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TABLE 2. Characteristics of disqualified donors with elevated ALT of greater 500 IU per L*
Age ALT level Anti-HEV HEV strain
Donor Date of donation (years) Sex (IU/L) IgM 1gG HEV RNA {genotype)
1 October 2000 45 Male 878 - ~ -
2 August 2000 29 Male kR - - -
December 2000 29 767 + + + HRC-HE1 (V)
August 2001 30 12 + + -
February 2002 31 19 + + -
May 2002 31 16 - + -
3 December 2000 .42 Male 558 - - -
4 January 2001 R 74 Female 670 - + -
5 March 2001 30 Male 506 + + + HRC-HE2 (it
6 April 2001 . 35 Male 1008 - - - '
7 April 2001 40 Male 1470 + + + HRC-HE3 (IV)
8 June 2001 33 Female 545 - - -
9 June 2001 : 36 Male 675 - - -
10 July 2000 46 Male 21 - -
July 2001 47 713 + + + HRC-HE4 (Ii1)
iR July 2001 31 Female 748 - - -
12 August 2001 36 Male 1458 - - -
13 August 2001 49 Male 647 - - -
14 October 2001 39 Male 641 - + + HRC-HES5 (i)
15 April 2000 47 Male 17 - - -
November 2001 . 48 740 + + + HRC-HES6 (IV)
16 November 2001 40 Male 771 - - -
17 December 2001 56 Male 531 - - -
18 April 2002 33 Female 948 - - -
* + = positive; — = negative.

studied. For all HEV-RNA-positive donors except for
Donor 14, anti-HEV IgM was detected in the HEV-RNA-
positive donations (Table 2). In the three HEV-infected
donors, Donors 2, 10, and 15, ALT levels were normal and
neither HEV RNA nor anti-HEV was detected in the previ-
ous donations. For Donor 2, HEV RNA was negative and
ALT not elevated except for the HEV-RNA-positive dona-
tion; the HEV-positive donation had both IgG and IgM
antibody to HEV and his anti-HEV IgM was still detect-
able 13 months after the HEV-positive donation.

DISCUSSION

We report the first case of transfusion-transmitted acute
hepatitis E fully investigated by molecular approaches.
The HEV-positive blood donor was asymptomatic and res-
ident in Japan, where hepatitis E has been considered not
endemic, and her donation was made in an early stage
of HEV infection. Fecal-oral transmission is the common
route of HEV infection in the outbreaks in endemic areas,’
whereas little is known about the transmission routes for
sporadic hepatitis E cases in industrialized countries. Ver-
tical transmission as well as transfusion transmission has
been suggested in endemic areas.?®

In India, where hepatitis E is endemic, Arankalle and
Chobe® reported two cases of transfusion-transmitted
hepatitis E by means of retrospective analyses. Neverthe-
less, they were not successful in demonstrating the asso-
ciation of blood transfusion with hepatitis E infection by
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molecular approaches probably because of degradation of
HEV RNA in the specimens during storage.

In our study, specimens from both the donors and the
patient before and after the transfusion were available in
good condition, which made it possible to determine that
the blood transfusion was associated with HEV infection
with molecular approaches.

The case patient was positive for both anti-HBc¢ and
HBsAg and negative for the presence of HBV DNA before
and after transfusion, suggesting that he was not in an
active HBV carrier state. Testing results for other five
viruses regarding to hepatitis except for HEV showed that
they were ruled out as a causative agent to this case.
Based on the clinical data, he was diagnosed with acute
hepatitis E. The case donor had a seroconversion of anti-
HEV and appeared to be asymptomatic for HEV infec-
tion. The amplification products of two distinct regions of
HEV corresponding to the methyltransferase gene and
the hypervariable and proline-rich hinge domain of ORF1
fror both the patient and the donor were sequenced,
showing complete identity. Therefore, it is highly proba-
ble that the transfusion was responsible for the current
hepatitis E case. In addition, the onset of the hepatitis
was closely associated with the timing of the blood trans-
fusion. The onset of the hepatitis was somewhere
between 24 and 46-days after transfusion, which corre-
sponded to the incubation period of 32 days in a case of
transmission of HEV to a human volunteer.”® Neverthe-
less, the possibility cannot be ruled out that the infection



occurred via other route and the sequence identity of the
HEV in the donor and the patient was coincidental. RBCs,
derived from the HEV-positive donation, did not appear
to cause hepatitis E by transfusion to another patient.
The patient had no clinical sign of hepatitis during fol-
low-up after transfusion; neither HEV RNA nor anti-HEV
were detected on the 130 days after transfusion but any
other sample from the patient was not available for test-
ing. The viral load of HEV in the RBC product could be
too low to cause infection.

We also found six HEV-RNA-positive samples among
donors with an ALT level of greater 500 IU per L in the
_ same area, Hokkaido, and some of them had strains quite
similar to the case strain, HRC-IM and HRC-SK.

Phylogenetic analyses of HEV isolates indicated a
cluster of genotype IV indigenous to Hokkaido. The cluster
includes highly homogeneous strains of genotype IV with
99.4 to 100 percent nucleotide sequence identities: JKK-
Sap and ]SY-Sap from hepatitis E patients; HRC-HE],
HRC-HE3, and HRC-HES6 from voluntary blood donors
with an ALT level of greater than 500 IU per L; and HRC-
IM from the case donor. Of three HEV strains of genotype
111 isolated in this study, HRC-HE5 showed very similar
nucleotide sequence to JKN-Sap and JHA-Sap® isolated
from acute hepatitis E patients. They all were derived from
individuals living in Hokkaido. These results suggest that
multiple HEV strains of genotype Il and IV indigenous to
Hokkaido may exist and are circulating there. It is interest-
ing to note that a recently isolated swine HEV strain in
Hokkaido showed 99 percent nucleotides homology over
the entire genome with a human HEV strain of genotype
[V.'¢17 Moreover, a direct evidence of HEV transmission
from animal to human via uncooked deer meat was pro-
vided in Japan.'® These support the idea that hepatitis E is
a zoonotic disease and swine and deer are as reservoirs for
human infection.

