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a  b  s  t  r  a  c  t

Dromedary  camel  hepatitis  E virus  (DcHEV),  a  novel  hepatitis  E virus,  has been  identified  in  dromedary
camels  in  Dubai,  United  Arab  Emirates.  The  antigenicity,  pathogenicity  and  epidemiology  of  this  virus
have  been  unclear.  Here  we  first  used  a  recombinant  baculovirus  expression  system  to  express  the  13
and 111  N-terminus  amino-acid-truncated  DcHEV  ORF2  protein  in  insect  Tn5  cells,  and  we obtained  two
types of virus-like  particles  (VLPs)  with  densities  of  1.300  g/cm3 and  1.285  g/cm3, respectively.  The small
VLPs  (Dc4sVLPs)  were  estimated  to  be 24  nm  in  diameter,  and  were  assembled  by a  protein  with  the
molecular  mass  53 kDa.  The  large  VLPs  (Dc3nVLPs  and Dc4nVLPs)  were  35  nm  in  diameter,  and  were
ecombinant baculovirus
irus-like particles
LP

nsect cells Tn5

assembled  by  a  64-kDa  protein.  An  antigenic  analysis  demonstrated  that  DcHEV  was  cross-reactive  with
G1, G3–G6,  ferret  and  rat  HEVs,  and  DcHEV  showed  a stronger  cross-reactivity  to  G1  G3–G6  HEV  than
it  did  to  rat  and ferret  HEV.  In  addition,  the  antibody  against  DcHEV-LPs  neutralized  G1 and  G3  HEV  in
a  cell  culture  system,  suggesting  that  the serotypes  of these  HEVs  are identical.  We  also  found  that  the
amino  acid  residue  Met-358  affects  the small  DcHEV-LPs  assembly.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hepatitis E virus (HEV) is causative agent of hepatitis E, a viral
isease that manifests as acute hepatitis E (Emerson and Purcell,
003). HEV was named in 1990, when its full genome was iden-
ified; before then HEV was identified as “epidemic, non-A, non-B
epatitis” (Reyes et al., 1990; Wong et al., 1980). The HEV infec-
ion occurs mainly through the fecal-oral route (Balayan et al.,
983), and acute hepatitis E is known as an important public health
roblem not only in developing countries but also in industrial-

zed countries, where HEV is transmitted mainly by imported or
oonotic infection (Li et al., 2012; Meng, 2010).
HEV, a small non-enveloped single-stranded positive-sense RNA
irus, is classified as the sole member of the genus Hepevirus in
he family Hepeviridae (Meng et al., 2012). The genome of HEV

∗ Corresponding author at: Department of Virology II, National Institute of
nfectious Diseases, 4-7-1 Gakuen Musashi-murayama, Tokyo 208-0011, Japan.
ax: +81 42 565 4729.

E-mail address: litc@nih.go.jp (T.-C. Li).

ttp://dx.doi.org/10.1016/j.virusres.2015.06.022
168-1702/© 2015 Elsevier B.V. All rights reserved.
is approximately 7.2 kilo bases (kb) in size, and it contains three
open reading frames (ORFs). ORF1 encodes nonstructural proteins
involved in replication and viral protein processing. ORF2 both
encodes a capsid protein that contains immunogenic epitopes and
induces neutralizing antibodies, and ORF2 is the target for vaccine
development (Li et al., 2004; Zhu et al., 2010). ORF3, which partially
overlaps with ORF2, encodes a cytoskeleton-associated phospho-
protein with multiple functions (Graff et al., 2005; Tyagi et al., 2001,
2004; Zafrullah et al., 1997).

To date, at least four genotypes of HEV that infect humans have
been identified. Of the four genotypes of HEV, genotypes 1 and 2 are
found exclusively in human beings and are transmitted via contam-
inated water in developing countries. Genotype 1 occurs mainly in
Asia, and genotype 2 occurs mainly in Africa and Mexico. Genotypes
3 and 4 have been isolated from patients as well as from infected
animals such as domestic pigs, wild boars and wild deer (Bradley,
1995; Huang et al., 1992; Meng et al., 1997; Takahashi et al., 2002;

Zhao et al., 2009). A number of sporadic cases have been trans-
mitted in a zoonotic fashion in developed countries, with zoonotic
hepatitis E being mainly associated mainly with genotype 3 or 4
HEV infections (Li et al., 2005; Meng, 2010; Tei et al., 2003).

dx.doi.org/10.1016/j.virusres.2015.06.022
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2015.06.022&domain=pdf
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In addition to humans, other animals such as chickens, bats,
ats, rabbits, mongooses, foxes, moose, minks, ferrets, and even
sh also harbor HEVs, including a number of genetically distant
trains (Batts et al., 2011; Bodewes et al., 2013; Drexler et al.,
012; Haqshenas et al., 2001; Jay Lin et al., 2014; Johne et al.,
010; Krog et al., 2013; Nakamura et al., 2006; Raj et al., 2012;
hao et al., 2009). The division of the Hepeviridae family into two
enera, Orthohepevirus and Piscihepevirus,  was recently proposed
Smith et al., 2014) (http://ictvonline.org/virusTaxonomy.asp). The
rthohepevirus includes four species: Orthohepevirus A including
solates from human, pig, wild boar, deer, mongoose, rabbit and
amel; Orthohepevirus B including isolates from chicken; Orthohep-
virus C including isolates from rat, greater bandicoot, Asian musk
hrew, ferret and mink; and Orthohepevirus D including isolates
rom bat. The cutthroat trout virus belongs to the genus Piscihep-
virus.  Whether these animal HEVs are transmitted to humans is
ot yet clear, and whether the infected animals develop signs of
epatitis is unknown.

