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Abstract: Hepatitis E virus (HEV) infection causes sporadic outbreaks of acute hepatitis worldwide.
HEV was previously considered to be restricted to resource-limited countries with poor sanitary
conditions, but increasing evidence implies that HEV is also a public health problem in developed
countries and regions. Fortunately, several vaccine candidates based on virus-like particles (VLPs)
have progressed into the clinical development stage, and one of them has been approved in China.
This review provides an overview of the current HEV vaccine pipeline and future development
with the emphasis on defining the critical quality attributes for the well-characterized vaccines.
The presence of clinically relevant epitopes on the VLP surface is critical for eliciting functional
antibodies against HEV infection, which is the key to the mechanism of action of the prophylactic
vaccines against viral infections. Therefore, the epitope-specific immunochemical assays based on
monoclonal antibodies (mAbs) for HEV vaccine antigen are critical methods in the toolbox for epitope
characterization and for in vitro potency assessment. Moreover, serological evaluation methods
after immunization are also discussed as biomarkers for clinical performance. The vaccine efficacy
surrogate assays are critical in the preclinical and clinical stages of VLP-based vaccine development.

Keywords: antigenic analysis; epitope characterization; hepatitis E vaccine; serological evaluation;
virion-like epitopes; well-characterized vaccines

1. Introduction

Hepatitis E virus (HEV) belongs to the genus Orthohepevirus within the family Hepeviridae. HEV was
first identified in the 1970s, and its genome was successfully sequenced a decade later [1]. One third of
the population in the world may be infected with HEV during their lifetime [2]. HEV infection usually
causes acute, self-limiting hepatitis and may cause chronic hepatitis among immunocompromised
individuals and solid organ transplant recipients. Moreover, HEV infection poses a threat to pregnant
women, with a mortality of 10–50% [3]. A study on the global burden of the disease estimated that
approximately 20.1 million people were infected with HEV, leading annually to 3.4 million symptomatic
cases, 70,000 deaths and 3000 stillbirths [4]. The burden of HEV-related disease is considerable in
developing countries, especially in Africa and Asia [5]. Although there is no evidence of outbreaks
of hepatitis E in developed countries, sporadic locally acquired cases of HEV infections have been
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reported in France [6], Germany [7], Switzerland [8], Australia [9], Japan [10] and so on. To date, eight
genotypes of HEV have been isolated, and at least five genotypes (genotypes 1–4 and 7) can cause
human infection [11–13].

HEV contains a single-stranded, positive-sense RNA with a size of approximately 7.2 kb.
The genome of HEV comprises three open reading frames (ORFs) [14]. ORF1 encodes a non-structural
protein that is responsible for viral RNA replication [15]. Recently, a protein encoded by the newly
discovered ORF4 (within ORF1) was shown to be able to stimulate the replication of genotype-1
HEV [16]. ORF3 encodes a phosphoprotein, which is involved in virus release from host cells [14].
HEV was recently found to be a quasi-enveloped virus. It exists as non-enveloped virions in faeces
and urine for transmission, whereas its form could be predominantly enveloped in serum for evading
neutralizing antibodies [17–19]. The existence of two different forms of virions might be related to the
function of ORF3 [20]. Notably, the most well-studied ORF, ORF2, encodes the sole capsid protein
(pORF2), which has the ability to self-assemble into viral capsids to package the viral RNA after each
replication cycle. Therefore, the capsid protein pORF2 is a rational target for vaccine design [21].

Based on pORF2, different truncations using recombinant DNA technology were performed
to yield various proteins with different assembly forms [22]. Some of the truncated proteins form
into virus-like particles (VLPs) or subviral particles, presenting virion-like epitopes on the particle
surface [23]. In this review, we use the term VLP in a loose term regardless of the size of the VLPs. Some
VLPs could be more virion-like, including the size and the array of the epitope, while others could be
smaller in size and less regular in particle formation, which are essential for effectively stimulating
the immune response. Among these truncated pORF2 molecules, three vaccine candidates have been
studied in clinical trials. One vaccine, with a trade name of Hecolin®, was licensed in China in 2011.
However, it was not prequalified by the World Health Organization (WHO), which was necessary
for introduction into countries where the disease burden was considerable [24]. The WHO issued
a recommendation in 2018 to provide guidance to national regulatory authorities and manufacturers
on the manufacturing process and on nonclinical and clinical aspects to assure the quality, safety
and efficacy of recombinant hepatitis E vaccines [3]. Needless to say, quality assurance is of utmost
importance for a licensed vaccine for widespread use. For the VLP-based vaccines, the presence
of virion-like epitopes on the surface of VLPs is the structural basis to elicit protection against the
specific pathogen [25]. The process comparability, analytical comparability, and the link of a change
to the clinical outcome were considered as essential issues for a VLP-based vaccine. One A-vax
case study discussed the risk assessment and control strategy, which supports comparability studies
of vaccines [26]. Various methods have been established as a “toolbox” to evaluate the vaccine
antigen for quality assurance during bioprocessing and for stability during storage and transportation.
Among them, a large panel of monoclonal antibodies (mAbs) against the HEV capsid protein was
developed, and assays based on these mAbs are used during bioprocessing and in lot release and
stability testing [25]. In addition, immunization with a vaccine could induce a response against viral
B cell epitopes in vaccine recipients [27]. The functional polyclonal antibodies in serum elicited by
immunization can be analysed by a series of methods. In this review, we focus on epitope-specific
antigenic analyses of hepatitis E vaccine antigen and evaluation assays of vaccine-elicited functional
antibodies for its overall neutralization activity or against well-characterized epitopes.