By implementation of sensitive HBV and HCV
tests including NAT for donor screening, the residual risk
of posttransfusion hepatitis B and C has become
minimal ®* Regarding other viruses associated with
hepatitis such as HAV, HEV, CMV, and EBV, a specific test
for each virus is not performed as routine donor screen-
ing in Japan. Although it may not be very effective in the
early stage of infection or as a surrogate test for HBV or
HCV infection,® ALT testing may be helpful in prevent-
ing posttransfusion hepatitis caused by other viruses
associated with hepatitis. Approximately 8000 (2.3%)
units of donated blood are disqualified yearly owing to
an elevated ALT level of higher than 60 IU per L in Hok-
kaido. Forty donors showed ALT levels of higher than 500
IU per L in 1.5 years, of which at least six samples with-
out HBV DNA nor HCV RNA were HEV-positive. It
should be noted that the 6 donors were disqualified not
by donor interviewing but by ALT testing. This suggests
the possibility that asymptomatic HEV infection was
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present among other blood donors. Although the appro-
priate cutoff value might be reconsidered, ALT screening
should not be discontinued because information about
HEV infection is still poor and there is no other screen-
ing test to eliminate such asymptomatic HEV-positive
donors in Japan.

In conclusion, although transfusion-transmitted HEV
is probably much too rare to sustain HEV transmission in
industrialized countries, where HEV infection is believed
to be nonendemic, it should be taken into account that
HEV is spread through uncertain routes, and the potential
risk of transfusion-transmitted HEV infection should be
considered. Further epidemiologic study is required to
understand the current transmission routes of HEV
infection.
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We investigated a case of hepatitis E acquired after
persons ate wild boar meat. Genotype 3 hepatitis E virus
(HEV) RNA was detected in both patient serum and wild
boar meat. These findings provided direct evidence of
zoonotic foodborne transmlss:on of HEV from a wild boar to
& human.

Fepatitis E virus (HEV), a causative agent of human
L Zhepatitis E, is a single-stranded positive-sense RNA
virus recently classified as the sole member of the genus
Hepevirus in the family Hepeviridae (1,2). HEV is trans-
mitted primarily by the fecal-oral route through contami-
nated drinking water. However, recent studies have
demonstrated that various animal species have serum anti-
bodies to HEV, suggesting that hepatitis E is a zoonotic
disease (3). In Japan, 4 hepatitis E cases have been linked
directly to eating raw deer meat (4), and several cases of
acute hepatitis E have been epidemiologically linked to
eating undercooked pork liver or wild boar meat (5,6).
These cases provide convincing evidence of zoonotic
food-bormne HEV transmission. We report direct evidence
of HEV transmission from a wild boar to a human.

The Study

A 57-year-old woman came to lizuka Hospital on
March 12, 2005, with malaise and anorexia. Although she
was a healthy hepatitis B virus carrier and negative for
serologic markers of hepatitis A and C, testing upon admis-
sion showed elevated levels of liver enzymes (alanine
aminotranferase 752 IU/L, aspartate aminotransferase 507
IU/L, and y-glutamyl transpeptidase 225U/L). A serum
sample collected on March 16 was positive for both
immunoglobulin M (IgM) and IgG antibodies to HEV
when tested by an antibody enzyme-linked immunosor-
bent assay using recombinant viruslike particles (7). This

*National Institute of Infectious Diseases, Tokyo, Japan; +Fukuoka
Institute of Health and Environmental Sciences, Fukuoka, Japan;
jTagawa Health, Welfars, and Environment Office, Fukuoka,
Japan,; §Fukuoka Prefectual Govemment, Fukuoka, Japan; and
Jllizuka Hospital, Fukuoka, Japan
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led to the diagnosis of hepatitis E. The hepatitis was typi-
cal, acute, and self-limiting, and the patient recovered by
the end of March.

The patient’s. husband traditionally hunted boar for
food 3 or 4 times a year, and she had eaten boar meat on 2
occasions. With her husband, she ate the meat as part of a
hot pot on December 28, 2004, 11 weeks before her illness,
and again, grilled, on January 19, 2005, along with 10
other people (including her husband) 8 weeks before her
iliness. Disease did not develop'in the other 10 people.
Except for this wild boar meat, the patient had not eaten
meat or liver from other wild animals, Since she had not
traveled abroad in the past 30 years, transmission must
have occurred in Japan. Two portions of meat from the
wild boar (meats 1 and 2) eaten on December 28, 2004,
and 1 portion from the other wild boar (meat 3) eaten on
January 19, 2005, remained and were frozen.

Juice was obtained from the sliced meat by centrifuga-
tion at 10,000 X g for 15 min. The supernatant was used for
RNA extraction. A nested reverse transcription—poly-
merase chain reaction (RT-PCR) was conducted to ampli-
fy part of open reading frame 2 (ORF2), which
corresponds to nucleotides (nt) 5939~6297 of the genotype
1 HEV genome (GenBank D10330), with external sense
primer HEV-F1 (5-TAYCGHAAYCAAGGHTGGCG-3")
and antisense primer HEV-R2 (5’-TGYTGGTTRTCR-
TARTCCTG-3"). A nested PCR was conducted with inter-
nal sense primer HEV-F2 (5-GGBGTBGCNGAGGAGG-
AGGC-3) and internal antisense primer HEV-R1 (5'-
CGACGAAATYAATTCTGTCG-3"). This procedure
allows amplification of HEV 1, 3, and 4 genotypes. APCR
product of 359 bp including the primer sequences was
obtained from meat 3 by nested PCR. However, meats 1
and 2 were negative. HEV RNA was not detected in the
patient’s serum by the same amplification method. This
may have resulted from an exiremely small amount of
RNA. ,

