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TABLE 1. (Continued)

Nucleotide sequence (5'-3")

Primers Stage-polarity
Primer set 18 1st sense
2nd sense

1st antisense
2nd antisense
1st sense
2nd sense
1st antisense
2nd antisense
1st sense
2nd sense
1st antisense
2nd antisense
1st sense
2nd sense
1st antisense
2nd antisense
1st sense
2nd sense
1st antisense
2nd antisense
1st sense
2nd sense
1st antisense
2nd antisense

Primer set 19

Primer set 20

Primer set 21

Primer set 22

Primer set 23

GGGTGGAATGAATAACATGTCT
CAACCCGGTACTGGGCATAA
ATGCGCCCTCGGCCTATTTTG
ATGRGTATTGGTRCCGTCCTG
TTGGCGTGACCAGGCCCAGCG
GCCATGTATRCARAGCATAACAAG
GTAGACCTRCCACAGCTGGG
GCCTCCTCCTCMGCCACCCC
ACCACCACCCCGACGTCCGT
TGTCAGCAAGGTTRAACAGGG
ATAACYTCGACKGATGTTCG
GCTATCCCGCGGCCGATCTC
CGCAACCTYACCCCYGGTAA
GGACTGGTCATACTCGGCAGC
GTCTCCCGTTAYTCCAGCAC
AGAGARAGCCAAAGCACATC
ACAGAATTGATTTCGTCGGC
TAATTATAAGGGTACCCGG
CTGTAGAGAATGCTCAGCAGG
CGRAGCGGCAGGACAAAGAA
TCYGACTCTGTGACCTTGGT
CAAGCAAATAAACTATAACTCCCG
ACCGGCGCGCAGGCCGTTG
GTTTTACCCACCTTCATCTTAAGG

Bangladesh (MITR 1-17) (Fig. 2). The HEV sequen-
ces of the 15 isolates from Rajshahi were also similar

to HEV isolates from India, Burma, China, and Nepal
(Fig. 2).

Comparison of the Almost Complete nt
Sequences of Two HEV Isolates From
Bangladesh and Other Reported HEV Isolates

The almost complete genome sequences of the two
HEV isolates with high levels of HEV RNA (E11-Ban
10 and E13-Banl0) were evaluated (Fig. 3). These
patients who were the sources of these isolates
presented to the physician on February 10, 2010
(E11-Banl10) and February 11, 2010 (E13-Ban10) and

1,693 amino acids [aa]), ORF2 (nt 5,125-7,107 for
660 aa), ORF3 (nt 5,084-5,455, for 122 aa), 3'UTR
(nt 7,108-7,172), and poly-A tail (nt 7,173-7,186).
The almost complete genome sequences had 14 mis-
matched nts in the two Bangladeshi isolates,
E11-Ban10 and E13-Banl0. These two Bangladeshi
isolates shared 92.9-94.5% sequence homology with
HEV genotype la isolates from India (DQ459342,

TABLE III. Clinical and Laboratory Profiles of the Patients

Parameters

[A] Clinical profiles of
the patients

Numbers of patients

they lived in close proximity. The nucleotide sequen- ﬁg&;i};ia %88
ces of both HEV isolates contained 7,186 nt, which Vomiting 199
comprised the 5UTR (nt 1-5), ORF1 (nt 6-5,087 for Abdominal pain 198
Pruritis 32
Loose motion 88
TABLE II. Profiles of the Patients [A] Weight loss %
Mean and
Parameters Data Parameters standard deviation
Age (years) 29.3 + 10.1 (range: 3-60 years) [B] Laboratory profiles
Sef\(/I ) of the patients
a eal 177 Serum bilirubin (mg/dl) 5.9 + 3.0
Female 23 (range: 1.6-20.2 mg/dl)
chup;tlon Serum alanine 733 £ 533
tu gnth 1d 34 aminotransferase (IU/L) (range: 41-2,971 TU/L)
Service holder 3 IgM type antibody to
Farmer 24 Hepatitis A virus 0
Businessman 25 Hepatitis B virus 0
House wives 24 Hepatitis C virus 0
Rem%ence Hepatitis E virus 200
Ur afl 121 Hepatitis B surface antigen 20
Rura 79 Anti-hepatitis C virus 14
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Fig. 1. Genetic map of HEV genotype

X99441, AF076239, and FJ457024). They also shared
91.9-92.3% sequence homology with HEV genotype
1Db isolates from Pakistan (AF444002, AF444003, and
M80581) and China (L25547, L25595, M94177,
108816, D11092, and D11093). The Bangladeshi HEV
isolates shared 91.9% sequence homology with HEV
genotype 1lc isolates (X98292, India), 88.2-88.3%

1,
determined for phylogenetic analysis in this study.