2. The Design of Hepatitis E Vaccines

2.1. Molecular Structure of Different Truncated Versions of pORF2

HEV ORF2 encodes a viral capsid protein containing 660 amino acids (aa). A recent study
reported that a secreted form of pORF2 was observed in serum samples from both HEV-infected
rhesus macaques and humans. Two different forms, pORF2C (capsid) and pORF2S (secreted), are
two different translation products of the same viral ORF2 gene [28]. Compared to ORF2C, ORF2S

contains an additional 15 aa. This 15-aa peptide segment could represent a signal sequence that
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drives ORF2S secretion [28]. The prolonged existence of ORF2S in the blood raises the possibility of
decoying, leading to partial or full depletion of neutralizing antibodies in the sera of convalescent
patients. Thus, ORF2S antigen in HEV-infected patient serum could reduce the protective efficiency
after vaccination. Further characterization of ORF2S, such as the complexing forms and kinetics in
blood is of clinical importance [28].

To test the immunogenicity of the capsid protein, a series of truncated forms of pORF2 were
prepared in different laboratories [22]. They include the nearly full-length p595 (aa 14−608) and p495
(aa 112–606), as well as much smaller particulate forms, such as p239 (aa 368–606) and p179 (aa 439−617),
and the even shorter proteins, such as E2 (aa 394–606) and E2s (aa 459–606), that are amenable for
crystallization (Figure 1A). The N- and C-terminally truncated version of pORF2, i.e., aa 14−608
(p595), can form T = 3 icosahedral VLPs that are highly analogous to native virions [29]. Additional
highly virion-like VLPs were observed with p495, with a further truncation from p595 containing
aa 112−606. P495 self-assembled into well-formed T = 1 icosahedral VLPs [30]. Through analysis of
pORF2 using cryo-EM and X-ray crystallographic studies, three functional domains (S, P1 and P2)
were identified [29]. The P2 domain, also named the E2s domain, harbours the major neutralizing
epitopes on the viral capsid. The E2s domain, which has available high-resolution structural data,
forms a tight homodimer with key interacting residues identified at the dimeric interface [31]. The E2s
domain may play a key role in the interaction of HEV with host cells because antibodies directed
towards this region tend to be neutralizing and functional. Moreover, the structure of the E2s domain
in a complex with a potent neutralizing mAb, 8C11 [32], was determined. The epitopes recognized by
the mAb 8C11 were identified to comprise three different peptide segments, namely, Asp496-Thr499,
Val510-Leu514, and Asn573-Arg578. Among these, Arg512 was found to be the most crucial residue for
8C11 interaction with and neutralization of HEV. In addition, the complex crystal structure of 8G12 [33],
another highly efficient neutralizing mAb, with E2s was also determined. Several important residues
(Glu549, Lys554 and Gly591) were revealed that played an important role in 8G12 neutralization.

A 66-aa extension from the N terminus of E2s and could stabilize E2 (aa 394−606) to form
hexamers in solution [34]. Further extended with another 26-aa extension on E2, p239 (aa 368–606)
could self-assemble into a particulate form or VLPs with a 20–30 nm diameter [35]. Although there
is a certain degree of particle size and particle regularity, the immunogenicity of the p239-based
antigen was quite impressive. Notably, in experiments conducted in parallel, the immunogenicity
of p239-based VLPs was shown to be approximately 240 times stronger than that of E2 in mice [35].
The enhanced immunogenicity is likely due to the multiplicity of arrayed virion-like epitopes on the
VLP surface. More recently, p179 (aa 439–617) was found to self-assemble into VLPs with a diameter of
approximately 20 nm [36]. This VLP form of the antigen also shares the major neutralization epitopes
with p239. This antigen, along with the previously mentioned p239 and p495, was tested in clinical
trials with the goal of human vaccine development (Figure 1B).

2.2. Hepatitis E Vaccines

While more than fourteen HEV vaccine candidates have been studied [37], only three candidates
have progressed to clinical trials (Figure 1B). Aluminium-based adjuvants were used in the formulation
of all three vaccine candidates. The p495-based vaccine was the first vaccine candidate evaluated in
clinical trials with the support of GlaxoSmithKline. It was produced in insect cells with a baculovirus
expression system. Desirable safety and efficacy in a phase II clinical trial study were demonstrated
for the p495-based vaccine. The vaccine efficacy was 95.5% after three immunizations. In addition,
the reports of any adverse event were similar in vaccine group and placebo group [38]. However, this
project did not progress further after the phase II clinical trial possibly due to the lack of commercial
value. Another vaccine antigen based on p239 was expressed in an Escherichia coli (E. coli) expression
system. The p239-based vaccine was developed and licensed, with safety and efficacy demonstrated in
a large-scale phase III clinical trial. The efficacy was 100% over 12 months in preventing hepatitis E
among participants receiving all three doses of the immunization [39]. Moreover, a follow-up study
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showed that immunization with the p239-based vaccine could provide long-term (up to 4.5 years)
protection against hepatitis E, with an efficacy of 86.8% [40]. A post-licensure study showed that the
p239-based vaccine was immunogenic and well tolerated in the elderly population (>65 years old),
setting the stage for expanded recommendation of the vaccine to the aged populations in whom
HEV infection could be more harmful [41]. More recently, a p179 (expressed in E. coli)-based vaccine
candidate was tested in a phase I clinical trial. This study showed safety and good tolerance for the 16-
to 65-year-old population [36] (Figure 1B), and a phase II clinical trial is ongoing. The recreation of the
neutralizing epitopes on the truncated pORF2 forms as vaccine antigens is the key for assuring the
elicitation of functional antibodies. The existence of these virion-like epitopes can be characterized
using a series of immunochemical techniques.
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Figure 1. Presentation of different truncated versions of hepatitis E virus (HEV) pORF2. (A) shows
the molecular structure of truncated pORF2, and (B) shows three existing HEV vaccines, which have
been studied in clinical trials. HEV pORF2 consists of 660 amino acids. HEV p595 (aa 14–608) can form
a virus-like particle (VLP) that is similar to the native virion. The structure of p595 was demonstrated
by cryo-EM. HEV p495 (aa 112–608) can form a VLP, and the structure has been determined by X-ray.
HEV p495 was used as a vaccine antigen manufactured by GSK, which showed good safety and
efficacy in a phase II clinical trial. HEV p239 (aa 368–606), named Hecolin®, has been licensed in
China. The HEV p179 (aa 439−617)-based vaccine, which was manufactured by Changchun Institute of
Biological Products Co., Ltd. (CCIBP), was safe and well tolerated in a phase I clinical trial. E2 was
a useful candidate for diagnostic reagents and was able to form hexamers in solution. The structure
of E2s (aa 459–606), the shortest version to form a dimer harbouring the major neutralizing epitopes,
was determined at a high resolution.
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3. Analysis of the Native-Like Epitopes on Recombinant Antigens