New primers for the nested RT-PCR were designed for
a region within the 359 base region based on the meat 3
sequences, which corresponded to nt 5983-6243. The first
PCR was performed with external sense primer HEV-WB-
F1 (5-ACCTCTGGCCTGGTAATGCT-3") and antisense
primer HEV-WB-R2 (5'-GAGAAGCGTATCAGCAAG-
GT-3"). The nested PCR was performed with internal sense
primer HEV-WB-F2 (5-TATTCATGGCTCTCCTGTCA-
3’) and internal antisense primer HEV-WB-R1 (5-ACA-
GTGTCAGAGTAATGCCT-3"). These primers allowed
amplification of 281 nt, including the primer sequences
from the patient serum collected on March 16, 2005. In
contrast, meats 1 and 2 were negative with these new
primers.

To further analyze the RNA in the patient serum and
meat 3, RNA genomes encoding an entire ORF2 were

Emerging Infectious Diseases » www.cdc.govieid = Vol. 11, No. 12, December 2005



amplified as overlapping segments, nucleotide sequences

. were determined, and phylogenetic analysis was carried
out with avian HEV as an outgroup. Avian HEV is a
causative agent of chicken hepatitis-splenomegaly syn-
drome (8). Two sequences, 1 from the patient (DQ079629)
and the other from meat 3 (DQ079630), were classified
into genotype 3 (Figure). Only 1 nt difference was
observed in the 1,980 nt of the entire ORF2; the nucleotide
sequence identity was 99.95%. The difference was not
accompanied by any amino acid changes. These data
demonstrated that HEV infection was transmitted from the
wild boar meat to the patient on January 19, 2005.

Conclusions

Currently, deer, pig, and wild boar are suspected
sources of foodborne zoonotic transmission of HEV in
Japan, and genotypes 3 and 4 of HEV are believed to be
indigenous (4-6,9,10). Direct evidence for transmission of
genotype 3 HEV from animals to humans was observed in
acute hepatitis in 4 persons who had eaten uncooked deer
meat that contained =107 copies of HEV RNA (4).
However, the rare finding of HEV antibody-positive deer
in Japan suggest that deer are not the major zoonotic reser-
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Figure. Phylogenstic tree of hepatitis E virus (HEV) reconstructed
with avian HEV as an outgroup. Nudleotide sequences of the
entire open reading frame 2 were analyzed by the neighbor-join-
ing method. The bootstrap values correspond to 1,000 replica-
tions. The 2 nuclectide sequences characterized in this study are
shown in bold. The horizontal scale bar at the top left indicates
nucleotide substitutions per site.
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voir of HEV in this country (11). In contrast, high anti-
body-positive rates in domestic pig and wild boar, includ-
ing HEV genotypes 3 and 4, have been frequently
detected, suggesting that persons who eat uncooked meat
are at risk for infection with HEV (12,13). This report is
the first to provide direct evidence of zoonotic foodborne
genotype 3 HEV transmission from wild boar to a human.
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Hepatitis E virus (HEV) is 2 noncultivable virus that causes acute liver failure in humans. The virus’s major
capsid protein is encoded by an open reading frame 2 (ORF2) gene. When the recombinant protein consisting
of amino acid (aa) residues 112 to 660 of ORF2 is expressed with a recombinant baculovirus, the protein
self-assembles into virus-like particles (VLPs) (T.-C. Li, Y. Yamakawa, K. Suzuki, M. Tatsumi, M. A. Razak,
T. Uchida, N. Takeda, and T. Miyamura, J. Virel. 71:7207-7213, 1997). VLPs can be found in the culture
medium of infected Tn5 cells but not in that of 519 cells, and the major VLPs have lost the C-terminal 52 aa.
To investigate the protein requirement for HEV VLP formation, we prepared 14 baculovirus recombinants to
express the capsid proteins truncated at the N terminus, the C terminus, or both. The capsid protein consisting
of aa residues 112 to 608 formed VLPs in Sf9 cells, suggesting that particle formation is dependent on the
modification process of the ORF2 protein. In the present study, electron cryomicroscopy and image processing
of VLPs produced in Sf9 and TuS cells indicated that they possess the same configurations and structures.-

" Emipty VLPs were found in both Tn5 and Sf9 cells infected with the recombinant containing an N-terminal
truncation up to sa residue 125 and C-terminal to aa residue 601, demonstrating that the aa residues 126 to
601 are the essential elements required for the initiation of VLP assembly. The recombinant HEV VLPs are
potential muceosal vaccine carrier vehicles for the presentation of foreign antigenic epitopes and may also serve
as vecters for the delivery of genes to mucosal tissue for DNA vaccination and gene therapy. The results of the
present study provide useful information for constructing recombinant HEV VLPs having novel functions.

Hepatitis E virus (HEV), which causes severe acute liver
failure, belongs to the genus Hepevirus in the family Hepeviri-
dae (22). HEV contains an approximately 7.2-kb single-
stranded positive-sense RNA molecule (21). The RNA is 3
polyadenylated and includes three open reading frames
{ORF). ORF1, mapped in the 5 half of the genome, encodes
viral nonstructural proteins (7, 12). ORF2, located at the 3
terminus of the genome, encodes a protein-forming viral cap-
sid (11, 25). ORF3, mapped between ORF1 and ORF2, en-
codes a 13.5-kDa protein that is associated with the membrane

_as well as with the cytoskeleton fraction (27). This protein is
shown to be phosphorylated by the cellular mitogen-activated
protein kinase (6, 8). The ORF3 protein may have a regulatory
function (6, 8). Ever since HEV was first discovered in 1980
and visualized by immune electron microscopy in 1983 (2),
many efforts have been made, using different expression sys-
tems, to express the structural protein (5, 11, 17, 26). It is
particularly important to characterize the viral protein because
so far no practical cell culture system for growing HEV is
available. Only one neutralization epitope has been identified;
it maps between amino acids 578 and 607 of the ORF?2 protein
(pORF2) (18).