Wk gk ok kE kR keRdokdek

showing the region of nucleotide sequence

sequence homology with HEV genotype 1d (AY230202,
Morocco), 88.7% sequence homology with HEV geno-
type le (AY204877, Chad), 75.8% sequence homology
with genotype 2 (M74506, Mexico), 73.9% sequence
homology with genotype 8 (AF060669, USA), and
74.3% sequence homology with HEV genotype 4
(AY723745, India). An outgroup HEV genotype that
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Fig. 2. Phylogenetic tree constructed using the neighbor-joining method based on the partial
nucleotide sequence of the ORF2 region (266 nt) from 115 HEV isolates, including 15 HEV
isolates in this study. The 15 HEV isolates obtained in the present study are indicated by the
dotted square (an arrowhead indicates This study). The reported isolates of HEV genotypes 1a,
1b, lc, 1d, le, 2, 3, and 4, as well as an outgroup (shown by an asterisk) included for
comparison, and their GenBank accession numbers are shown in parentheses.
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Fig. 3. Phylogenetic tree constructed using the neighbor-
joining method based on the almost complete HEV sequences of
two Bangladeshi HEV isolates (E11-Banl0 and E13-Banl0)
(shown by the dotted square). The reported full genome
sequences of HEV genotypes 1a, 1b, 1e¢, 1d, 1e, 2, 3, and 4, as
well ag an outgroup (shown by an asterisk) included for
comparison, and their GenBank accession numbers are shown
in parentheses.

shared 73.7% sequence homology is shown at the end
of Figure 3 (AB573435, Japan), which was isolated
from a wild boar [Takahashi et al., 2010].

DISCUSSION

Hepatitis caused by HEV of Bangladeshi origin
was first reported among patients from The
Netherlands who developed acute hepatitis E after
traveling to Bangladesh [Zaaijer et al., 1993]. Greater
attention was focused on HEV in Bangladesh when
United Nations peace-keepers from Bangladesh ex-
hibited acute hepatitis E during their assignment in
Haiti, while patients from Japan, Spain, and Italy
also developed acute hepatitis E after traveling to
Bangladesh [Drabick et al., 1997, Sanayama et al.,
2008; Fogeda et al.,, 2009; La Rosa et al., 2011,
Romano et al., 2011]. However, the epidemiology of
HEV-induced acute hepatitis E and the genomic
features of HEV in Bangladesh have not been
investigated adequately.

1375

The present study provides some important in-
sights into the epidemiology of acute hepatitis E in
Bangladesh. It is not clear why patients with acute
hepatitis E, rather than acute hepatitis A, visited
physicians at Rajshahi during January and February
in 2010 but there may be two main reasons. First,
only patients with severe acute hepatitis visited
physicians so other patients with acute hepatitis and
comparatively mild symptoms may not have visited
physicians. The second cause may be related to the
timing of the outbreak. In general, waterborne acute
icteric hepatitis outbreaks caused by HEV and HAV
occur during August or September in Asian develop-
ing countries at the end of the monsoon season, or
during/after flooding [Hlady et al., 1990; Naik et al.,
1992; Purcell and Emerson, 2000]. However, the
present episode of acute hepatitis E was detected
during the winter (January and February 2010) and
there were no other acute hepatitis epidemics in
Bangladesh at that time. Thus, the non-seasonal
outbreak of acute hepatitis E that started in Janu-
ary 2010 and ended in February 2010 (winter season)
in Rajshahi may have been due to the contamination
of a common source by HEV.

The genomic analysis showed that HEV isolates
from 15 patients with acute hepatitis E belonged to
HEYV genotype 1a, which formed a single cluster in the
phylogenetic tree (Fig. 2). The almost complete nt
sequences of the HEV genomes recovered from two
patients had 14 mismatched nts (E11-Ban 10 and E13-
Ban10). Thus, it is possible that HEV strains with
high pathogenic potential are endemic in and around
the Rajshahi area. They may have experienced natural
mutation at a rate of 1.40 x 107° base substitutions
per site per year, as previously described [Takahashi
et al., 2004]. This may explain the 14 mismatched nts
between the two HEV isolates. The two Bangladeshi
HEV isolates also shared more than 90% sequence
homology with a HEV genotype 1a isolate from India,
HEV genotype 1b isolates from Pakistan, China, and
India, and a HEV genotype 1c isolate from India. HEV
genotypes la is highly prevalent in India [Kumar
et al., 2011] and Pakistan [Igbal et al., 2011], two close
neighbors of Bangladesh.

In addition to the information provided in this
study of HEV in Bangladesh, this study also detected
a high prevalence of HBV and HCV in patients with
acute hepatitis E in this cohort (Table III [B]). This
indicates the challenging issue of coinfection with
HEV, HBV, and HCV in Rajshahi, Bangladesh.