A recombinant VLP-based antigen is an ideal candidate for use in vaccine formulation due to its
high immunogenicity and desirable safety performance. Comprehensive analysis of a vaccine antigen
is important for the quality assurance of a vaccine. Therefore, it is essential to develop a series of
methods to evaluate the vaccine antigen during processing, formulation and storage/transportation.
Various methods, such as biophysical, biochemical, immunochemical and in vivo potency assays,
were established and applied to two licensed recombinant VLP-based vaccines: hepatitis B vaccine
and human papillomavirus vaccine [42]. For the hepatitis E vaccine, the toolbox was composed of
various analytical approaches, especially specific epitope-based immunochemical assays, which will
be discussed in the following section. Among all the critical quality attributes of prophylactic vaccines,
the presence and the integrity of the virion-like epitopes on the recombinant antigens are critically
important for eliciting functional antibodies and conferring protection against viral infection [25].

3.1. Epitope-Specific Analysis of the HEV Vaccine Antigen by mAbs

The presence of clinically relevant epitopes on the VLP surface is normally the structural basis for
eliciting functional antibodies against viral proteins against the viral capsid. For HEV, the E2s domain,
an important part of pORF2, was shown to harbour the major neutralizing epitopes. To study the
clinically relevant epitopes, recombinant p239 protein was used as an immunogen for the preparation
of a large panel (96) of murine monoclonal antibodies (mAbs) [43]. Among them, approximately 50%
of the mAbs were chosen for further analysis due to their significant reactivity with p239. Overall,
20% of the mAbs recognized linear epitopes (such as 3A11, 16D7, 12A10, etc.), and 30% of the mAbs
recognized conformational epitopes (such as 8G12, 8C11, 9F7, etc.) on the E2s domain. There are 23
conformation-dependent mAbs that were selected for further study due to their ability to capture
authentic HEV virions in vitro. Six distinct conformation-dependent epitopes (C1-C6) were identified
in the E2s domain by clustering analyses [43]. As a representative conformational and neutralizing
antibody, 8G12 could react with p239 dimer and capture HEV virions. The epitopes recognized by
8G12 were located around the E2s dimerization interface, and the key epitope residues were Glu549
and Gly59 in the E2s domain [33]. Another neutralizing antibody, 8C11, recognized C5 epitopes,
which are located in the groove zone of the E2s domain, away from the dimeric interface [32]. Due to
the neutralizing activity of these two well-characterized mAbs, 8C11 and 8G12, their targets likely
represent two distinct functional epitopes on the HEV viral capsid. These epitopes are likely the
clinically relevant epitopes. Thus, based on 8C11, 8G12 and other mAbs, various immunochemical
assays were developed. These assays, along with a battery of other physico-chemical assays, have
been used to evaluate the critical quality attributes of the vaccine products.