* Corresponding author. Mailing address: Department of Virology
I1, National Institute of Infectious Diseases, Gakuen 4-7-1, Musashi-
Murayama, Tokyo 208-0011, Japan. Phone: (81)-42-561-0771. Fax:
(81)-42-561-4729. E-mail: litt@nih.go.jp.

The expression of foreign proteins in baculovirus systems
opens the prospect of studying HEV capsid assembly, since
virus-like particles (VLPs) of pronounced spikes on the surface
can be formed with the recombinant protein expressed with
this system (11, 25). This VLP is capable of inducing systemic
and mucosal immune responses in experimental animals (9).
With an oral inoculation of 10 mg of recombinant HEV VLPs,
cynomolgus monkeys can develop anti-HEV immunoglobulin
M (IgM), IgG, and IgA responses and protect against HEV
infection (10). All these data suggest that VLPs are a candidate
HEYV vaccine.

The VLPs produced from Tn5 cells appear as T=1 icosahe-
dral particles, which are composed of 60 copies of truncated
pORF2 (25). The protein contains two distinctive domains: the
shell (S) domain forms the semiclosed icosahedral shell, while
the protrusion (P) domain interacts with the neighboring pro-
teins to form the protrusion. The projection of T=1 recombi-
nant HEV VLPs appears as spikes decorated with spherical
rings (25), which fits with the morphology obtained from neg-
atively stained HEV native virions. The diameter of these
VLPs, 27 nm, is less than that reported for partially purified
native virions (16). However, VLPs retain the antigenicity of
the native HEV virion by designated antigenic sites at the P
domain and by the capsid connection at the S domain. The
particles appear empty, with no significant RNA-like density
inside. The N-terminal region of pORF2 is rich in positively
charged amino acid residues and may interact with RNA mol-
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TABLE 1. Oligonucleotides used in the construction of baculovirus recombinants

Recombinant " Forward primer” Reverse primer”

baculovirus
Aclnll 1] AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
Ac[nll 1c52] AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT AATCTAGACTATGCTAGCGCAGAGTGGGGGGCTAARA
Ac[nll 1c58] AAGGATCCATEGCGGTCGCTCCAGCCCATGACACCCCGCCAGT AATCTAGACTAGGCTAARACAGCAACCGCAGAGATGS
Ac[nll 1c59] AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT AATCTAGACTATAAARACAGCAACCGCAGAGATGGAGA
Acfnlt 1¢60] AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT AATCTAGACTAAACAGCAACCGCAGAGATGGAGACGG
Ac[nll 1c64] AAGGATCCATCGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT AATCTAGACTAAGAGATGGAGACGGGACCAGCACCCA
Ac[nll 1c72] AAGGATCCATGGCGGTCGCTCCAGCCCATGACACCCCGCCAGT AATCTAGACTAACCCAGGCTAGTGGTGTAAGTGGAAA
AC[CSZ] CAGGATCCATGCGCCCTCGGCCTATTTTIGTTGCTGCT AATCTAGACTATGCTAGCGCAGAGTGGGGGGCTAARA
Acfnl 23] AAGGATCCATGGATGTCGACTCTCGCGGCGCCATCTT GGICTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
Ac[nl24] ARGGATCCATGGTCGACTCTCGCGGCGCCATCTT GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
AC[n125 ] AAGGATCCATGGACTCTCGCGGCGCCATCTTGCG GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
Acfnl 26] AAGGATCCATGTCTCGCGGCGCCATCTTGCGCCG GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
Ac[n130 CAGGATCCATGATCTTGCGCCGGCAGTATAATCTATC GGTCTAGACTATAACTCCCGAGTTTTACCCACCTTCTACTT
Ac[n125¢59] AAGGATCCATGGACTCTCGCGGCGCCATCTTGCG AATCTAGACTATAAAACAGCAACCGCAGAGATGGAGA

“ BamHI (underlined) and an initiation codon (bold) are indicated.
b Xbal (underlined) and a stop codon (bold) are indicated.

ecules (21). Thus, the deletion of the N-terminal 111 amino
acid (aa) residues and the insufficient volume of the central
cavity may lead to the failure of RNA encapsidation (25).

Cell type dependence in the VLP formation of the recom-
binant capsid protein was observed when aa residues 112 to
660 of ORF2 were expressed with a recombinant baculovirus in
two insect cell lines, TnS and Sf9. In Tn5 cells, two major
bands, having molecular masses of 58 kDa (58K) and 53 kDa
(53K), were found in the cell lysate, while a peptide in the
VLPs comprising a 53K protein was found in the culture me-
dium. The 53K protein has been designated as either the S0K
or 54K protein in previous studies (9, 11). In Sf9 cells, an
additional peptide with a size between that of 58K and that of
53K was found in the cell lysate. However, no VLP was recov-
ered from the culture medium. In Tn3 cells, terminal sequenc-
ing revealed that 58K and 53K proteins have the same first 15
aa in the N terminus and that a posttranslation cleavage by
cellular protease(s) occurred at the pORF2 C termini and
converted 58K into 53K. An independent but similar observa-
tion ‘was obtained when pORF2 of the Pakistani strain was
expressed in Sf9 cells (17) where several immunoactive pro-
teins were detected in the cell lysate, and a 53K protein was
secreted into the culture medium, but no VLP was found.
Further investigation of pORF2 expression in Sf9 and Tn5 cells
may allow us to understand the mechanism underlying the
subunit assembly and particle formation of the recombinant
HEV capsid. :

We analyzed particle formation with pORF2 containing a
series of truncated deletions at the N- and/or C-terminal re-
gion. In both Sf9 and TnS5 cells, amino acid residues 126 to 601
appeared to form the pORF?2 core structure and were capable
of self-assembling into VLPs. These results indicated that the
cell dependence on particle formation is due to the difference
between Sf9 and TnS cells in the modification  process of
pORF2.

