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a b s t r a c t

Hepatitis E virus (HEV) is associated with acute hepatitis disease. Numerous truncated HEV capsid pro-
teins have been successfully expressed using different expression systems. Among these, p495, a protein
truncated at its N- and C-termini by 111 and 54 amino acids (aa), respectively (HEV ORF2 aa 112–606)
can self-assemble into T = 1 virus-like particles (VLPs) when expressed by insect cells. A shorter p239
(aa 368–606) protein is a particulate antigen that we have previously used in our commercialized HEV
vaccine, Hecolin. Here, we sought to express p495 in its soluble form (named Ep495) in E. coli and in
baculovirus-infected Tn5 insect cells (named BTp495) as a back-to-back control. Characterization of
p495 particles derived from these two expression systems showed similarities in particle size, morphol-
ogy, and sedimentation coefficient. Antigenicity assays using a panel of anti-HEV monoclonal antibodies
also showed similar strong reactivities for Ep495 and BTp495, as well as similar binding profiles that
were congruent with p239. Mouse immunization results showed that Ep495 particles had comparable
immunogenicity with that of BTp495 VLPs, as well as p239. Overall, our findings suggest that p495 par-
ticles produced in E. coli are ideal for the development of next-generation prophylactic vaccines against
hepatitis E.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Hepatitis E virus (HEV) is a single-stranded, positive-sense, RNA
virus belonging to the genus Herpesvirus in the family Herpevirid
[1]. HEV is the most common cause of acute hepatitis and an
important public health issue in both developing countries and
industrialized countries. In virology, HEV, primarily transmitted
by the fecal-oral route, contains predominantly four genotypes
(genotypes 1, 2, 3, 4) but only a single serotype [2–4].

The HEV genome is approximately 7.2 kb, and includes three
open reading frames (ORFs) [1], of which ORF2 encodes the capsid
protein. The capsid protein determines the immune dominant epi-
topes, the efficacy of the immune response, and is the protein
against which neutralizing antibodies are raised in both the natural
process of host-virus infection as well as in the production of vac-
cines [5]. A high efficient cell culture system for growing HEV has

been difficult to create for acquiring native virus, and HEV research
tends to rely on correlation-based studies that use recombinant
ORF2-derived proteins (pORF2s). Numerous pORF2s have been
made through different expression systems and with different
genotypes, and this has generated products of variable molecular
weight, characteristics and utility.

Among the various systems used, pORF2 expression is most
commonly achieved using baculovirus insect cells and E. coli [6].
HEV pORF2s derived from insect cells have been predominantly
used for research into HEV VLPs. The production of a 112–660 aa
pORF2 product in insect cells led to the identification of two major
immunoreactive proteins (58 kDa and 50 kDa) in cell lysates [7], of
which the 50-kDa protein could self-assemble into empty particles
that were slightly smaller than the native HEV particles previously
observed by electron microscopy. Further analyses with pORF2
truncations of other lengths showed that the pORF2 core structure
is formed by a product of 126–601 aa [8]. Thereafter, HEV VLPs
from aa 112–606, referred to as p495, were expressed in insect
cells, and T = 1 VLPs were examined through cryo-EM and X-ray
crystallography, respectively, to gain a better understanding of
their roles in virus infection [9–11]. HEV pORF2s from insect cells
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are thus ideal candidates for HEV vaccine development [6] and as a
vector for the presentation of foreign epitopes [8,12].

In most studies, HEV pORF2 proteins expressed in E. coli are
shorter than those expressed in insect cells and are variably trun-
cated: E2s (aa 459–606) [13], p166 (aa 452–617) [14], and p239 (aa
368–606) [15]. The antigenicity, neutralizing epitopes, and dimeric
interactions of these various truncated proteins have been investi-
gated to explore the impact that these differences would have on
later vaccine development [9,14,16–18]. Some of these particles
can undergo self-assembly (p166, p239) but the particles produced
tend to be smaller than those of T = 1 VLPs derived from insect
cells. Despite these differences, a vaccine based on p239 from
E. coli has been launched to the market in China in 2012, and it
is the first prophylactic vaccine against HEV with excellent efficacy
[19].

In the present study, we generated soluble HEV p495 in E. coli
(hereafter referred to as Ep495), and in baculovirus-infected Tn5
insect cells (BTp495) concurrently as a control. The truncated
Ep495 capsid protein can self-assemble into particles in vitro
after purification. Both BTp495 and Ep495 showed good anti-
genic reactivity with mAbs, as determined by enzyme-linked
immunosorbent assay (ELISA) and western blotting (WB), and
conferred comparable immunogenicity with that of p239 (Heco-
lin) in a mouse immunization assay. We outline a method for
the production and purification of soluble HEV ORF2 particles
using a prokaryotic expression system, which will be beneficial
for HEV basic research and the development of next-generation
vaccines.