Surface plasma resonance (SPR)-based BIAcore is a one-site binding assay probing the
antibody-antigen interaction on a sensorchip in real time. The assay is label-free, with no need
to label the antibody or the antigen. Due to the high throughput and the degree of automation,
the antigenicity for multiple batches of p239 was measured using a panel of 5 mAbs. They included
mAbs that recognize linear epitopes (12A10 and 3A11) and mAbs that recognize conformational
epitopes (8G12, 8C11 and 12F12). Good lot-to-lot consistency and desirable stability of the HEV
p239 antigen was demonstrated [25]. Another one-site binding assay is a solution competition
enzyme-linked immunosorbent assay (ELISA), where one mAb is used for interrogating the antigen
immune reactivity in solution. As an example, the solution interaction of recombinant HBsAg and
the mAb 5F11 was monitored for quality analysis of the antigen [44]. This assay could detect subtle
differences in antigen epitopes in solution, avoiding potential conformational changes during the
surface adsorption process [45]. Using this solution competition ELISA, comparable antigenicity
among different lots of p239 was demonstrated with multiple antibodies, namely, 8C11, 8G12, 9F7,
12A10, etc. [25].
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Vaccine formulation in general contains particulate-form adjuvants, making antigenicity more
difficult. Recently, a new in situ antigenicity analysis method, high content analysis (HCA), which
is capable of antigenicity analysis of aluminium-adsorbed antigen without the need for dissolution,
has been developed [46]. Using fluorescence-labelled 8G12, the real-time stability of multiple lots
of p239-based vaccines was demonstrated after long-term storage. HCA-based in situ analysis is
a fluorescence-based measurement. Thus, it enabled the simultaneous detection of two or more
differently labelled mAbs. These could be multiple mAbs against the same antigen or against different
antigens in the vaccine formulation. Zhang et al. [47] reported the antigenic analysis of VLP-based
antigens adsorbed on adjuvants without dissolution using two distinctly fluorescence-labelled mAbs.
HEV VLP-based vaccines or HEV antigens in combination vaccines could be analysed using technology
with multiple detection antibodies. In addition, based on two-site binding, a highly sensitive and
robust sandwich ELISA with the mAb 3A11 as the capture antibody and the mAb 8C11 as the detection
antibody was developed for routine antigenicity testing. Comparable antigenicity of p239 pre- or
post-dissolution treatment was determined, showing no change in epitopes after proper dissolution
treatment with adjuvants [48]. Meanwhile, multiple lots of hepatitis E vaccines retained antigenicity
after 36 months of storage [46]. As a robust technical assay, the sandwich ELISA has the potential to
become a product release assay since this assay format is amenable for set up in a manufacturing setting.

3.2. The Application of an In Vitro Relative Potency Assay (IVRP)

The potency assay is the most critical for vaccine characterization, comparability evaluation
and lot-release testing. Currently, potency assays for vaccines can be roughly divided into in vivo
animal-based potency assays and in vitro relative potency assays [49]. Traditional evaluation of vaccine
potency is an in vivo animal-based potency assay, which is the closest mimic of a human response
to a vaccine. It is widely used in the preclinical development stage of a vaccine. However, in vivo
animal-based potency assays are time-consuming (4–6 weeks) and exhibit poor precision and high
relative standard deviations. In addition, based on the “3R” principle (reduction, replacement and
refinement of animals), it is highly desirable to establish an alternative in vitro potency assay to assess
the binding activity of the antigen to functional antibodies during bioprocessing [26,50]. Therefore,
additional alternative in vitro assays could be implemented to minimize animal use. With good
reproducibility and robustness, the sandwich ELISA has the potential to be a candidate in vitro relative
potency assay for product release [51]. Notably, Sandwich ELISA was chosen as in vitro alternatives to
evaluate the potency of human rabies vaccines and was accepted for an international collaborative
study [52]. In addition, it has been reported that IVRP has a good correlation with animal-based
potency assays for licensed human papillomavirus and hepatitis B virus vaccines [53,54]. For the
hepatitis E vaccine, the correlation between animal-based efficacy and IVRP needs to be evaluated in
the future. In general, a mouse potency assay, as indicated by an ED50 value, is a potency assessment for
a vaccine formulation to cause seroconversion in the sera of the test animals. Either binding antibodies
or neutralizing antibodies could be evaluated via such a seroconversion analysis. This fact is also true
for clinical serological testing using either binding titres or neutralization titres. While the latter is more
desirable, its limited throughput would normally exclude its use in support of clinical sample testing.

4. The Serological Evaluation

Like most prophylactic VLP-based vaccines, the hepatitis E vaccine elicits a strong humoral
response. Effective presentation with orderly arrayed epitopes on the antigen surface and high
local epitope density could account for the effective B cell response. The generation of neutralizing
antibodies against clinically relevant epitopes is the underlying mechanism of efficacious prophylactic
vaccines [49]. In general, the titre of neutralizing antibodies elicited by vaccination correlates with the
efficacy of the specific vaccine. In addition, the p239-based hepatitis E vaccine could also stimulate
a cell-mediated immune response. Khateri et al. [55] demonstrated via IFN-γ ELISPOT assay that p239
vaccination was able to induce cellular immunity. However, due to limited research, the contribution
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of cellular immunity to protection against HEV infection is not clear. In the following section, a series
of quantitative methods for evaluation of the B cell response elicited by the hepatitis E vaccine
are discussed.

4.1. The Binding Antibody Analysis

While the clinical end point for vaccine efficacy in a clinical trial could be a disease or a pathological
marker, the seroconversion induced by vaccines is always a quantitative index to be measured, owing
to the vaccination with a test vaccine. The binding titre in serum samples in an ELISA is always
a straightforward method for serological analysis [56]. In ELISAs for measuring titres, 3 recombinant
proteins and VLPs were used as coating antigens. For the hepatitis E vaccine, the coating antigens are
generally the same or similar proteins as the vaccine antigens derived from ORF2 proteins. For the
p239-based vaccine, anti-HEV IgG in serum samples from vaccinated humans and rhesus monkeys
was analysed via E2-coated ELISA [57] (Table 1). For another vaccine candidate based on p495, the total
immunoglobulin in serum samples derived from cynomolgus monkeys after immunization was
evaluated in a p495-coated ELISA. Anti-HEV antibodies in monkeys’ serum samples after receiving
two doses of p495-based vaccine were elicited with titres of 1:104, and monkeys developed neither
hepatitis nor viremia when challenged with virus [58].

Table 1. Different antigens used in the ELISA methods for supporting the vaccine clinical trials or
preclinical development.