Dromedary camel HEV (DcHEV) was first identified from fecal
amples of dromedary camels (Camelus dromedarius) in Dubai,
nited Arab Emirates (Woo  et al., 2014). The DcHEV genome is
.22 kb and contains three major ORFs (OFR1–3). ORF1 encodes a
onstructural protein of 1698 aa, ORF2 encodes a capsid protein of
60 aa, and ORF3 encodes a phosphoprotein of 113 aa. The complete
enome sequencing of two DcHEV strains (GenBank accession nos.
J496143 and KJ496144) showed more than 20% overall nucleotide
ifference to known HEVs, and only shared 52.1–56.5% nucleotide

dentity with avian, bat, rat and ferret HEVs (Woo  et al., 2014).
hough the DcHEV genome has been sequenced, the antigenicity,
athogenicity and epidemiology of DcHEV have remained unclear
ecause of the lack of a cell culture system in which to grow the
irus.

Here we describe the efficient expressions of 13- and 111-
-terminus-aa-deleted DcHEV ORF2 proteins by a recombinant
aculovirus in insect Tn5 cells. The proteins were found to self-
ssemble into virus-like particles (VLPs). The VLPs exhibited
ntigenic cross-reactivity with rat, ferret, G1, and G3 to G6 HEVs,
nd the serotype of DcHEV was identical to those of G1 and G3 HEV.

. Materials and methods

.1. Construction of recombinant baculoviruses and the
xpression of capsid proteins

We  synthesized two full-length ORF2s of DcHEV containing
he BamHI site before the start codon and the XbaI site after the
top codon based on the DcHEV sequences deposited in Gen-
ank (KJ496143 and KJ496144). For simplicity, we propose Dc3
KJ496143) and Dc4 (KJ496144) as these two DcHEV strains’
umbers, respectively. These full-length ORF2s were cloned into

 vector, pUC57, to generate the respective plasmids pUC57-
c3ORF2 and pUC57-Dc4ORF2 (GeneScript, Piscataway, NJ). DNA

ragments encoding the N-terminus-truncated DcHEV ORF2s were
mplified by polymerase chain reaction (PCR) using plasmid
UC57-Dc3ORF2 or pUC57-Dc4ORF2 as a template.

The DNA fragments encoding 13- and 111-N-terminal-aa-
runcated DcHEV ORF2s were amplified by PCR with the primers,
cHEV-N13 (5′-AAGGATCCATGTTGCCTATGCTGCCCGCGCCA-
′)/DcHEV-CR1 (5′-AGTCTAGATTAATACTCCCGAGTTTTACCCA-3′)
nd DcHEV-N111 (5′-AAGGATCCATGGCTGTTGCTCCCGCCCCAGG-
′)/CR1, respectively. The amplified DNA fragments were purified

ith a Qiagen Gel purification kit (Qiagen, Valencia, CA) and

loned into TA 2.1 cloning vector (Invitrogen, San Diego, CA). The
ull-length and truncated ORF2s were digested with BamHI and
baI and ligated with the baculovirus transfer vector pVL1393
ch 210 (2015) 8–17 9

(Pharmingen, San Diego, CA) to yield plasmids pVL1393Dc3ORF2,
pVL1393Dc3n13ORF2, pVL1393Dc3n111ORF2, pVL1393Dc4ORF2,
pVL1393Dc4n13ORF2, and pVL1393Dc4n111ORF2.

Mutations were introduced by the PCR amplification of
overlapping fragments with specific mutation primers. To intro-
duce the mutation of Thr-358 into Dc3ORF2, we carried out
PCR amplifications with primer pairs DcHEV-n111/Dc3ORF2-
358R (5′-TAGACCATTCGTACCAGTAAA-3′), and Dc3ORF2-358F
(5′-TTTACTGGTACGAATGGTCTA-3′)/CR1, by using the pUC57-
Dc3ORF2 as a template. Consequently both fragments were
purified and combined in a fusion PCR with the primers DcHEV-
n111/CR1. Finally, this fragment was  cloned into the transfer
vector pVL1393 to yield the plasmid pVL1393Dc3n111ORF2mt.
Recombinant viruses were produced in Sf9 cells and designated as
Ac[Dc3ORF2], Ac[Dc3n13ORF2], Ac[Dc3n111ORF2], Ac[Dc4ORF2],
Ac[Dc4n13ORF2], Ac[Dc4n111ORF2], and Ac[Dc3n111ORF2mt].
To achieve large-scale expression, we used an insect cell line from
Trichoplusia ni (cabbage looper moth),  BTL-Tn 5B1-4 (Tn5) (Invit-
rogen), infected with recombinant baculoviruses at a multiplicity
of infection (MOI) of 10 (Li et al., 1997; Yang et al., 2013).