In conclusion, this study showed that a sudden
outbreak of acute icteric hepatitis due to HEV
occurred in the winter in Bangladesh, but not after
flooding. The HEV genotype was assessed in this
study. This appears to be the first study to evaluate
the almost complete gene sequences of HEV
from Bangladeshi patients. This study was conducted
in Bangladesh so it may help policy-makers in
Bangladesh to recognize the extent of the HEV-
related public health problem.
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The Hepatitis E Virus Capsid C-Terminal Region Is Essential for the
Viral Life Cycle: Implication for Viral Genome Encapsidation and

Particle Stabilization

Tomoyuki Shiota, Tian-Cheng Li, Sayaka Yoshizaki, Takanobu Kato, Takaji Wakita, Koji Ishii

Department of Virology II, National Institute of Infectious Diseases, Gakuen, Musashi-murayama, Tokyo, Japan

Although the C-terminal 52 amino acids (C52aa) of hepatitis E virus (HEV) capsid are not essential for morphology, the C52aa-
encoding region is required for replication. Transfection of a C52aa knockdown mutant showed transient growth, and the earli-
est population included a majority of noninfectious (possibly empty) particles and a minority of infectious particles with C-ter-
minal capsid degradation. Finally, the complete revertant was generated reproducibly. C52aa is essential for the viral life cycle,
promoting accurate encapsidation and stabilizing encapsidated particles.

patitis E virus (HEV) is responsible for acute and enterically
ransmitted hepatitis in the developing world (1). Before the
establishment of high-efficiency HEV cell culture systems (2), in
vitro generation of HEV virus-like particles (HEV-VLPs) in insect
cells and in vivo propagation in nonhuman primates were the
most useful models for the study of HEV. Genetic deletions or
cellular processing resulting in the loss of the N-terminal 111 or 13
amino acids (aa) or of the C-terminal 52 aa (C52aa) yielded capsid
protein capable of directing the formation of the HEV small (S) or
large (L) VLPs (3-5). Particle formation was required for C52aa
abbreviation, limiting the structural analysis of the resulting par-
ticles (3, 4, 6-10). However, the contribution of the C52aa-encod-
ing sequence was confirmed by both in vivo (attenuated infectivity
of the point mutant virus in nonhuman primates) and in vitro
(reduced RNA synthesis by RNA-dependent RNA polymerase
[RdRp]) assays (11-14). Furthermore, the highly conserved na-
ture of the C52aa sequence implies that the C52aa domain itself is
functionally important. In this study, we characterized the role of
the C52aa domain in the HEV life cycle by using infectious clones.

We constructed infectious clones by using the infectious virus
G3-HEV83-2-27, employing a procedure described previously
(20). Using a synthetic cDNA as the template, we amplified 12
fragments covering the entire G3-HEV83-2-27 genome by PCR
with the primers listed in Table 1. These fragments were ligated
stepwise and were inserted into the EcoRI-HindIII site of pUC19,
yielding a wild-type clone that we designated WT. Site-directed
mutagenesis of WT was used to generate clones that were mutated
to encode capsid protein lacking the C52aa domain, either by
introduction of an amber stop codon, UAA {a knockdown mutant
designated Amut), or via deletion of the corresponding segment
of the open reading frame 2 (ORF2) sequence (a knockout mutant
designated Dmut). We performed experiments on three separate
scales (normal, large, and huge, as described below) in order to
estimate virus progeny productivity, to clarify the growth kinetics,
and to analyze the process of encapsidation in the absence of re-
vertants.

Normal scale. To estimate the virus progeny productivity of
HEV without C52aa, transfection with Amut and Dmut was per-
formed in comparison to transfection with WT. A 50-p.g quantity
of RNA from each infectious clone was electroporated into 1 X
107 cells of PLC/PRF/5. Analysis by enzyme-linked immunosor-
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bentassay (ELISA) (using an anti-G3-HEV-VLP rabbit polyclonal
antibody [5]) suggested that transient growth was observed with
Amut, in contrast to continuous growth with WT (Fig. 1A) and no
growth with Dmut (data not shown). The productivity (expressed
as the genome copy number) of Amut, measured by real-time
reverse transcription-PCR (RT-PCR) of RNA with a set of specific
primers (Table 1), was estimated as approximately 40-fold lower
than that of WT (Fig. 1B and 1C; note the differences in scale).
However, subsequent analysis demonstrated that the Amut-de-
rived HEV actually harbored synonymous and nonsynonymous
reversion mutations, suggesting that the actual productivity (of
intact Amut) was much lower than that suggested by real-time
RT-PCR. To assess the progeny, sucrose density gradient analysis
(SDGA) (with a gradient from 10 to 60% [wt/vol] sucrose) was
performed. Subsequently, the collected fractions were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and Western blot analysis (WB) was performed
with the polyclonal antibody noted above (5). Chemilumines-
cence was recorded using an LAS-3000 luminescent image ana-
lyzer (Fujifilm, Tokyo, Japan). In the series of fractions obtained
from progeny derived from infection with WT, the presence of
antigen was confirmed only in fraction 8 (F8) in Fig. 1C by WB
(data not shown). The 72-kDa size of the prominent band was in
agreement with the size of the capsid protein predicted for the WT
clone. Quantification of the HEV RNA genome copy number
showed a trailing peak for the progeny derived from infection with
Amut (Fig. 1B, F8 and F9) and a single peak for the progeny de-
rived from infection with WT (Fig. 1C, F8). These peaks corre-
sponded to similar specific densities. Sequence analysis showed
that while the progeny from infection with WT carried the original
sequence, the progeny from infection with Amut did not contain
the expected UAA (amber codon) at this position. Instead, the
trailing peak of this Amut-derived sample corresponded to two
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TABLE 1 Primers used for the construction of an HEV infectious cDNA clone, the C52aa deletion mutant, and the amber mutant and for the
quantification and sequencing of HEV RNA by real-time RT-PCR