MATERJIALS AND METHODS

Generation of recombinant baculoviruses and expression of capsid proteins.
DNA fragments encoding the N- and/or C-terminal aa-truncated pORF2 were
amplified by PCR using plasmid pHEV5134/7161 as a template. Plasmid
pHEV5134/7161 containing a full-length genotype 1 (G1) HEV pORF2 was

described previously (11). The primers used in the construction of baculovirus
recombinants arc shown in Table 1. Amplificd DNA fragments were purified by
using 2 QIAGEN PCR purification kit (QIAGEN, Valencia, CA), digested with
restriction enzymes, and ligated with baculovirus transfer vector pVL1393
(Pharmingen, San Dicgo, CA). An inscct cell line derived from Spodoptera
frugiperda (8£9) (19) (Riken Cell Bank, Tsukuba, Japan) was cotransfected with
a lincarized wild-type Autographa californica nuclear polyhedrosis virus DNA
(Pharmingen), and the transfer vectors were cotransfected by the Lipofectin-
mediated method as specified by the manufacturer (Gibco BRL, Gaithersburg,
MD). The cells were incubated at 26.5°C in TC-100 medium (Gibco BRL)
supplemented with 8% fetal bovine scrum and (.26% Bacto tryptose phosphate
broth (Difco Laboratories, Detroit, MI). The proteins in the culture medium and
cell lysate were separated by sodium dodecyl! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and analyzed by Western blot assay using serum from a
patient with acute hepatitis E (11). Each recombinant virus was plaque purified
three times. The baculovirus recombinants thus obtained were designated as

- Ac[n111}, Ac[n111¢52], Ac[nl11c58], Ac[ni11c59), Ac[nillc60], Acnllic6d],

Ac[n111c72], Ac[c52], Ac[n123], Ac[ni24], Ac[n125], Ac[n126], Ac[n130], and
Ac[n125c¢59}; a schematic diagram is shown in Fig. 1. Both insect $f9 and TnS
cells, the latter from a Trichoplusia ni insect cell line, BTI-Tn-5B1-4 (Invitrogen,
San Diego, CA), were infected with recombinant baculoviruses at a multiplicity
of infection of 10 and incubated for 5 days at 26.5°C as previously described (11,
23).

Purification of VLPs. The culture medium was harvested on day 5 after
infection. The intact cells, cell debris, and progeny baculoviruses were removed
by centrifugation at 10,000 X g for 90 min. The supernatant was then spun at
25,000 rpm for 2 h in a Beckman SW28 rotor. The resulting pellet was resus-
pended in 4.5 ml EX-CELL 405 at 4°C overnight. After mixing with 1.96 g of
CsCl, the sample was centrifuged at 35,000 rpm for 24 h at 4°C in a Beckman
SW50.1 rotor. The visible white band (at a density of 1.285 g/ml) was harvested
by puncturing the tubes with a 21-gauge needle, diluted with EX-CELL 405
medium, and then centrifuged again in a Beckman TLA4S5 rotor at 45,000 rpm
(125,000 x g) for 2 h to remove CsCl. The VLPs were placed on a carbon-coated
grid, and the proteins were allowed to be absorbed into the grid for 5 min. After
being rinsed with distilied water, the sample was stained with a 1% aqueous
.uranyl acetate solution and examined with a Hitachi H-7000 electron microscope
operating at 75 kV.

Terminal amino acid sequence analysis. The VLPs were further purified by 5
to ~30% sucrose gradient centrifugdtion at 35,000 rpm for 2 h in a Beckman
SWS50.1 rotor. The visible white band was harvested as described above, diluted
with EX-CELL 405, and again centrifuged at 45,000 rpm for 2 h in a Beckman
TLASS5 rotor to precipitate the VLPs. N-terminal aa microsequencing was car-
ried out using 100 pmol of the protein by Edman automated degradation on an
Applied Biosystems model 477 protein sequencer, and C-terminal aa sequencing
was performed by Applied Biosystems.

SDS-PAGE and Western blot analysis. Dispersed insect cells were incubated
for 20 min at room temperature to allow the cells to attach to culture flasks in
TC-100 (519 cells) or EX-CELL 405 (Tn5 cells) medium. The culture medium
was removed, and the cells were infected with the recombinant baculoviruses at



VoL. 79, 2005

ESSENTIAL ELEMENTS FOR HEV VLP FORMATION

13001

| ORF1
I ORF2

5 2§88y & % 88838 ¥

1 4 i 660
7 4
Ac[n1ll1] ’: ,l
Ac[nll11c52] il ’:
Ac[n111c58] V4 Z
* Adnl11c59) 1, :!
Ac[nllic60] 'I ’4
Acinllic64] | / Il
Ac[nilic72] " ’:
Acfe52] 7 ~
Ac[ni23] :: 'l
Acinl24} 2
Ac|ni2s] : :1
Acinl26] . ’1
Ac[n130] l’ ,1
Ac[n125¢59]) ’: ’1

FIG. 1. Genome organization of HEV and schematic diagram of recombinant baculovirus vectors. DNA fragments encoding N- and C-terminal
aa-truncated ORF2 werc prepared by PCR with the primers listed in Table 1 and were used to construct 14 recombinant baculoviruses. Pull -length
pORF2 consisted of 660 aa. The N- and C-terminal aa numbers of the truncated protein are indicated.

a multiplicity of infection of 10. Virus adsorption was carried out for 1 h at room
temperature, and then the cells were incubated at 26.5°C. The proteins in the cell
lysate and in the culture medium were separated by 10% SDS-PAGE and stained
with Coomassic blue. For Western blotting, the proteins in the SDS-PAGE gel
were clectrophoretically transferred onto a nitrocellulose membrane. The mem-
brane was then blocked with 5% skim milk in 50 mM Tris-HCI (pH 7.4)-150 mM
NaCl and reacted with a patient’s scrum from an acute phase. Human IgG
antibody was detected by using alkaline phosphatase-conjugated goat anti-hu-
man immunoglobulin (1:1,000 dilution) (DAKO A/S, Copenhagen, Denmark).
Mitroblue tetrazolium chloride and S-bromo-4-chloro-3-indolyl phosphate P-
tolnidine were used as coloring agents (Bio-Rad Laboratories).