2.2. SDS-PAGE and Western blot analysis

The proteins in the cell lysates and culture medium were
separated by 5–20% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and detected by Western blot analy-
sis with rabbit anti-G1 HEV-LPs polyclonal antibody as described
(Li et al., 1997).

2.3. Purification of VLPs

The recombinant baculovirus-infected Tn5 cells were harvested
on day 7 post-infection (p.i.). After the intact cells, cell debris, and
progeny baculoviruses were removed by centrifugation at 10,000 g
for 60 min, the supernatant was  spun at 32,000 rpm for 3 h in
a Beckman SW32Ti rotor. The resulting pellet was resuspended
in EX-cellTM 405 medium at 4 ◦C overnight. The recombinant
baculovirus-infected cells were treated with a denaturation buffer
containing 50 mM sodium borate, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate and 5% 2-mercaptoethanol, and gently
rocked at room temperature for 2 h. The lysate was diluted with Ex-
cell 405 and centrifuged at 32,000 rpm for 3 h in a Beckman SW32Ti
rotor, and the pellet was resuspended in Ex-cell 405 and purified
by CsCl gradient centrifugation as described (Li et al., 2007).

2.4. Transmission electron microscopy (TEM)

Purified VLPs were placed on a carbon-coated grid for 45 s,
rinsed with distilled water, stained with a 2% uranyl acetate solu-
tion and examined with an electron microscope (TEM-1400, JEOL,
Tokyo) operating at 80 kV.

2.5. Structural observation

The atomic structure of T = 1 particle (PDB-id: 2ztn) and the
pseudo-atomic structure of T = 3 particle (PDB-id: 3iyo) were both
downloaded from the PDB database. The measurements of the dis-
tance of residues were performed using Pymol software (http://
www.pymol.org), and the figures were made using the software
UCSF Chimera (Pettersen et al., 2004).
2.6. N-terminal amino acid sequence analysis

The proteins were purified by CsCl gradient centrifugation. The
N-terminal aa microsequencing was carried out using 100 pmol of
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rotein by Edman automated degradation on a protein sequencer
rocise 494HT (Applied Biosystems, Carlsbad, CA).

.7. Hyperimmune sera

We  immunized 12-week-old female Wistar rats with Dc3nVLPs.
he immunization was initiated as a single thigh muscle injection
f purified VLPs at the dose of 200 �g per rat, and booster injections
ere carried out at 4 and 6 weeks after the first injection with half
oses of VLPs. All of the injections, including booster injections,
ere carried out without any adjuvant. Immunized animals were

led 1 week after the last injection. The Animal Experiment Com-
ittee of the National Institute of Infectious Diseases approved this

tudy. All of the animal experiments were reviewed and carried out
ccording to the “Guides for Animal Experiments Performed at the
ational Institute of Infectious Diseases” under code 114132. The
nimals were individually housed in BSL-2 facilities.

.8. Detection of anti-HEV IgG antibody

We  performed an enzyme-linked immunosorbent assay (ELISA)
or the detection of anti-HEV IgG with purified recombinant HEV-
Ps (1 �g/mL, 100 �L/well) (Li et al.,1997, 2000; Yang et al., 2013).

.9. Neutralizing activity assay

We  used the infectious strain G1 (Genbank access no. LC061267)
nd G3 HEV strain (GenBank access no. AB740232) to evalu-
te the neutralizing activity of anti-HEVs antibodies. HEV grows
n PLC/PRF/5 cells and is efficiently released to cell culture
upernatants (Li et al., 2011a). Here we heated pre- and post-HEV-
Ps-immunized rat serum and rat HEV-infected rat serum at 56 ◦C
or 30 min  and then diluted the sera to 1:10 and 1:100 with medium
99 (Invitrogen). The neutralizing activity assay was carried out
s described (Yang et al., 2013). We  monitored neutralizing activ-
ty by the detection of HEV Ag (capsid protein) in the cell culture
upernatant at 3 weeks post-inoculation by ELISA (Li et al., 2004;
amamoto et al., 2012). The detection of HEV Ag in the culture
upernatant indicates that the antibody did not neutralize HEV,
hereas the lack of detection of HEV Ag indicates that the antibody
as neutralizing activity against HEV.

. Results

.1. Expression of DcHEV ORF2 and the formation of VLPs

We  prepared six recombinant baculoviruses - Ac[Dc3ORF2],
c[Dc3n13ORF2], Ac[Dc3n111ORF2], Ac[Dc4ORF2],
c[Dc4n13ORF2], and Ac[Dc4n111ORF2] – comprising the full-

ength, and N-terminal 13-, and 111-aa-truncated DcHEV ORF2.
he proteins generated in the infected cells and supernatant were
nalyzed by SDS-PAGE. In the Ac[Dc3ORF2] and Ac[Dc4ORF2]-
nfected Tn5 cells, major protein bands with molecular masses
f 72 kDa corresponding to the full-length of ORF2 proteins were
etected at 2 days p.i. These proteins were not detected in the
upernatant, and no VLPs were observed in the either the cells or
heir supernatants.