Position in

Amplicon (amplified region

Name Polarity” Sequence (5'-3") genome (nt)® in genome [nt])”

ET7G2-F + GAATTCAATACGACTCACTATAGGCAGACCACGTATGTGGTCGAT® 2-23 Fragment 1-1 (2-155)

155R-EV - AGTCTGCACGCGAGATAAAAACGGCCGGAC 126-155

126F-EV + GTCCGGCCGTTTTTATCTCGCGTGCAGACT 126~155 Fragment 1-2 (126-1370)

1370R-EV - CACCCTGGGATCCAGATGGAAGCCCGCAG 1342-1370

1363F-EV + TCTGCGGGCTTCCATCTGGATCCCAGGGTG 1341-1370 Fragment 2-1 (1341-1794)

1816R-EV - ACTGCTCAGGGCCGTTCGCCTCAAGATGAG 1765-1794

1787F-EV + CTCATCTTGAGGCGAACGGCCCTGAGCAGT 1765-1794 Fragment 2-2 (1765-2934)

2956R-EV - CGGCACAGGCACGGCCAACCTCTGTGGCAG 29052934

2857F-EV + CCGATGCAGCCGGCACTCACAATAACGGAG 2835-2864 Fragment 3-1 (2835-3194)

3216R-EV - AGCCCGCTGCATATGTAATAGCAGCAAGTG 3165-3194

3187F-EV + CACTTGCTGCTATTACATATGCAGCGGGCT 3165-3194 Fragment 3-2 (3165-3925)

3947R-EV - TCCGTAAGCTCAAAAACCAACACACTATCG 3896-3925

3918F-EV + CGATAGTGTGTTGGTTTTTGAGCTTACGGA 3896-3925 Fragment 3-3 (3896-4598)

4620R-EV - CTTCCAAAACCCCTTAAGGGATTCCTTAGG 4569-4598

4591F-EV + CCTAAGGAATCCCTTAAGGGGTTTTGGAAG 4569-4598 Fragment 4-1 (4569-5406)

5428R-EV - CTGTCGAGGGCGAGCTCCAGCCCCGGATTG 5377-5406

5399F-EV + CAATCCGGGGCTGGAGCTCGCCCTCGACAG 5377-5406 Fragment 4-2 (5377-5851)

5873R-EV - TGGAGTTCATGTCAACAGAAGTAGGGGTAG 58225851

5844F-EV + CTACCCCTACTTCTGTTGACATGAACTCCA 5822-5851 Fragment 4-3 (5822-6185)

6207R-EV - GTTCCATCGGCACCGCGGCGCAGCCGATG 61576185

6179F-EV -+ CATCGGCTGCGCCGCGGTGCCGATGGAAC 6157-6185 Fragment 5-1 (6157-7101)

7101R-EV - AGTAGACTGGAAGGCGCAACCCTGC 7077-7101

6981F-EV -+ CTGCGGTCGGTGTGTTAGCTCCACACTCGG 69596988 Fragment 5-2 (6959-7266)

SmartIIA-Hind - GCTCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAATTCG 7238-7266

GCTTAAGCAGTGGTATCAACGCAGAAAGCTTTTTTTTIT
TTTTTTTTTTTTTTITTITT®

D81-F + ATGTGCCCTAGGGCTGTTCTGTTG 5173-5196 D81F/ORF2-52aa-Pac-R

ORF2-52aa-Pac-R - AATTAATTAATTAAGCAAGGGCCGAGTGTGGAGH 69776995 (5173-6995)

ORF2-52aa-del-F + TCCACACTCGGCCCTTGCTTAACTTGAGGATACTATTGACTAT 6978-7020

ORF2-52aa-del-R -~ ATAGTCAATAGTATCCTCAAGTTAAGCAAGGGCCGAGTGTGGA/ 6978-7020 D81-F/ORF2-52aa-del-R
(5173-7020)

7224R - AGGGAGCGCGAAAAGCAGAAAAGAAAAAT 7196-7224 ORF2-52aa-del-F/7224R
(6978-7224)

HEV-G3-ANYF + ACCCCGGCAGTTGGTTTT 179-196 HEV-G3-ANYF/ANYR

HEV-G3-ANYR - CCCGCTGGATAGGATGATTCC 212-234 (179-234)

HEV-G3-ANYM1 + FAM-CGCCCTGAGGTACTT-BHQ-1# 198-212

83-2-6564F + GCTTCGTGCTAATGATGTTCTGTG 6564-6587 83-2-6564F/3'-terminal end
(6564-7266)

83-2-6940F + CACCCAGGCTAGTGGTGTAGGTAGA 6940-6964 83-2-6940F/3'-terminal end
(6940-7266)

ORF2-R-pacl - GAGAATTAAGACTCCCGGGTTTTAC 7136-7160 83-2-6564F/ORF2-R-pacl

(6564-7160)

“ Polarity of the primer on the HEV genome. +, forward; —, reverse.
¥ In G3-HEV83-2-27 (GenBank accession no. AB740232).
¢ The underlined sequence contains the T7 promoter.