Vaccine Antigen. Antibody Type Species Coating Antigen Reference

p495 total
immunoglobulin

rhesus monkey p495 (112−606) Tsarev et al., 1997 [58]
human Shrestha et al., 2007 [38]

p239 IgG rhesus monkey E2 (394−606) * Li et al., 2005 [35]
human Zhu et al., 2010 [39]

* E2 and p239 share most of the critical epitopes.

Since different vaccine developers use different coating antigens, standardization of the serological
assay would facilitate cross-lab and cross-product comparison if the same coating antigen could be
used in the assay. Wen et al. [59] investigated the immunogenicity differences between hepatitis E
vaccines based on p239 and p179. HEV p166 (aa 452−617) was used as a coating antigen to evaluate
anti-HEV IgG in the serum of mice and humans immunized with p179 or p239 [59]. However, p166 was
composed of aa 452−617, which is much shorter than p239 and may exclude some important functional
epitopes. With this caveat in mind, a p495-based VLP antigen was more virion-like and contained all
functional epitopes of p179 and p239 (Figure 1A), making it a better coating antigen. Similarly, efforts
are being made to standardize the human papillomavirus serological assays using a more native- or
virion-like VLPs as coating antigen in the ELISAs. Although the cross-lab comparability of ELISAs for
human papillomavirus−16 and −18 has been formed, international standards are still required for the
additional types in Gardasil®9 [56]. In most cases, correlations were observed between the binding
titres and neutralizing titres. This result supports the use of binding titre measurement to support the
clinical trials while using a subset of the clinical samples to establish such a correlation.

4.2. The Neutralizing Antibody Analysis

An evaluation method of virus neutralizing efficiency of serum samples is essential to assess the
vaccine-elicited immune response against the virus. However, inefficient propagation of HEV in cell
models has posed a challenge to the evaluation of neutralizing antibodies in sera. The propagation
and production of HEV were attempted in primary hepatocytes. Based on this cell system, an in vitro
neutralization assay was developed to evaluate the anti-HEV antibodies. However, the difficulty
in culturing the cells has limited its application [60]. To date, at least two cell culture systems for
HEV have been developed. They are the culture system in PLC/PRF/5 and A549 cells established by
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Tanaka et al. [61] and the culture system in HepG2/C3A cells established by Shukla et al. [62] (Table 2).
These cell culture systems allow the virus to propagate enough authentic HEV virions to support the
neutralizing analysis [63]. Based on these HEV cell culture systems, polyclonal antibodies in serum
samples or mAbs derived from immunized animals showed neutralizing ability against different
viruses (Table 2). In one study, the HEV genotype 3 strain Kernow was shown to have high replication
efficiency, using HepG2/C3A as a cell substrate. The infectivity of HEV was inhibited efficiently by
the serum samples from immunized individuals [64] (Table 2). Apart from polyclonal antibodies in
serum, several mAbs showed neutralizing ability. The neutralizing activity of two represent mAbs
(8G12 and H6225) was studied with different cell systems. Gu et al. [33] reported that 8G12 was able to
inhibit the replication of HEV based on Huh7 cells. H6225 was able to neutralize a genotype 3 HEV
strain (JE03-1760F) in PLC/PRF/5 cells [65] (Table 2). Although many improvements were made, there
was still a lack of an efficient and reliable cell-culture system for an HEV virus neutralization assay.
Therefore, finding a surrogate of native virions may be a good choice to develop cell-based assays as
HEV serological assays for vaccine evaluation.

Table 2. The neutralization analysis of monoclonal or polyclonal antibodies after vaccination or infection.

Host Cell Virus/Genotype Type of Sample Reference

Native virus

HepG2/C3A cells Kernow (gt3) serum (rhesus macaque & human) Liu et al., 2019 [64] *
Huh7 cells stool and bile-derived HEV (gt1/4) mAb 8G12 Gu et al., 2015 [33]

PLC/PRF/5 cells JE03-1760F (gt3) mAb H6225 Takahashi et al., 2008 [65]
Primary hepatocytes Burma (gt1) purified IgGs (cynomolgus monkey) Tam et al., 1997 [66]

PLC/PRF/5 cells F23, SAR-55 (gt1) serum (cynomolgus monkey & human) Meng et al., 1997 [67]
HepG2/C3A cells Sar55, Mex14, Meng (gt1) serum (rhesus macaque) Emerson et al., 2006 [68]

PLC/PRF/5 and A549 cells JE03-1760F (gt3) serum (human) Tanaka et al., 2007 [61]
PLC/PRF/5 and A549 cells serum-derived HEV (gt3) serum (human) Takahashi et al., 2010 [20]

Virus surrogate

HepG2 cells recombinant protein 239 serum (rhesus macaque) Cai et al., 2016 [69]

“*” Using similar cell lines and virus strain, a robust HEV infection and replication system was reported recently
(Todt et al. Robust hepatitis E virus infection and transcriptional response in human hepatocytes. Proc Natl Acad Sci
2020) with high virus titres obtained consistently. It is conceivable that the use of this system should facilitate the
development of a virus neutralization assay.

The vaccine antigen p239 was used as a surrogate for native HEV virions in a cell-based functional
assay for antibodies. He et al. [70] used p239 to simulate native HEV for virus attachment onto
hepatocytes. P239 could attach to and enter the cells of four susceptible cell lines, i.e., HepG2, Huh7,
PLC/PRF5 and A549 [71]. When neutralizing mAbs were used, the cell attachment of p239 was
effectively blocked. More recently, a “neutralizing-like” blocking assay based on HepG2 cells was
developed by Cai et al. [69] for antibody functionality assessment (Table 2). The assay was based on
biotin-conjugated p239 and staining with allophycocyanin-conjugated streptavidin to amplify the
fluorescence signal. Using this assay, the p239-blocking activity of serum samples from HEV-infected
and vaccinated macaques was quantitatively evaluated [69].