In the Ac[Dc3n111ORF2] and Ac[Dc4n111ORF2]-infected Tn5
ells, a major protein with a molecular mass of 58 kDa (D-p58)
as detected in the cells from day 2 p.i., and a protein migrating
ith a molecular mass of 53 kDa (D-p53) was found in the cells and

upernatant from day 4 p.i. The D-p58 protein was synthesized only

n Ac[Dc3n111ORF2]- and Ac[Dc4n111ORF2]-infected Tn5 cells,
nd D-p53 protein was detected only in Ac[Dc3n111ORF2]- and
c[Dc4n111ORF2]-infected Tn5 cell culture supernatant, not in the
ock-infected or wild-type baculovirus-infected cells. The 53-kDa
ch 210 (2015) 8–17

proteins reacted with anti-G1 HEV-LPs antibody in Western blots
(Fig. 1).

In a comparison of the amount of D-p53 in super-
natant, we found that the D-p53 protein was  larger in the
Ac[Dc4n111ORF2]-infected cell culture supernatant than that in
the Ac[Dc3n111ORF2]-infected cell culture supernatant (Fig. 1).
Two small proteins with molecular masses of approximately
17–18 kDa was clearly detected in Ac[Dc3n111ORF2]-infected cell
culture supernatant by SDS-PAGE, and these two proteins reacted
with rabbit anti-G1 HEV-LPs antibody by Western blotting, indicat-
ing that these two proteins were derived from Dc3 ORF2. Although
these two  proteins were also detected in the Ac[Dc4n111ORF2]-
infected cell culture supernatant, their quantities were extremely
low. These observed degraded proteins reveal that the D-p53
protein derived from Ac[Dc3n111ORF2] is unstable.

To examine whether the D-p53 protein would form VLPs, we
harvested the cell culture supernatants of the Ac[Dc3n111ORF2]-
and Ac[Dc4n111ORF2]-infected Tn5 cells at 7 days p.i., and we
subjected them to CsCl gradient centrifugation as described in Sec-
tion 2. In the Ac[Dc4n111ORF2]-infected cell culture supernatant,
the D-p53 protein was  mainly distributed in fractions 15 and 16,
with average densities of 1.285 g/cm3 ranging from 1.290 g/cm3

to 1.282 g/cm3 (Fig. 2A). Electron microscopy (EM) of fractions
15 and 16 showed many spherical particles with a diameter of
approximately 24 nm (Fig. 2B), which is similar to those of the
G1, G3, G4, ferret and rat HEV-LPs, produced by recombinant
baculoviruses harboring N-terminal 111 aa-deleted HEV ORF2. Pre-
vious cryo-electron microscopic (cryoEM) and crystal structure
analyses have revealed that these small HEV-LPs are T = 1 icosa-
hedral particles composed of 60 copies of truncated products of
ORF2 (Guu et al., 2009; Li et al., 2011b; Xing et al., 2010; Yamashita
et al., 2009).

In contrast, the D-p53 protein in Ac[Dc3n111ORF2]-infected
Tn5 cell culture supernatant was found in fractions 15 and 16,
and some aggregations of D-p53 proteins were observed by EM;
however, no VLPs were found (Fig. 2C). We  determined the N-
terminal aa sequence of D-p53 from both Ac[Dc3n111ORF2]-
and Ac[Dc4n111ORF2]-infected Tn5 cell culture supernatants by
microsequencing, and AVAPA was obtained. This sequence is iden-
tical to the 112–116 aa residues of DcHEV ORF2, indicating that
D-p53 was  derived from the DcHEV ORF2 protein and has an
approximately 50-aa deletion at the C-terminus. These results indi-
cate that the D-p53 derived from Dc4 self-assembled into VLPs
which are smaller than the native virus particle. We  named these
particles “Dc4sVLPs.” The yield of the purified Dc4sVLPs was 0.1 mg
per 107 Tn5 cells, which is lower than that of other our previously
reported HEV-LPs (Li et al., 1997, 2011b; Yang et al., 2013).