4 The underlined sequence contains a SmartlIA-specific sequence and a HindIII-digestible sequence.

¢ The underlined sequence contains a PacI-digestible sequence.
/The mutated nucleotides are underlined.

# The fluorophore 6-carboxyfluorescein (FAM) is attached to the 5" end of the probe, and a quencher, Black Hole Quencher-1 (BHQ-1), is attached to the 3" end.

distinct peaks (F8 and F9) harboring the GUU (Val-encoding)
and GAC (Asp-encoding) codons, respectively. These changed
RNA sequences were predicted to encode full-length revertant
capsid proteins.

Large scale. To clarify the precise growth kinetics of Amut, a
larger-scale transfection of Amut RNA was performed. Specif-
ically, the large-scale transfection was performed on a scale
approximately 30-fold larger than that described above, and
culture supernatants were collected periodically. This proce-
dure permitted a time course of quantification by ELISA anal-
ysis and showed that the peak of antigen accumulation oc-
curred 25 days posttransfection, while the number of viral
genomes progressively declined during the 2 months of the
study (except for small recoveries in copy number on day 25
and at the end of the study) (Fig. 2A). These data suggested the
production of a low level of infectious particles from Amut
transfection. However, the nonreverted Amut antigens could
not be distinguished by WB in the normal- and large-scale
experiments, suggesting that the Amut products were unstable,
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of low infectivity, and/or produced in small amounts. To con-
firm the nature of the Amut product, pooled supernatants were
subjected to partial purification and SDGA. WB of the resulting
fractions detected a 72-kDa band in F7 (specific density, 1.15
g/ml) (Fig. 2B). Quantification of the HEV RNA genome in the
fractions detected a single peak, primarily in F7 (Fig. 2C). De-
termination of the F7 sequence revealed that the codon ex-
pected to be an amber codon was instead GUC (complete re-
version). Additionally, infection assays demonstrated that F7
readily infected cells (Fig. 2D). Based on our subsequent exper-
iments, we suspect that the end product of the large-scale ex-
periment likely corresponded to a revertant to WT.

Huge scale. To clarify the apparent reversion of Amut, trans-
fection was performed at an even larger scale (10-fold increased
over the large scale); culture supernatants were collected periodi-
cally, and viral sequences from these samples were determined.
The results clearly showed a population shift from the originating
amber codon of Amut to the complete revertant (GUC) via an
intermediate mutant (GAC) (Table 2). Reversion mutants were
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FIG 1 Initial characterization of Amut and WT HEV. (A) Time course of
antigen production following transfection with Amut or WT HEV. HEV an-
tigen levels were measured by ELISA using an anti-G3-HEV-VLP rabbit poly-
clonal antibody. OD,,,, optical density at 492 nm. (B and C) Sedimentation
analyses of the Amut product (B) and of the WT product, used as a control (C).
Concentrated supernatants derived from 50-ml cultures were sedimented on
continuous sucrose gradients (10% to 60% [wt/vol] in phosphate-buffered
saline). The resulting fractions were assessed for specific density and the HEV
RNA genome copy number (by real-time reverse transcription-PCR). Note
the distinct y-axis scales in panels B and C.

not detected until 3 weeks posttransfection. The reproducible re-
version of Amut provides evidence of the functional essentiality of
the C52aa domain for the HEV life cycle.

To permit analysis of the Amut clone in the absence of rever-
tants, culture supernatants collected within the first 10 days were
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FIG 2 Growth kinetics and character of Amut. (A) Supernatants were col-
lected periodically during 2 months of culturing, and HEV antigen levels were
measured by ELISA using an anti-G3-HEV-VLP rabbit polyclonal antibody;
the HEV RNA genome copy number was determined by real-time reverse
transcription-PCR. OD,y,, optical density at 492 nm. Supernatants from a
pooled total of 3 liters of culture were concentrated and sedimented. (B) Frac-
tions were subjected to Western blotting using an anti-G3-HEV-VLP rabbit
polyclonal antibody. NC, negative control (untransfected cells). P, positive
control (HEV-L-VLPs). 75 K, 75,000 (molecular weight). Symbols designate
the positions of the major band in the Amut supernatant (open arrowhead)
and the HEV-L-VLP (filled arrowhead). (C) Fractions were assessed for the
HEV RNA genome copy number and specific density. (D) Confirmation of the
infectivity of fraction 7 by ELISA.