2. Results

2.1. Expression of the p495

The E. coli ER2566 strain and Tn5 insect cells were used to pro-
duce the p495 proteins. Samples were collected after IPTG induc-
tion for 6 h (for E. coli) and baculovirus infection for 4 days (for
insect cells), respectively. Western blotting confirmed the expres-
sion of p495 proteins in both soluble and inclusion body form
when expressed in E. coli. Samples were heated under reducing
conditions, and showed good reactivity to the linear mAb 16D7.
p495 derived from E. coli (named Ep495) presented as a monomer,
with an approximate molecular weight of 53 kDa. p495 proteins
produced by insect cells (Bp495) were also soluble, with an
approximate molecular weight of 53 kDa (Fig. 1).

2.2. Purification of p495

2.2.1. E. coli expression and purification
The soluble and inclusion body fractions of Ep495 were sepa-

rated by centrifugation and the soluble fraction purified by satu-
rated ammonium sulfate precipitation, which enriched the target
proteins and excluded the impurities (data not shown). After
anion-exchange chromatography DEAE-FF (0.1 mM NaCl condi-
tions), the eluted protein was determined to be of high purity
(>90%; Fig. 2A, right panel, Lane 3).

Intriguingly, Ep495 in 0.1 M NaCl elution fraction exhibited
approximate dimeric form as sharing same retention time of
18.6 min with known E2 dimer [13] (Fig. 3A, blue2 and green
curve), as shown in HPSEC. So, we next screened a range of buffer
solution conditions (salt concentration, salt type, temperature,
among others) that would induce the assembly of purified Ep495
into particles. In these preliminary experiments, we found that

Ep495 would irregularly aggregate at a high salt concentration. We
optimized these parameters, and found that Ep495 could undergo
self-assembly in vitro in PB6.5 containing 0.5 M NaCl at 37 �C, with
a starting concentration of 0.7 mg/mL of Ep495.

2.2.2. Insect cell expression and purification
BTp495 was purified using PEG6000 precipitation followed

with chromatography purification. Briefly, once the cytopathic
phenomenon was obvious and cell survival rate was below 40%,
the supernatant was separated by centrifugation and the soluble
p495 was collected and purified by 8% PEG6000 precipitation.
Enriched BTp495 was further purified using anion-exchange chro-
matography (Fig. 2B). The results of the SDS-PAGE indicated that
the target protein was eluted to high (>90%) purity under �0.1
mM NaCl conditions (Fig. 2B, right panel, Lanes 2, 3).

2.3. Characterization of the p495 particles

HPSEC was used to investigate the particulate nature of the par-
ticles. The results in the HPSEC profile showed that the self-
assembling Ep495 and purified BTp495 had approximate retention
times of 13.7 and 13.8 min, respectively, similar to the 14.2-min
retention time for the particulate form of p239 particle (HEV
ORF2 aa 368–606, vaccine-antigen in Hecolin). In contrast, the
non-assembled Ep495 was smaller, with a retention time of 18.6
min (Fig. 3A and B). In terms of overall morphology, we found that
Ep495 particles mostly presented as globular, with a diameter of
�30 nm; albeit, some irregular particles were discernible. In con-
trast, BTp495 VLPs were more homogeneous, with similar diame-
ters (Fig. 3C and D). The Ep495 particles had a radius of 14.5 nm,
as measured by DLS, which was slightly bigger than the radius of
BTp495 VLPs (13.55 nm; Fig. 3E and G). In the SV assay using ana-
lytical ultracentrifugation (AUC), Ep495 particles exhibited a single
but broad peak of 47.0S, whereas BTp495 showed a sharper peak of
51.3S; these p495 particles are bigger than p239 particles (22.5S in
AUC assay; Fig. 4F and H). Taken together, p495 particles derived
from E. coli and insect cell expression systems presented a similar
particle profile.

2.4. Antigenicity assay of p495 particles

We next evaluated the antigenicity of the two p495 particles
using western blotting, with p239 serving as a control. Nine previ-
ously characterized mAbs were used: mAb 8C11, 8G12, 9F7 and
6F8 recognize conformational epitopes, whereas 12A10, 16D7,
4A6, 1B7 and 3G4 recognize linear epitopes. We found that the
dimer form of both p495 proteins had good reactivity with all nine
mAbs. In the ELISA assays, we measured similar EC50 values for
Ep495s and BTp495, and comparable reactivity against mAbs
8C11, 8G12 and 16D7. Thus, both p495 proteins showed similar
reactivity to the well-characterized HEV mAbs (Fig. 4), especially
mAbs 8C11 and 8G12, which have been mapped to immunodomi-
nant neutralization determinant, as shown by X-ray crystallogra-
phy experiments in our previous work [17,20].

2.5. Immune response of the Balb/C mice to the two p495 particles

Finally, we performed a mouse immunization assay to evaluate
the immunogenicity of the two p495 particles. Animal was immu-
nized three times at weeks 0, 2, 4 with 5 mg Ep495 or BTp495. The
same dosage and immunization program were used in the control
group, with the animals receiving inoculation of the Hecolin vac-
cine (bearing p239 particles). Anti-HEV IgG titers were determined
by ELISA, with p239 as the coated antigen. The antibody elicitation
showed a typical prime-boost vaccination; i.e., the reaction titer of
the sera increased to 103 at 2 weeks after prime inoculation,

2 For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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