Cryo-electron microseopy {cryo-EM) and image reconstruction. A 3-pl drop
of purified HEV VLP (~1 mg/ml) was applied onto holey carbon film. After
extra solution was wiped away with filter paper, the grid was rapidly plunged into
liquid ethane surrounded by liquid nitrogen. Thus embedded in a thin layer of
vitrified ice, the specimen was then transferred via a Gatan 626 cryo-transfer
system to a Philips CM120 microscope. The specimen was observed at liquid
nitrogen temperature and photographed at a magnification of 45,000. Each area
was photographed twice, with defocus levels of 1 pm and 3 um, respectively. The
electron dose of cach exposure was less than 10 electrons/AZ. The selected
electron micrographs were digitized with a Zeiss scanner at a step size of 14 pm,
corresponding to 3.1 A at the specimen. The images were reconstructed accord-
ing to icosahedral symmetry with Fourier-Basel procedures (4, 28). Briefly, the
particle orientation and center of each image were estimated with the EMPFT
program, where the structure of Tn3-produced HEV VLP was used as the initial
model (1). The first reconstruction was generated from selected images and used
as a model to refine the orientation and center parameters. After itinerant runs
of EMPFT, the parameters were stable and appeared unchanged from one
EMPFT run to another. The final reconstruction was computed by combining
353 images at a resolution of 23 A. The surface-rendering map was generated
with the NAG Explorer program combined with custom-created modules.

Mass spectrometry. The mass spectrometry experiment was done with a Re-
flex 11 mass spectrometer from Bruker, equipped with gridless delayed extrac-
tion. The samples were mixed with an equal volume of a saturated solution of
sinapinic acid (Sigma Chemical Co., St. Louis, MO) in 33% (vol/vol) acetonitrile
and 0.1% (volivol) trifluoroacetic acid. On the target plate, a thin layer was
prepared with a saturated solution of sinapinic acid in ethanol. A sample volume
of 0.5 pl was applied to a thin layer of sinapinic acid and allowed to crystallize.

- Data were acquired in the linear instrument mode. Data were processed and
evaluated by XMASS software from Bruker.

RESULTS

C-terminal 52-amino-acid deletion is necessary for forma-
tion of VLPs in Sf9 cells. To understand the mechanism un-
derlying VLP formation in Sf9 and TnS cells, we prepared a
series of baculovirus recombinants expressing pORF2 with dif-
ferent deletions at the N- and/or C-terminal region (Table 1
and Fig. 1). The cell lysate and culture medium of infected
insect cells were analyzed by Western blotting. In a previous
study, the N-terminal 111 aa-truncated HEV pORF2 was ex-
pressed by a recombinant baculovirus, Ac[n111], in both insect
cells {11). Two major proteins, ~58K. and ~53K, were de-
tected in both cell lysates. The 53K protein was released into
cell culture medium and assembled into VLPs in TnS cells but
not in 89 cells (11).

Analysis of the N- and C-terminal aa sequences of the VLPs
revealed that the N terminus was at aa residue 112 and the C
terminus ended at aa residue 608, indicating that the C-termi-
nal 52 aa of ORF2 were deleted. The protein that forms VLPs
contains 497 amino acids (112 to ~608), and its molecular
mass was about 53K. An N-terminal 111 aa- and C-terminal 52
aa-truncated construct, Ac[n111c52], was generated, and the
protein was expressed in both Sf9 and TnS cells. As expected,
a single 53K protein was found in both S$f9 and Tn5 cell lysates
(Fig. 2, Ac[n111c52] lanes in Sf9 and TnS). Interestingly, these
53K proteins were released into both culture media as VLPs,
as observed by electron microscopy (Fig. 3). The particle ap-
peared empty and homogenous in size. Therefore, C-terminal
truncation to aa residue 608 is crucial for particle formation
and release into Sf9 cells.

Ac[n111c58] and Ac[nl11c59] encode truncated pORF2s
with an N-terminal 111-aa deletion and respective C-terminal
deletions of 58 and 59 aa. The expressed proteins migrated to
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FIG. 2. Western blot assay of truncated pORF2 expressed in Sf9
and Tn3 «cells. Eight recombinant baculoviruses, Ac[nill],
Ac[nl11c52], Ac[n111c58), Ac[n111c59], Ac[n111c60], Ac[nlllcé4],
Ac[nl11c72], and Ac[cS52], were used to infect the insect cells. Ten
microliters of the culture medium (right column) and 5 pl of the cell
lysate (left column) were separated by 10% SDS-PAGE, and HEV-
specific proteins were detected by Western blot analysis using the
serum of a patient with acute hepatitis E. M, molecular weight mark-
ers; W, wild-type baculovirus-infected cells.

a position similar to that of 53K and appeared in both cell
lysates as well as in the culture medium (Fig. 2); both were also
assembled into VLPs (data not shown). In contrast, truncated
pORF2 from Ac[n111c60], Ac[n111c64], and Ac[n111c72] was
not released into the.culture medium to detectable levels, and
VLP was not formed even though protein expression remained
similar to those of the other constructs (Fig. 2). Instead, a

FIG. 3. EM of the HEV VLPs generated in Tn5 (A) and Sf9
(B) cells with recombinant baculovirus Acn111¢52]. The VLPs were
stained with 2% uranyl acetate. Bar, 100 nm.