pooled and subjected to partial purification and SDGA. WB de-
tected multiple bands of approximately 55 kDa and smaller, start-
ing in F7; these bands formed a broad range, with peak accumu-
lation detected in F10 (specific density, 1.21 g/ml) (Fig. 3A). In
contrast, F§8 (specific density, 1.15 g/ml) had the highest copy
number of the genome (Fig. 3B). For subsequent analysis, F§ and
F10 were designated the minor and major products (Mip and
Map, respectively) based on antigen levels. To determine the
RNase sensitivities of the products, the fractions were treated with
20 pg/ml of RNase A for 30 min at 37°C. The RNase resistance of
the fractions was confirmed by RT-PCR quantification analysis,
indicating viral encapsidation. Both products exhibited resistance
to RNase treatment (Fig. 3C), indicating the presence of encapsi-
dated RNA. Neither the GAC nor the GUC reversion mutation
was detected in these products by RT-PCR sequencing analysis,
suggesting that those specific alleles were largely absent from this
population.

Further analysis of peak discrepancy between the antigen level
and the genome copy number revealed two points. First, the copy
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TABLE 2 Time course sequence of the codon mutated to an amber codon for the supernatants of Amut-transfected cells

Sequence” at the following day posttransfection:

Codon 7 10 14 17 21 24 28 31 35
Amber mutant UAA UAA UAA UAA UAA ND ND ND ND
Revertant
Intermediate ND ND ND ND ND GAC GAC ND ND
Complete ND ND ND ND ND GUC GUC GUC GUC

@ Determined for the first codon of the C52aa-encoding region of the ORF2 gene. ND, not detected.

number in the Map fraction was approximately 15 times lower
than that in the Mip fraction (Fig. 3B). Second, the constitution
(genome/antigen) ratio in the Map fraction was approximately
40-fold lower than that in the Mip fraction by analysis using Image

A 75Kk-F
50 K+

Gauge, version 4.0 (Fujifilm, Tokyo, Japan); the ratio in the Mip
fraction was approximately equal to that of WT (Fig. 3D). On the
other hand, the RNA content of the Map fraction was extremely
reduced, suggesting that these products represented empty parti-
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FIG 3 Encapsidation of the Amut genome and its characteristics. (A) Fractions were subjected to Western blotting using an anti-G3-HEV-VLP rabbit polyclonal
antibody. NC, negative control (uninfected cells). Symbols indicate the positions of the major bands in the Amut fraction (55 kDa) (open arrowhead) and the WT
fraction, used as a positive (P) control (72 kDa) (filled arrowhead). (B) Fractions were assessed for the HEV RNA genome copy number and specific density. (C) RNase
resistance was measured as the ratio of the level of HEV RNA in RNase-treated fractions to that in untreated fractions (HEV RNA reduction ratio). WT virions and
extracted WT RNA were used as positive and negative controls, respectively. (D) Constitution (genome/antigen) ratios (actual values are shown above the bars) were
calculated by dividing the genome quantities from panel B by the chemiluminescence intensities from panel A. (E) To confirm the infectivity of the indicated fractions,
cells were inoculated and periodically analyzed by ELISA using an anti-G3-HEV-VLP rabbit polyclonal antibody. OD,,,, optical density at 492 nm.
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FIG 4 Detection of degraded capsid termini in Amut. HEV small virus-like
particles (HEV-S-VLP), HEV large virus-like particles (HEV-L-VLP), and
fraction 9 (derived as described for Fig. 3A) were stained with Coomassie
brilliant blue (CBB) or were subjected to Western blot analysis using a
monoclonal antibody specific to both HEV-S-VLP and HEV-L-VLP (MAb
53) or to HEV-L-VLP alone (MAb 68). Lane M, molecular weight markers.

cles; this inference is consistent with the low productivity of Amut
products on all scales. Specifically, we observed that the Map
fraction could not infect cells (Fig. 3E), while the Mip fraction
was infectious for these cells (Fig. 3E) and yielded reversion
mutants (GUC) during long-term observation (data not
shown). While the viral reproduction of Amut was impaired,
the Mip fraction could sustain low levels of viral production,
leading to the emergence of revertants as shown in the large-
scale experiment (Fig. 2A).

