as the fecal HEV. At the same time,
they became completely capturable by anti-ORF2,
but could not be captured by anti-ORF3 at all. Thus,
by treatment with detergents and proteolytic
enzymes, circulating HEV can gain the same
properties as HEV in feces, just as was observed
for HEV generated in cell cultures. Therefore, HEV
in culture media, in titers much higher than
circulating HEV, were evaluated for their infec-
tious capacity after they had been treated with
detergents and proteolytic enzymes. HEV in
culture media did not lose infectious activity after
they had been treated with detergents in the
presence or absence of proteolytic enzymes [85].
All through the above studies, HEV inocula with
higher HEV RNA titers infected culture cells the
more efficiently. This holds true irrespective of the
source of inoculum, including fecal HEV (JE03-
1760F of genotype 3 as well as HE-JF5/15F of
genotype 4) and circulating HEV with or without
co-occurring anti-HEV. Circulating HEV can infect
culture cells efficiently, provided that approximate
HEV RNA titers in serum exceed 5.0 x 10° copies/
ml. As mentioned above, HEV excreted into culture
media are covered with cellular membranes and
have a density lower than that of fecal HEV.
Likewise, circulating HEV are also covered with
cellular membranes, and are endowed with the
structure of an “enveloped” virus. As a result, co-
existing anti-HEV antibodies do not influence the
infectious activity of circulating HEV that have
been propagated in culture. At the present
moment, however, it has not been explained how
“non-enveloped” viruses like fecal HEV and
“enveloped”” viruses as the HEV in culture media
and sera infect cultured cells. The crystal structure
of HEV-like particles was confirmed recently, with
their outer surface (a target for neutralizing
antibodies) mainly constructed by the middle
and protruding domains [86-89]. However, a
putative receptor for HEV has not been identified,
and virtually nothing is known about the mech-
anism by which HEV enters susceptible cells. It is
conceivable that “non-enveloped’”” HEV infects
target cells through specific interaction between
viral capsid and host receptor molecule. For
“enveloped” HEV, there may be another as-yet-
unknown mechanism for entry to hepatocytes,
since neither ORF2 nor ORF3 protein is exposed on
its surface. The mechanism of absorption and entry
both of these “non-enveloped” and “enveloped”
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HEV into hepatocytes, as the first step of infection,
as well as virus shedding from hepatocytes into
circulation, need to be clarified. Such studies are
required in order to better understand the life cycle
of HEV.

CONCLUSION

For the first time, cell culture systems were
developed capable of secreting infectious HEV in
high titers into culture media. The success with the
original JE03-1760F strain has been extended to
other strain that can bring about the replication of
HEV with an even higher efficiency, and that can be
passaged through many generations. Further,
infectious HEV ¢DNA clones have been engin-
eered. These cell culture systems, reinforced by
reverse genetics, will solve many mysteries and
answer numerous questions surrounding the
epidemiology, viral absorption/entry, packaging
and delivery of viral particles, toward illuminating
the life cycle of HEV.

Efficient propagation of authentic HEV in
feces and circulation, as well as HEV cDNA clones,
in PLC/PRF/5 and A549 cells is expected to
encourage the application of this system for other
viruses for which a culture has not yet been
established. A key to successful propagation in

culture would be a high infectious capacity of
primary inocula, that is, the concentration of virus
in copies/ml.

The discovery of “enveloped” HEV is not
unprecedented for infectious hepatitis viruses that
have been believed to represent the naked
nucleocapsid. It has been reported that some
HAV particles excreted into culture medium are
associated with lipids and are non-neutralizable
[90,91]; however, their association with lipids is
not to the extent of HEV in cell culture and
blood circulation, essentially all of which are
now found to be “enveloped.” New knowledge
about HEV has invited novel questions as well.
For example, it is not known why HEV in culture
media and sera can infect hepatocytes, even though
they are “enveloped,” with a virulence comparable
to that of ““non-enveloped”” HEV in feces. It is also
unclear whether anti-HEV can protect hepatocytes
from infection with HEV introduced by transfu-
tion, even though the viruses are “‘enveloped” and
not reactive with antibodies. These mysteries need
to be addressed and resolved in future studies in
which absorption and entry of “enveloped” HEV
will be defined more precisely. The solution is
within reach, now that an efficient in vitro infection
system for HEV is in our hands.
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