J. VIROL.

protein with a molecular mass of 42 kDa was detected in both
of the cell lysates as well as in the culture medium by Western
blot analysis. When pORF2 with a C-terminal 52-aa deletion
was expressed with a recombinant baculovirus, Ac[c52], two
major proteins, 65K and ~53K, were observed in infected TnS
and Sf9 cell Iysates 5 days postinfection (p.i.). However, these
two proteins were not detected in their culture media (Fig. 2,
Ac[c52] lanes in Sf9 and Tn5). These results indicated that aa
residues before 601 were essential to the formation of VLPs.

VLPs produced in Sf9 and Tn5 cells possess the same con-
figurations and structures. The morphology of the VLPs gen-
erated in Sf9 cells appeared to be similar to that generated in
Tn5 cells, as observed in the negatively stained particles (Fig.
3). To investigate the structural properties of these two re-
leased VLPs, we performed cryo-electron microscopy and im-
age processing using VLPs produced in TnS5 cells. The electron
cryomicrographs showed.that the particle projected as-a spiky
hollow sphere, indicating that no RNA-like density was packed
inside the capsid (Fig. 4A). The image processing was done
according to the icosahedral procedure. The rotational sym-
metry of 522 was applied to reconstruct the final three-dimen-
sional structure. The reconstructed VLP displayed a T=1 sur-
face lattice with protruding density located at each of 30
twofold axes (Fig. 4B). The VLP was composed of 60 copies of
pORF2, and the protruding density consisted of dimeric, pro-
jecting domains from twofold-related peptides. The particle
diameter was 270 A, measured from the three-dimensional
reconstruction. The protein shell was 85 A thick at the twofold
axes. A channel can be observed under each protruding den-
sity. The protruding density was about 43 A high, and the
twofold platform was 56 A-in the long axes (data not shown).
The threefold-related dimers formed a regular triangle, and
the dimer-dimer distance was 76 A measured from center to
center (Fig. 4B). Molecular interactions at the icosahedral
threefold region appeared much stronger than those at the
fivefold region. There was no significant difference in radial
density distribution between TnS5- and S{9-produced VIPs
(Fig. 4C).

We further determined the composition of the particles ob-
tained from Sf9 and Tn5 cells using mass spectrometry (Fig. 5).
HEV VLPs produced from Tn5 and Sf9 cells with recombinant
baculovirus Ac[nl11c52] were analyzed. In both cases, the ma-
jor demsity peak was monitored at the position corresponding
to a mass of 53 kDa. The peak was symmetrically distributed,

* and a shoulder tip can be found in both cases. The shoulder tip

was about 1 kDa larger than the main density peak. The signals
further confirmed that the molecular mass of truncated
pORF2Z was 53 kDa, disregarding the production cell lines.
Hssential N-terminal amino acids for VLP formation. De-
letion of the N-terminal 111 residues is necessary for particle
formation, which is consistent with our previous observation
(11). The subsequent question is how many amino acids can be
removed from pORF2 N termini without changing its capabil-
ity to form VLPs. We made five constructs to express proteins
with 123-, 124-, 125-, 126-, and 130-aa deletions at the N
terminus by .using five recombinant baculoviruses: Ac[n123],
Ac[n124], Ac[n125], Ac[n126], and Ac[n130], respectively. As
shown in Fig. 6, three proteins, having molecular masses of 58
to 51 kDa, were detected by Western blotting in both cell
lysates at 5 days p.i, and the largest bands (58 to ~57K) were
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FIG. 4. HEV VLP structures determined by cryo-electron microscopy and image reconstruction. (A) Cryo-electron micrograph of ice-
embedded HEV VLPs produced from Tn5 and Sf9 cells. The bar corresponds to 100 nm. (B) Surface-shaded representation of HEV VLP
structures viewed along icosahedral twofold axes. VLPs from both TnS5 (left panel) and Sf9 (right panel) cells were color coded according to the
radius, as indicated in the scale bar. The adjacent protruding spikes remain at equal distances of 76.3? (white lines). The asterisks mark the positions
of three adjacent icosahedral fivefold axes. (C) Sequential radial density projections generated from the twofold-oriented density map at
corresponding radii. The protein density appears as the light color, while the background density is black.

thought to be the primary translation products encoded by  culture medium, where VLP formation occurred in Ac[n123]-, .
N-terminal 123, 124, 125, 126, and 130 aa-truncated ORF2. In Ac[n124]-, and Ac[nl25}-infected Tn5 cells (data not shown).
Tn5 cells, a C-terminal 52-aa-deleted product, about 51K pro-  Although the 51K protein was released into the culture me-
tein, was the major protein to be efficiently released into the  dium, no VLP formation occurred in Ac[n126]- or Ac[n130]-
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FIG. 5. Mass spectra from purified HEV VLPs displayed as the counts of isotope abundance (a.i.) versus mass/charge values (m/z). HEV VLPs
produced from Tn5 (top panel) and Sf9 (bottom panel) cells with recombinant baculovirus Ac[n111¢52] gave consistent mass spectra in which the
abundant elements show similar m/z values at 53,000, 107,000, and 160,000.

infected TnS cells. In contrast, the 51K protein was not re-
leased into the culture medium in infected Sf9 cells (Fig. 6).
These results demonstrated that aa residues after 125 were
essential to the formation of VLPs.