The observation, via WB (Fig. 3A), of a “smear” of antigen with
a maximum size of 55 kDa was unexpected, given that the capsid
protein lacking C52aa (predicted size, 6 kDa) was expected to
migrate at 66 kDa (that is, 72 kDa less 6 kDa). The observed 11-
kDa decrease in size suggested further degradation of the capsid in
the absence of the C52aa domain. Mass spectroscopy followed by
protein sequencing detected two fragments with amino acid se-
quences corresponding to early N-terminal capsid sequences. The
presence of the capsid N-terminal domain was confirmed by de-
tection with monoclonal antibody (MAb) 68 (Fig. 4), a reagent
that exhibits specificity for HEV-L-VLP (specific to the N-termi-
nal 13 to 111 aa) (T. C. Li, unpublished observations). In contrast,
the protein was not detected using the HEV-S-VLP- and HEV-L-
VLP-specific MAD 53 (Fig. 4), implying the absence of the S-and-L
common region. Protein sequencing and reactivity with the HEV-
VLP-specific antibodies strongly suggested that the 55-kDa bands
correspond to proteolytic products generated by degradation
from the C terminus on the viral surface, presumably via loss of
the P domain. Further degradation (to lower-molecular-weight
species) probably occurred after encapsidation, given that previ-
ous studies showed that this region was essential for dimerization
and particle formation by the capsid (3, 15, 16).

HEYV virions exhibit distinct buoyant densities in feces (1.26 to
1.27 g/ml) and in circulating blood (1.15 to 1.16 g/ml), differences
that might be associated with their cellular membrane content
(17). The density of the Amut Map fraction was higher than that of
the Mip fraction. This result is inconsistent with the notion
that the Map is an empty particle (18). The Amut Mip fraction
had the specific density of membrane-associated virions, al-
though the ORF3 (egress-related) protein was not detected in
these particles, in contrast to WT particles (T. Shiota, unpub-
lished observations) (19). We hypothesize that the correct en-
capsidation of Amut resulted in an enveloped particle lacking
the ORF3 protein (Mip; density, 1.15 g/ml), whereas the incor-
rect encapsidation of Amut resulted in an nonenveloped and
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(usually) empty particle (Map; density, 1.21 g/ml), the density
of which was intermediate between that of the membrane-as-
sociated virion (1.15 to 1.16 g/ml) and the nonenveloped filled
virion (1.26 to 1.27 g/ml) (17).

In the present study, we showed that the C52aa domain of the
HEV capsid was essential for the HEV life cycle, as confirmed by
reproducible reversion at the amber mutation, which would oth-
erwise truncate the C52aa domain. The presence of the C52aa
domain promoted the accurate encapsidation of HEV and pro-
tected the particle from further C-terminal degradation. To clarify
the involvement of the C52aa domain in neutralization, further
studies (e.g., using a MAb specific for this region) will be required.
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Abstract

To understand the HE V-pollution status in the environment in the Philippines, a total
of 12 water samples were collected from rivers in Manila City for detection of HEV
RNA. Three out of 12 samples were positive for HEV RNA indicating that HEV is

circulating in the Philippines. Phylogenetic analysis classified all of the HEV sequences

into genotype 3.
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Hepeatitis E virus (HEV) is a positive-sense single-stranded RNA virus that belongs
to the genus Hepevirus in the family Hepeviridae *>. HEV is the causative agent of
acute or fulminant hepatitis E, primarily transmitted by the fecal-oral route®. The
relatively high mortality rate in HEV-infected pregnant women, up to 28%, is unique
among hepatitis viruses ">, Hepatitis E is a zoonotic disease, with swine, wild boars and
wild deer serving as the reservoir for human infections *”*. Four genotypes of HEV
(G1-G4) have been detected in humans and G3 and G4 HEV are responsible for
sporadic and autochthonous infections in both humans and other animal species
worldwide 1% 1112,

HEYV is a public health concern in many Asia and Africa countries where sanitation

114 1 arge waterborne outbreaks with high attack rates

conditions are insufficient
among young adults have been described in regions characterized by poor sanitary
conditions in countries such China, Indian, Somalia, and Ugandals. However, there
have been no reports of HEV infection in the Philippines. Neither information about
hepatitis E patients, nor HEV infection in animals has been reported, and no sequence
data has been deposited from this country. There is also no report of the HEV-pollution
status of the environmental sewage water. With the hypothesis that environmental water
samples may reflect the prevalence of HEV circulation, we examined river water
samples to investigate HEV in the environment in one of the most densely populated
cities in the world Manila City, a metropolitan area in the Philippines with over 10
million residents.

A total of 12 water samples were collected from rivers that run through
Manila City. Six sampling sites were selected (Fig. 1). Sampling sites 1 to 3
were in the Pasig River, sites 4 and 5 were in the Paranaque River, and site
6 was in the Las Pinas River. These rivers receive the wastewater from the

residents nearby. Water samples were drawn at all locations during both the

dry season (2012.12.23) and the wet season (2013.07.23), and were named
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D1 to D6 and W1 to W6, respectively. The water samples were kept at 4°C
during transport.

The concentration and purification of these water samples was carried out as
described previously'®. Briefly, 500 mL of water was collected from each sampling site,
and centrifuged at 3,000 rpm for 30 min at 4°C. Then 2.5 mM MgCl, was added to the
supernatant to a final concentration of 0.05 mM. The pH value was adjusted to 3.5. The
solution was filtered through a 0.45-pm mixed cellulose ester membrane filter (Merck
Millipore Japan) by a positive-pressure pump. Absorbents on the filter were then eluted
with 10 mL of 3% beef extract solution by ultrasonication, three times. The solution
was centrifuged at 12,000 rpm for 30 min, and the supernatant was stored at —80°C until
RNA extraction.