In the Ac[Dc3n13ORF2]- and Ac[Dc4n13ORF2]-infected Tn5
cells, four major proteins with the molecular mass of 40 kDa (p40),
53 kDa (D-p53), 64 kDa (D-p64) and 70 kDa (D-p70) were observed
(Fig. 3A). Proteins D-p53, D-p64 and D-p70 were reacted with rabbit
anti-G1 HEV-LPs Ab in a Western blot assay, indicating that these
three proteins were derived from the DcHEV ORF2. However, the
p40 protein did not react with rabbit anti-G1 HEV-LPs antibody.
In the cell culture supernatants, only D-p53 was  detected by SDS-
PAGE (Fig. 3A). To purify VLPs from cells, we harvested Tn5 cells at
7 days p.i. and treated them with denaturing buffer as described in
the Section 2. After CsCl gradient centrifugation, proteins, mainly
D-p64 appeared in fractions 9 and 10 (Dc3) or fractions 9–11 (Dc4)
with average densities of 1.300 g/cm3 (Fig. 3B). In contrast, a small
amount of the D-p53 protein separated in fractions 6-19 (Dc3) or
fractions 12 -16 (Dc4). The p40 protein detected in fractions 3 and 4

reacted with anti-TNLC virus antibody by Western blot assay (data
not shown) indicating that the p40 protein is the coat protein of
TNLC virus, which is a type of nodavirus we  ascertained previously
(Li et al., 2007).
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Fig. 1. Time course of the expression of 111-N-terminal aa-truncated DcHEV ORF2. Insect Tn5 cells were infected with the recombinant baculovirus Ac[Dc3n111ORF2] or
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We  determined the N-terminal aa sequence by microsequencing
o identify the D-p64 and LPMLP was obtained. This sequence is
dentical to that of the 14–18 aa residues of DcHEV ORF2, indicating
hat D-p64 was derived from the DcHEV ORF2 protein and has an
pproximately 50-aa deletion at the C-terminus. Our observation
f fraction 9 from both Ac[Dc3n13ORF2]- and Ac[Dc4n13ORF2]-
nfected samples by EM revealed spherical particles with 35-nm
iameters (Fig. 3C and D), indicating that the D-p64 protein self-
ssembled into VLPs. The morphology of these particles is similar
o that of the native HEV particle. We  named the particles Dc3nVLPs
nd Dc4nVLPs, respectively.

To determine whether nucleic acids were packaged in these
LPs, we extracted nucleic acids from these purified VLPs and
nalyzed them on 1% agarose gels. The electrophoresis results
emonstrated that both Dc3nVLPs and Dc4nVLPs contained nucleic
cids and that they were sensitive to RNase A (data not shown).
he next-generation sequence analysis revealed that the nucleic
equence was identical to those of N-terminal 13-aa-truncated Dc3
nd Dc4HEV ORF2, indicating that the large particles encapsulated
he ORF2 genome. The size and density of Dc3nVLPs and Dc4nVLPs
ere similar to those of the T = 3 G3 VLPs (Xing et al., 2010). In

ontrast, no nucleic acid was detected from 24 nm VLPs.

.2. The amino acid Met-358 effect T = 1 DcHEV-LPs formation
Our comparison of amino acids 111 to 660 between Dc3 and Dc4
RF2 showed that only two amino acids (aa146 and aa358) were
ifferent. In Dc3 and Dc4, the aa146 is Thr and Ser, respectively, and
oth Ser and Thr in aa146 are common among HEVs in the species
; then, 5 �L of the culture medium and the lysate from 105 cells were analyzed by
blot assay with anti-G1 HEV-LP rabbit serum (WB). M,  molecular weight marker; C,
n111ORF2]- and Ac[Dc4n111ORF2]-infected Tn5 cells harvested on days 1–10 p.i.

Orthohepevirus A. The aa358 in Dc3 is Met, and that in Dc4 is Thr.
The alignment of the HEV ORF2 amino acid sequence among 242
HEV strains in the species Orthohepevirus A revealed that except
for rabbit HEV, in only two strains the aa358 is Met  and the other
aligned sequence is Thr, suggesting that rather than aa146 the Met-
358 might be a contributing factor to the abortion of T = 1 VLPs
formation.

To test this hypothesis, we  produced a recombinant bac-
ulovirus Ac[Dc3n111ORF2mt] comprising a mutated 111-aa-
truncated DcHEV ORF2 with the substitution M358T. As shown
in Fig. 4, in Ac[Dc3n111ORF2mt]-infected Tn5 cells, similar to
Ac[Dc3n111ORF2], a major protein with a molecular mass of 58
kDa was  detected in the cells from day 2 p.i., and a protein migrat-
ing with a molecular mass of 53 kDa was found in the cells and
supernatant from day 4 p.i. However, the amount of D-p53 protein
in the Ac[Dc3n111ORF2mt]-infected Tn5 cell culture supernatant
was significantly larger than that in Ac[Dc3n111ORF2] and no small
proteins (17–18 kDa) were detected. In the CsCl gradient centrifu-
gation, D-p53 appeared mainly in fractions 15–17 with average
densities of 1.285 g/cm3 (Fig. 4B), and the VLPs examined by EM
possessed great similarity to the Dc4sVLPs (Fig. 4C). This result
indicates that the aa Met-358 affects the formation of T = 1 VLPs
and makes the D-p53 protein unstable.