With a well-characterized murine mAb (8G12), a competitive ELISA was developed for functional
antibody evaluation of serum samples. 8G12 could efficiently block the binding of polyclonal antibodies
in immunized human and rhesus macaque serum to vaccine antigen. 8G12 was applied to develop
a competitive ELISA assay to detect 8G12-like antibodies in mouse and human serum samples.
The 8G12-like antibody was predominant among the vaccine-induced anti-HEV antibodies in both
human and mouse sera. Therefore, 8G12-like antibodies might be a promising surrogate for neutralizing
antibodies and have the potential to be used as an indicator of the neutralization ability of the hepatitis
E vaccine [72]. In another study, the mAb 8C11 was also used in a competitive ELISA to evaluate
8C11-like antibodies in serum samples from immunized mice [73]. In a similar format but with another
virus, Palivizumab-like antibodies against respiratory syncytial virus were tested via a competitive
ELISA to reflect the neutralization antibodies after vaccination [74]. Similarly, in the case of human
papillomavirus, the neutralizing antibody level of each human papillomavirus serotype elicited by
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vaccination was assessed by a multiplex competitive Luminex immunoassay with functional and
type-specific mAbs (such as H16.V5 for type 16) as a specific probe for each type [75].

Recently, some modifications of HEV were performed at the genetic level to quantitatively
monitor the infection and replication of HEV. Swiss scientists claimed that HEV genomes harbouring
a haemagglutinin epitope tag or a small luciferase were found to be fully functional. This approach could
enable the efficient production of infectious viruses with specific tags for ease of virus quantitation [76].
Based on HepG2/C3A cells infected with the HEV genotype 3 strain, virus replication and infection
were monitored efficiently. Since these viruses can be easily engineered, different genotypes of HEV
strains should be prepared in parallel, facilitating evaluation of the cross-genotype virus neutralization
efficiency of various serum samples.

5. Can Current Vaccines Protect against Hetero-Genotypes?

To date, three VLP-based hepatitis E vaccines (p495-, p239-, and p179-based vaccine) have been
tested in human volunteers and showed desirable safety and efficacy. Each vaccine antigen was
derived from one given virus genotype. However, there are at least five genotypes (genotypes 1–4 and
7) that are capable of infecting humans. In addition, various HEV isolates have been identified from
diverse animal species. Recently, rabbit HEV of genotype 3ra was found to be capable of infecting
humans in Switzerland [8]. With different circulating strains of HEV in different continents, a question
is always asked—is the current vaccine containing one antigen from a given genotype capable of
protecting against other different genotypes?

In clinical trials conducted in China, where the majority of HEV isolated from patients is genotype
4, the efficacy of a p239-based vaccine was evaluated by a large-scale randomized double-blind phase
III trial. The vaccine antigen derived from genotype 1 could elicit a robust antibody response in
most patients, showing excellent cross-genotype protection against HEV [39] (Table 3). While the
clinical efficacy data against genotypes 1, 2 and 3 are not available, the cross-genotype protection of the
hepatitis E vaccine was also determined in preclinical tests. The p239-based vaccine was efficacious in
preventing infection in rhesus monkeys challenged with genotype 1 or genotype 4 virus [35]. For the
p495-based vaccine, the cross-genotype protection among non-human primates was also determined
among HEV genotypes 1, 2 and 3 [77]. Furthermore, the p179-based vaccine derived from genotype 4
showed complete cross-protection against genotype 1 and genotype 4 virus in rhesus monkeys [36].

Table 3. The protection of the hepatitis E vaccine among different virus genotypes.

Vaccination Subject Genotype 1 Genotype 2 Genotype 3 Genotype 4 Reference

Animal- or human-based analysis

p495-gt1 human
√

- - - Shrestha et al., 2007 [38]
p239-gt1 human - - -

√
Zhu et al., 2010 [39]

p495-gt1 rhesus monkey
√

a
√

b
√

c - Purcell et al., 2003 [77]
p495-gt1 rhesus monkey

√
a

√
b - - Tsarev et al., 1997 [58]

p239-gt1 rhesus monkey
√

- -
√

Li et al., 2005 [35]
p179-gt4 rhesus monkey

√
- -

√
Cao et al., 2017 [36]

Cell-based analysis

p239 HepG2/C3A - -
√

d - Liu et al., 2019 [64]
8G12 Huh7 cells

√
- -

√
Gu et al., 2015 [33]

“-” means no data; “
√

” means the cross-genotype protection; “a” SAR-55 (GenBank accession no. AF444002); “b”
Mex-14 (GenBank accession no. M74506); “c” US-2 (GenBank accession no. AF060669.1); “d” Kernow (GenBank
accession no. JQ679013).

In addition, a series of cell-based analyses also showed cross-genotype protection against HEV.
The infection of Kernow (genotype 3) was blocked by vaccinated human serum (genotype 1) based on
HepG2 cells, suggesting that the genotype 1 HEV vaccine was able to protect against genotype 3 virus
infection [64]. In addition, the mAb 8G12 could inhibit genotype 1 and genotype 4 HEV infections
in the Huh7 cell model [33] (Table 3). At the biochemistry level, according to the crystal structure of
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different forms of truncated pORF2, the protrusion domains (E2s domain) from different genotypes
show highly similar structural features. The crystal structures of the immune complexes of 8G12
and the E2s domains (genotypes 1 and 4) were very similar. Thus, 8G12 could efficiently bind to
the E2s molecules derived from all 4 different types [33]. All lines of accumulating evidence from
serological, biochemical and structural studies indicate that the protrusion domain of the viral capsid
plays an important role in protection. These functional epitopes in association with these protrusions
are immuno-dominant and are highly conserved across different HEV genotypes. It is conceivable that
vaccination with an antigen derived from a given genotype could confer protection from infection by
all the HEV genotypes.