The RNA was extracted using the MagNA Pure LC Total Nucleic Acid isolation kit
(Roche Applied Science, Mannheim, Germany) according to the manufacturer’s
recommendations. Reverse transcription (RT) was performed with a high-capacity
cDNA reverse transcription kit (ABI Applied Biosystems) at 25 °C for 10 min, 37 °C
for 120 min followed by 85 °C for 5 min in a 20-ul reaction mixture containing 1 ul
reverse transcriptase, 2 ul of the random primer, 1 ul RNase inhibitor, 2 ul RT buffer,
0.8 ul 10-mM deoxynucleoside triphosphates, 8 ul RNA and 5.2 ul distilled water. A
nested reverse transcription polymerase Chain Reaction (RT-PCR) analysis was
performed to amplify a portion of the ORF2 genome, based on the method described
previously'”.

By RT-PCR, three samples (W4, W5 and W6) out of the 12 water samples were
positive for HEV RNA. Excluding the primer sequences, the length of the nested
RT-PCR products was 338 nucleotides corresponding to nt 5959-6296 in the ORF2 of
the Myanmar strain (D10330). PCR products were purified using the QIAquick PCR
purification kit (Qiagen) and cloned into TA cloning vector pCR2.1 (Invitrogen). Each

of 20 clones was sequenced. The clones with the same nucleotide sequence were

—211—



86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

counted as one strain. Finally, 21 HEV strains were obtained (GenBank accession nos.
KF546257-KF546277), of which five strains were isolated from W4, 10 strains from
W35, and six strains from W6. Phylogenetic analysis indicated that all 21 strains were
G3 HEV. With the exception of strain W5-13, the other 20 strains’ sequences belonged
to sub-genotype 3a'®, separated into four clusters (Cluster] to 4) with nucleotides
sequence identities of 89.6%-99.7% (Fig. 2). In cluster 1, the sequences of three strains
isolated from W6 were close to that of HEV strain EF530663 (isolated from a patient in
Hungary) with nucleotide sequence identities of 92.3% to 92.6%. The nucleotide
sequences of all nine of the strains in cluster 2 detected from W5 were close to that of a
Japan swine HEV strain (AB094215) with identities of 91.1%-92.6%. Cluster 3
contained six strains three from W4 and three from W6. Their sequenées were close to
that of AB671098, isolated from a Japanese donor, with nucleotide sequence identities
of 93.5%-94.4%. Cluster 4 comprised two strains from W4, with sequences close to
Japan strain AB 807429 (identities of 91.7%-92.0%). The strain W5-13 dose not belong
to any known sub-genotype and shares identities of 84.0%-84.3%, 90.2%-91.7%,
85.5%-88.2% and 83.7%-84.0%, with the Philippines HEV strains in clusters 1 to 4,
respectively. The strain W5-13 thus constitutes a new sub-genotype of G3 HEV.

A BLAST analysis showed that the nucleotide sequence identities between these
HEV strains detected in the Philippines and other HEV strains that have been published
in GenBank were lower than 94.4%, indicating that area-specific HEV strains are
circulating in the Philippines. All 21 of the HEV strains we detected in the river water
were collected during the wet season, suggesting that the wet season presents a higher
risk of individuals in the area contracting HEV infections.

The results of this study beg the question, what is the source of HEV detected in the
Manila City rivers? Because no epidemiological information about HEV in the
Philippines is currently available, for human patients, animal outbreaks, or genetic

sequences, it is difficult to speculate about the sources of HEV. However, since the
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HEV is primarily transmitted by the fecal-oral route, HEV might be present in rivers
containing human or animal stool. In this study, all of the HEV strains were detected
from sampling sits 4-6, located in the Paranaque River and the Las Pinas River. None of
the water samples from the Pasig River (sampling sits 1-3) were found to be HEV RNA
positive. The Paranaque River and the Las Pinas River are considerably smaller than the
Pasig River, and flow through a residential area having high population density. The
degree of wastewater pollution is higher for sampling sits 4-6 than for sampling sits 1-3.
All of the HEV detected in the river water samples belonged to G3. Genotype 3 HEV
can be isolated not only from infected humans but is known to be zoonotic and has also
been isolated from domestic swine, and wild boars, wild deer, mongoose, and rabbits 6.7
- 1L.19.20 The rivers were probably contaminated with HEV by human or animal
excrement, or both.

In conclusion, we have detectedand here report HEV in the Philippines for the first
time, and showed that G3 HEV in particular is circulating in the rivers of Manila City.
In order to fully elucidate and address the HEV infection situation in the Philippines, it
will be necessary to collect and analyze hepatitis patients’ information and investigate

the prevalence of HEV infection in swine and wild animals in these areas.
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