To further understand how the mutated residue affects the
assembly of the expressed proteins into particles, we carefully
examined the residue position in both the available atomic model

of T = 1 VLP and the pseudo-model of T = 3 VLP. In the monomer, the
unit constructing the icosahedral particle, the residue is located in a
short �-helix situated on top of the long loop, between the B’ and C’
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Fig. 2. Purification of VLPs from cell culture. The supernatant of the recombinant baculovirus Ac[Dc3n111ORF2]- and Ac[Dc4n111ORF2]-infected Tn5 cells was  centrifuged
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or  3 h at 32,000 rpm in a Beckman SW32Ti rotor. The pellet was  resuspended in 500
liquots  from each fraction were analyzed by electrophoresis on a 5–20% polyacryl
-p53  protein with 2% uranyl acetate and observed them by EM:  Dc4sVLPs (B) and

trands in the M domain (the nomenclature of secondary structures
s according to Yamashita’s report; Yamashita et al., 2009) (Fig. 5A).

The aa 358-containing loop is approximately 4 Å from the
roline-rich hinge, which serves as a spiller for the propping up
f the extending dimeric spikes (P domain) in both T = 1 and T = 3
LPs. In T = 1 VLP, the aa 358 is mapped on the lateral side of the

hree-fold protrusions and exposed to solvent (Fig. 5 B). In terms of
 = 3 VLP, the position of aa 358 differs in the two type dimers: A–B
imer and C–C dimer. In the A–B dimer, aa 358 adopts a position to
he side and below the spikes observed from outside of the particle
Fig. 6A and B), and it is right under the P domain in the C–C dimer
ccording to the top view from two-fold axes (Fig. 6C and D).

The alternation of the residue Thr to Met  abolishes the pres-
nce of a polar hydroxyl (-OH) group with Thr and results in the
ydrophobicity yielded by Met. This change may  make Met-358
pt to bury itself to avoid solvent and thereby drive its neighboring
esidues toward three-fold protrusions. Thus, one possibility is that
he short �-helix-containing loop may  entangle the proline-rich
inge and prevent it from sustaining the spikes, thus resulting in
he disruption of extending dimers (spikes) in T = 1 VLPs. Given our
nding that expressed ORF2 with the mutation from Met-358 back
o Thr-358 can assemble into T = 1 VLPs again, we confidently pro-
ose that the substitution of Thr-358 by Met-358 in the M domain

s responsible for the failure of the T = 1 VLPs assembly. In the case

f the T = 3 VLPs, the residue 358, unlike in the T = 1 VLPs is not com-
letely exposed to solvent. These residues are positioned to the side
nd below of the P-domain in the A–B dimer and right under the
-domain in the C–C dimer. Thus, the increase of hydrophobicity
f EX-cell 405 and then purified by CsCl equilibrium density gradient centrifugation.
 gel, and CB-stained (A). To examine the VLPs, we stained each fraction containing

gations of D-p53 proteins (C, arrows). Bar, 100 nm.

of the residues is not able to change their positions significantly in
the dimers to affect the regular assembly of T = 3 VLPs.

3.3. Antigenic cross-reactivity among ferret, rat, G1, G3–G6 and
DcHEVs

Our Western blot analysis results indicated that the DcHEV cap-
sid protein D-p53 reacted with rabbit anti-G1 HEV, suggesting that
DcHEV has antigenicity that is similar to that of G1 HEV. To explore
the antigenic cross-reactivity among ferret, rat, G1, G3, G4, G5, G6
and DcHEVs, we  conducted ELISAs that use Dc3nVLPs as antigen.
We  detected human anti-G1, G3 and G4 HEV IgG, rat anti-G5 and G6
HEV-LPs IgG, rat anti-rat HEV-IgG, and ferret anti-ferret HEV IgG.
We compared the results with that detected by each homologue’s
antigen.

As shown in Fig. 7A–E, human anti-G1, G3 and G4 HEV IgG, rat
anti-G5 and G6 HEV-LPs IgG reacted to Dc3nVLPs and each homolo-
gous HEV-LPs with similar titers. In contrast, the titer of rat anti-rat
HEV-IgG and ferret anti-ferret HEV IgG detected by using Dc3nVLPs
was lower than that detected by homologous HEV-LPs (Fig. 7F and
G). These results indicated that DcHEV has antigenic epitope(s)
common to those of ferret, rat G1, G3-G6 and DcHEVs, and that
the antigenicity of DcHEV is more similar to those of G1 and G3-G6
HEV than rat and ferret HEV.
To obtain antibody against DcHEV, we inoculated a rat with
Dc3nVLPs. After three injections, the rat elicited a high level
of IgG antibodies against Dc3nVLPs, and the IgG titers reached
as high as 1:819,200 by antibody ELISA. The antibody against
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Fig. 3. Expression and purification of VLPs from Ac[Dc3n13ORF2] and Ac[Dc4n13ORF2]-infected Tn5 cells. The time course of the expression of 13-N-terminal aa-truncated
DcHEV ORF2, protein bands was visualized by Coomassie blue staining (CB) and a Western blot assay with anti-G1 HEV-LP rabbit serum (WB). (A). M,  molecular weight
marker; C, mock-infected Tn5 cells; W,  wild-type baculovirus-infected Tn5 cells; lanes 1 to 10, Ac[Dc3n13ORF2]- and Ac[Dc4n13ORF2]-infected Tn5 cells harvested on days
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bserved by EM (C,D). Bar, 100 nm.

c3nVLPs reacted not only with Dc3nVLPs but also with heterol-
gous ferret, rat, G1, G3, G4, G5 and G6 HEV-LPs with titers of
:51,200, 1:102,400, 1: 819,200, 1:819,200, 1:409,600, 1:409,600,
nd 1:409,600, respectively (Fig. 7H). This result also clearly shows
hat rat anti-Dc3nVLPs IgG more strongly reacted with G1 and
3–G6 HEV-LPs than with rat and ferret HEV-LPs.