6. Conclusions and Prospects

Prophylactic vaccination is an effective method to protect against HEV infection and control
HEV infection-associated diseases. The ordered arrangement of the clinically relevant epitopes is
the structural basis of a VLP-based hepatitis E vaccine. A multifaceted and comprehensive toolbox
composed of orthogonal methods was established to ensure vaccine quality, safety and efficacy. Similar
analytical assays, built with the same concept, could also be used for other VLP-based vaccine antigens.
Serological evaluation after vaccination should be standardized to allow cross-laboratory comparison
when multiple developers are producing vaccines against the same indication.

Outbreaks of HEV infections in low-resource regions continue to pose challenges to public
health. Outbreaks were reported in at least 30 countries in Africa, Asia, and North America in recent
years. During the past decade (2009−2019), six outbreaks of hepatitis E, each causing at least 1000
infections, were reported in African countries, including South Sudan, Namibia, Uganda, Nigeria,
Niger and Chad. The most recent and ongoing (since 2017) HEV outbreak in Namibia has caused at
least 4669 infections and 41 deaths [78]. In addition to the outbreaks in developing regions, the high
rate of asymptomatic HEV infections worldwide has raised concern of infection via blood donation
in recent years. For instance, HEV IgG antibody seroprevalence in blood donors was found to be
19.8% in Denmark, owing to the better awareness and improved assays [79]. Although most patients
remain asymptomatic after accepting infected blood product, those immune-suppressed individuals
take a considerable risk of developing chronic HEV infection. Use of the licensed vaccine should
be further promoted to enhance coverage, particularly for the outbreak-prone regions or among
high-risk populations, such as pregnant women or immuno-suppressed or immune-compromised
individuals. Recently, the protective effect of the hepatitis E vaccine for pregnant women was evaluated
in Bangladesh (NCT02759991) with support from the Norwegian Institute of Public Health, showing
no safety concerns for the participants related to immunization [80]. Furthermore, another safety
clinical trial of the hepatitis E vaccine was initiated in May 2019 in a healthy US adult population
(NCT03827395) with the support of the National Institute of Allergy and Infectious Disease [81].
With efforts from multiple fronts towards the control of this vaccine-preventable disease, the effect of
this public health tool should be maximized in the future.

Funding: This work was funded by National Natural Science Foundation of China, grant numbers 31670939,
31730029 and 81993149041.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khuroo, M.S. Study of an epidemic of non-A, non-B hepatitis. Possibility of another human hepatitis virus
distinct from post-transfusion non-A, non-B type. Am. J. Med. 1980, 68, 818–824. [CrossRef]

2. Webb, G.W.; Dalton, H.R. Hepatitis E: An underestimated emerging threat. Adv. Infect. Dis. 2019, 6,
2049936119837162. [CrossRef]

http://dx.doi.org/10.1016/0002-9343(80)90200-4
http://dx.doi.org/10.1177/2049936119837162


Viruses 2020, 12, 109 11 of 15

3. World Health Organization. Recommendations to Assure the Quality, Safety and Efficacy of Recombinant
Hepatitis E Vaccines. Available online: https://www.who.int/biologicals/BS.2018.2348.Recommendations_
HEP_E_vaccines.pdf (accessed on 10 December 2019).

4. World Health Organization. Global Hepatitis Report. 2017. Available online: https://www.who.int/hepatitis/
publications/global-hepatitis-report2017/en/ (accessed on 8 January 2020).

5. Kamar, N.; Bendall, R.; Legrand-Abravanel, F.; Xia, N.S.; Ijaz, S.; Izopet, J.; Dalton, H.R. Hepatitis E. Lancet
2012, 379, 2477–2488. [CrossRef]

6. Gallian, P.; Pouchol, E.; Djoudi, R.; Lhomme, S.; Mouna, L.; Gross, S.; Bierling, P.; Assal, A.; Kamar, N.;
Mallet, V.; et al. Transfusion-Transmitted Hepatitis E Virus Infection in France. Transfus. Med. Rev. 2019, 33,
146–153. [CrossRef]

7. Vollmer, T.; Diekmann, J.; Eberhardt, M.; Knabbe, C.; Dreier, J. Hepatitis E in blood donors: Investigation of
the natural course of asymptomatic infection, Germany, 2011. Euro. Surveill. 2016, 21. [CrossRef]

8. Sahli, R.; Fraga, M.; Semela, D.; Moradpour, D.; Gouttenoire, J. Rabbit HEV in immunosuppressed patients
with hepatitis E acquired in Switzerland. J. Hepatol. 2019, 70, 1023–1025. [CrossRef]

9. Yapa, C.M.; Furlong, C.; Rosewell, A.; Ward, K.A.; Adamson, S.; Shadbolt, C.; Kok, J.; Tracy, S.L.; Bowden, S.;
Smedley, E.J.; et al. First reported outbreak of locally acquired hepatitis E virus infection in Australia.
Med. J. Aust. 2016, 204, 274. [CrossRef]