When Ac[n125¢59], an N-terminal 125 aa- and C-terminal
59 aa-truncated recombinant baculovirus, was expressed in Sf9
and TnS cells, the 51K protein was detected in both cell lysates
and the culture media, where VLP formation occurred in both

insect cell types (Fig. 6). This confirmed our observation thata

C-terminal deletion of 52 to 59 amino acids was required for
particle formation when Sf9 cells were used.

DISCUSSION

HEYV is enigmatic due to the virus’s inability to grow in
conventional cell culture. Large quantities of the HEV capsid
protein carrying antigenicity and immunogenicity comparable
to those of the native virion have been generated for a long
time, because the capsid protein is a key molecule for the
diagnosis of hepatitis E as well as for vaccine development.

We previously found that when an N-terminal 111 aa-trun-

cated ORF2 protein was expressed in Tn5 and Sf9 cells, two
major peptides, having molecular masses of 58 and 53 kDa,
were generated in both cells, and only the 53-kDa protein
generated in Tn5 cells was released into culture medium and
self-assembled into VLPs (11). The 58K protein presented the
primary translation product, and the 53K protein is a process-
ing product from the 58K protein. In this study, we examined
the difference between TnS5 and Sf9 cells in HEV ORF2 gene
expression and found that when a recombinant baculovirus
(Ac[n111c52]) harboring a construct of the C-terminal 52-aa
deletion was used, no difference between Sf9 and Tn5 cells in
protein translation and particle formation was found. The ob-
servation that Ac[n111] failed to produce VLPs in S9 cells
raised a guestion about the posttranslation modification in
insect cells. In Tn5 cells, the levels of protein expression by
Ac[nl11] and Ac[n111c52] appeared to be similar. Therefore,
it is likely that the 58K protein was incorrectly processed in Sf9
cells, thus affecting VLP assembly.

In addition, when Sf9 insect cells were infected with
Ac[nl111], the expressed proteins were localized in the cyto-
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FIG. 6. Expression of N-terminally truncated pORF2 in $f9 and
. TnS cells infected with Ac[n123], Ac[nl24], Ac[nl25], Ac[n126},
Ac[n130], and Ac[ni25c¢59]. A Western blot assay was carried out as
described in the legend to Fig. 2. Ac[n111] was included for the ex-
pression of the 58K and 53K proteins. M, molecular weight markers;
W, wild-type baculovirus-infected cells.

plasm and observed as inclusion-like bodies (one to four struc-
tures per cell) by EM (25). In contrast, when Sf9 cells were
infected with Ac[nl11c52], there were no inclusion-like bodies
(data not shown), and the expressed proteins were localized
evenly in the cytoplasm. Concomitantly, expressed protein was
poorly detected in the culture medium from Ac[nl11}-infected
S0 cells at 3 days p.i,, whereas a large amount of the 53K
protein was detected in the culture medium from Ac[n111c52}-
infected Sf9 cells. These findings suggest that the C-terminal aa
of ORF2 might affect the localization, and subsequently the
release, of the capsid protein from the insect cells. However,
we do not yet know whether the VLPs form before release in
infected cells or after release in culture medium.

The presence of Leu601 in pORF2 is important for the
formation of HEV VLPs. A protein with a longer (580 to 610)
deletion of aa residues was aberrant in protein folding; this
may reduce the ORF2 homo-oligomerization (24). The pre-
diction of the secondary structure based on protein sequence
suggests two B-strand motifs in the region between aa 580 and
601 (580 to ~589 and 593 to ~601). The failure in the particle
assembly with Ac[n111c60] is due to incomplete formation of
this B-strand motif. Although aa 111 to 601 and aa 111 to 602
formed VLPs, the yield of each of these was about 10 to 20%
of the yields of aa 111 to 660 (data not shown). This is in
contrast to the fact that the levels of protein expression inside
the cells were similar in these constructs. This observation
further confirmed that stability of the C-terminal B-strand mo-
tif is essential for VLP assembly.

The N-terminal 111-aa-deletion was found to be essential
for cellular membrane dissociation of pORF2 expressed in
insect cells (17, 24). We extended the N-terminal deletion up
to Val125 without altering the ability to form HEV VLPs (Fig.
6). The ORF2 protein exhibits two-domain folding (25), with a
domain organization similar to those of the norovirus (NV)
capsid protein (15) and the tomato bushy stunt virus capsid
protein (14). The N-terminal aa residues 112 to 125 may be the
arm region extending from the S domain into the particle
interior. In N'V, the N- terminal region appeared to serve as a
switch controlling the $ domain configuration in the assembly
process (3). Removal of the first 20 amino acids did not affect
NV-like particle self-assembly, but a longer deletion at the
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N-terminal region did (3). Thus, residues 112 to 125 are puta-
tively located in the HEV virion interior and may regulate VLP
assembly.

TnS and Sf9 are insect cell lines that are commonly used in
recombinant protein expression. The Tn5 cell is becoming
more and more popular because it yields higher quantities of
tissue factor than Sf9. Under optimum conditions, TnS cells
produce 28-fold more secreted soluble tissue factor than Sf9
cells on a per-cell basis (23). In this paper, we report the
difference between Tn5 and Sf9 cells in a protein synthesis
system. The ORF2 protein underwent posttranslation cleav-
age, which is crucial for HEV VLP assembly. Although the
HEV virion assembly mechanism . remains unclear, our data
indicate that the region consisting of ORF2 residues 126 to 601
is the kernel element for the monomer-monomer interaction
and thus initiates VLP assembly.

Recombinant HEV VLPs themselves can be candidates for
parenteral as well as oral hepatitis E vaccines (9, 10), and these
VLPs have potential as mucosal vaccine carrier vehicles for the
presentation of foreign antigenic epitopes through oral admin-
istration (13). Furthermore, HEV VLPs can be a vector for
gene delivery to mucosal tissue for the purposes of DNA vac-
cination and gene therapy (20). The results of the present study
provide the basic tool to construct VLPs having novel func-
tions.
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