.4. Cross-neutralization of G1 and G3 HEV with
nti-Dc3nHEV-LPs antibodies

To examine the neutralization activity of anti-Dc3nVLPs anti-
odies, we mixed diluted (1:10 and 1:100) antibodies with G1
nd G3 HEV, respectively, incubated the mixture for neutraliza-
ion, and then inoculated the mixture to PLC/PRF/5 cells. Each
re-immunized rat serum was used as the negative control, and rat
nti-G1 and G3 HEV-LPs antiserum was used as the positive control.
s shown in Fig. 8, HEV Ag was detected in the samples inoculated
ith pre-immunized rat serum, with optical density (OD) values

anging from 0.815 to 0.846 (G1) and 0.860 to 1.009 (G3). In con-
rast, HEV-Ag was not detected in the samples incubated with rat

erum against G1, G3 and Dc3nVLPs. These results indicate that
1 and G3 HEV were neutralized by antibody against G1, G3 and
c3nVLPs. In other words, the serotype of DcHEV is identical to

hose of the G1 and G3 HEVs.
enaturation buffer as described in Methods, and then purified by CsCl equilibrium
oresis on a 5–20% polyacrylamide gel, and CB-stained (B). Native size VLPs were

4. Discussion

The dromedary camel is a new addition to the group of species
harboring HEV, and DcHEV was recently proposed as a new geno-
type of HEV (G7) among Orthohepevirus A species with other HEV
strains isolated from human, rabbit or wild boar (Smith et al.,
2014). Although the DcHEV RNA positive rate was  1.5% in the adult
dromedary camel fecal samples, the sero-prevalence is not clear.
Because no cell culture system has been developed for DcHEV, it
remains necessary to express the capsid protein and generate VLPs
in order to analyze the antigenicity and immunogenicity of DcHEV,
and to establish a method for the detection of anti-DcHEV IgG and
IgM antibodies.

For the production of VLPs in the present study, the full-length
ORF2 of Dc3 and Dc4 were initially expressed by a recombinant
baculovirus; however, the recombinant protein derived from this
gene was not released into the culture supernatant and did not form
VLPs. The native size virus-like particles Dc3nVLPs and Dc4nVLPs
were obtained by expressing the 13 N-terminal aa-truncated Dc3
and Dc4 ORF2. The deletion of 13 N-terminal aa and approximately
50C-terminal aa does not affect the formation of VLPs. As the native-
size VLPs of G3 HEV, nucleic acids were also detected from both

Dc3nVLPs and Dc4nVLPs, suggesting that RNA binding might be
the extrinsic factor essential for the assembly of HEV native cap-
sid (Xing et al., 2010). Further studies including three-dimensional
structural analyses are needed.
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Fig. 4. Expression and purification of VLPs from mutant M358T of 111-N-terminal aa-truncated Dc3 ORF2. A mutation of M358T was introduced into Dc3ORF2 and Tn5 cells
were  infected with a recombinant baculovirus Ac[Dc3n111ORF2mt]. We  observed the time course of the expression of the mutant, and protein bands were visualized by CB
staining and a Western blot assay with anti-G1 HEV-LP rabbit serum (WB) (A). M, molecular weight marker; C, mock-infected Tn5 cells; W,  wild-type baculovirus-infected
Tn5  cells; lanes 1–10, Ac[Dc3n111ORF2mt] -infected Tn5 cells harvested on days 1–10 p.i. Proteins in cell culture supernatants were purified by CsCl equilibrium density
gradient centrifugation. Aliquots from each fraction were analyzed by electrophoresis on a 5–20% polyacrylamide gel, and CB-stained (B). The VLPs were observed by EM (C).
Bar,  100 nm.
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ig. 5. The Thr-358 in T = 1 HEV-LPs capsid. The blue, gold, and orange–red mark th
agenta indicates the Thr-358 by sphere for highlighting. Left: Thr-358 localizatio

utside of HEV-LP. Three Thr-358s are round the icosahedral 3-fold axes at periphe

The Dc4sVLP was obtained by expressing the N-terminal 111-aa
eleted Dc4ORF2, which is similar to G1, G3, and G4 HEV. An inter-
sting finding is that a naturally occurring substitution from Thr to

et  at aa358 of ORF2 caused the abortion of the small VLPs’ assem-

ly. The naturally occurring single point mutation hampers the T = 1
article assembly by the expressed N-111 truncated proteins. This
henomenon (i.e., that only one mutation is capable of disrupting
ll (S) domain, the middle (M)  domain, and the protruding (P) domain, respectively.
he HEV monomer. Right: A trimmer of the capsid protein of HEV-LP viewed from

 exposed to solvent.

the normal assembly of the entire virus particle) was  observed with
other viruses such as Sesbania Mosaic virus (Pappachan et al., 2009),
encephalitis virus (Yoshii et al., 2004), nudaurelia capensis � virus

(Taylor and Johnson, 2005), and coronavirus (de Haan et al., 1998).

However, this mutation does not cause disruption of the assem-
bly of T = 3 VLPs, which represent the native virions infecting hosts.
This result can be explained by the following: in T = 3 VLPs, the
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Fig. 6. The aa358 in T = 3 HEV-LPs capsid. Magenta indicates the aa358 by sphere for highlighting. The colors used are the same as the colors in Fig. 5. The S domains of T = 3
VLPs  are blue. The triangle and pentagon represent the three-fold axes and five-fold axes, respectively. (A) Thr-358s in a trimer. (B) Thr-358s in an A–B dimer, top view. (C)
Thr-358s in a C–C dimer, top view. (D) Thr-358s in a C–C dimer, side view.

Fig. 7. Antigenic cross-reactivity among ferret, rat, G1, G3–G6 and Dc3nVLPs. A–G: Human anti-G1, G3 and G4 HEV IgG, rat anti-G5 and G6 HEV-LPs IgG, rat anti-rat HEV-IgG,
and  ferret anti-ferret HEV IgG were detected by ELISA using Dc3nVLPs as antigen (�) and compared with that detected by each homologue’s antigen (©). H: The titers of rat
anti-Dc3nVLPs IgG were determined by ELISA performed using ferret HEV-LPs (�), rat HEV-LPs (�), G1 HEV-LPs (�), G3 HEV-LPs (♦), G4 HEV-LPs (⊕), G5 HEV-LPs (�), G6
HEV-LPs (�) and Dc3nVLPs (©) as antigen.

Fig. 8. Neutralizing activity of antibodies against G1 and G3 HEV. The neutralization of G1 HEV (A) and G3 HEV (B) by anti-G1, G3 and Dc3nVLPs sera was carried out by a
cell  culture-based neutralization test. Bars indicate the OD values of HEV Ag. Pre/G1, Pre/G3 and Pre/Dc3, pre-immunized rat serums; G1, rat anti-G1 HEV-LPs serum; G3, rat
anti-G3  HEV-LPs serum; Dc3, rat anti-Dc3nVLPs serum. Rat serum was diluted at 1:10 (white bar) and 1:100 (black bar).
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et-358 is only partially exposed to solvent, which could not yield
ufficient force to disrupt the particles’ assembly. In light of evolu-
ion, this mutation as well should not abort the normal assembly
f native forms of DcHEV; otherwise, this strain would not survive
n nature.

When rats were immunized with Dc3nVLPs in the present study,
 strong immune response was induced with a high IgG titer in
he absence of any adjuvant, suggesting that Dc3nVLPs are highly
mmunogenic. The antibody induced by the Dc3nVLPs was  cross-
eactive with rat, ferret, G1, and G3–G6 HEV-LPs. These results
learly demonstrated that the DcHEV and rat, ferret, G1, and G3–G6
EVs share at least one common epitope. The Dc3HEV capsid pro-

ein shared higher aa identities (88.5%–91.1%) with G1 and G3–G6
EVs than did rat and ferret HEVs (56.1–56.7%), and the Dc3nVLPs

howed stronger cross-reactivities with anti-G1 and G3–G6 HEV-LP
era.

HEV-LPs are composed of a single capsid protein which folds into
hree major domains: the shell (S) domain, the middle (M)  domain
nd the protruding (P) domain. The outer surface of the particles,
hich is a target for antibodies, is formed primarily by the M and

 domains (Xing et al., 2010; Yamashita et al., 2009). Although the
a identities of the full-length capsid proteins between Dc3 and
at and ferret HEVs were found to be 56.1% and 56.7%, the amino
cid identities of the partial M domains (372–420 aa) and partial P
omains (539–567 aa) between Dc3 and rat and ferret HEVs were as
igh as 83.7% and 75.9%, respectively. These values are both signifi-
antly higher than those of the other capsid regions, which suggests
hat common epitope (s) may  be present in the M and/or P domains
n the surface of the particles.

We also found that G1 and G3 HEV were neutralized by rat anti-
c3nVLP antibody, clearly indicating that the serotype of DcHEV is

dentical to those of G1 and G3 HEVs. Because G1–G4 HEVs have
een demonstrated to represent a single serotype (Emerson et al.,
006; Engle et al., 2002), we can conclude that the serotype of
cHEV is identical to that of human HEV.

At present, data other than those describing the nucleotide
equences of the two DcHEV strains from Dubai have not been
btained, including the epidemiology, virology and pathology of
his virus. The ELISA based on DcnVLPs for the detection of anti-
cHEV IgG and IgM will be useful for monitoring the circulation of
cHEV in dromedary camels.
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