10. Nanmoku, K.; Owada, Y.; Oshiro, Y.; Kurosawa, A.; Kubo, T.; Shinzato, T.; Shimizu, T.; Kimura, T.; Sakuma, Y.;
Ishikawa, N.; et al. Prevalence and characteristics of hepatitis E virus infection in kidney transplant recipients:
A single-center experience in Japan. Transpl. Infect. Dis. 2019, 21, e13033. [CrossRef]

11. Donnelly, M.C.; Scobie, L.; Crossan, C.L.; Dalton, H.; Hayes, P.C.; Simpson, K.J. Review article: Hepatitis
E-a concise review of virology, epidemiology, clinical presentation and therapy. Aliment. Pharm. 2017, 46,
126–141. [CrossRef]

12. Lee, G.H.; Tan, B.H.; Teo, E.C.; Lim, S.G.; Dan, Y.Y.; Wee, A.; Aw, P.P.; Zhu, Y.; Hibberd, M.L.; Tan, C.K.; et al.
Chronic Infection With Camelid Hepatitis E Virus in a Liver Transplant Recipient Who Regularly Consumes
Camel Meat and Milk. Gastroenterology 2016, 150, 355–357. [CrossRef]

13. Woo, P.C.; Lau, S.K.; Teng, J.L.; Cao, K.Y.; Wernery, U.; Schountz, T.; Chiu, T.H.; Tsang, A.K.; Wong, P.C.;
Wong, E.Y.; et al. New Hepatitis E Virus Genotype in Bactrian Camels, Xinjiang, China, 2013. Emerg. Infect. Dis.
2016, 22, 2219–2221. [CrossRef] [PubMed]

14. Debing, Y.; Moradpour, D.; Neyts, J.; Gouttenoire, J. Update on hepatitis E virology: Implications for clinical
practice. J. Hepatol. 2016, 65, 200–212. [CrossRef] [PubMed]

15. Nan, Y.; Yu, Y.; Ma, Z.; Khattar, S.K.; Fredericksen, B.; Zhang, Y.J. Hepatitis E virus inhibits type I interferon
induction by ORF1 products. J. Virol. 2014, 88, 11924–11932. [CrossRef]

16. Nair, V.P.; Anang, S.; Subramani, C.; Madhvi, A.; Bakshi, K.; Srivastava, A.; Nayak, B.; Surjit, M. Endoplasmic
Reticulum Stress Induced Synthesis of a Novel Viral Factor Mediates Efficient Replication of Genotype-1
Hepatitis E Virus. PLOS Pathog. 2016, 12, e1005521. [CrossRef]

17. Kamar, N.; Izopet, J.; Pavio, N.; Aggarwal, R.; Labrique, A.; Wedemeyer, H.; Dalton, H.R. Hepatitis E virus
infection. Nat. Rev. Dis. Primers 2017, 3, 17086. [CrossRef]

18. Feng, Z.; Hirai-Yuki, A.; McKnight, K.L.; Lemon, S.M. Naked Viruses That Aren’t Always Naked:
Quasi-Enveloped Agents of Acute Hepatitis. Annu. Rev. Virol. 2014, 1, 539–560. [CrossRef]

19. Marion, O.; Lhomme, S.; Nayrac, M.; Dubois, M.; Pucelle, M.; Requena, M.; Migueres, M.; Abravanel, F.;
Peron, J.M.; Carrere, N.; et al. Hepatitis E virus replication in human intestinal cells. Gut 2019. [CrossRef]

20. Takahashi, M.; Tanaka, T.; Takahashi, H.; Hoshino, Y.; Nagashima, S.; Mizuo, H.; Yazaki, Y.; Takagi, T.;
Azuma, M.; Kusano, E.; et al. Hepatitis E Virus (HEV) strains in serum samples can replicate efficiently in
cultured cells despite the coexistence of HEV antibodies: Characterization of HEV virions in blood circulation.
J. Clin. Microbiol. 2010, 48, 1112–1125. [CrossRef]

21. Mori, Y.; Matsuura, Y. Structure of hepatitis E viral particle. Virus Res. 2011, 161, 59–64. [CrossRef]
22. Li, S.W.; Zhao, Q.; Wu, T.; Chen, S.; Zhang, J.; Xia, N.S. The development of a recombinant hepatitis E vaccine

HEV 239. Hum. Vaccin. Immunother. 2015, 11, 908–914. [CrossRef]
23. Zhang, X.; Xin, L.; Li, S.; Fang, M.; Zhang, J.; Xia, N.; Zhao, Q. Lessons learned from successful human

vaccines: Delineating key epitopes by dissecting the capsid proteins. Hum. Vaccin. Immunother. 2015, 11,
1277–1292. [CrossRef]

https://www.who.int/biologicals/BS.2018.2348.Recommendations_HEP_E_vaccines.pdf
https://www.who.int/biologicals/BS.2018.2348.Recommendations_HEP_E_vaccines.pdf
https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/
https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/
http://dx.doi.org/10.1016/S0140-6736(11)61849-7
http://dx.doi.org/10.1016/j.tmrv.2019.06.001
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.35.30332
http://dx.doi.org/10.1016/j.jhep.2019.01.025
http://dx.doi.org/10.5694/mja15.00955
http://dx.doi.org/10.1111/tid.13033
http://dx.doi.org/10.1111/apt.14109
http://dx.doi.org/10.1053/j.gastro.2015.10.048
http://dx.doi.org/10.3201/eid2212.160979
http://www.ncbi.nlm.nih.gov/pubmed/27869607
http://dx.doi.org/10.1016/j.jhep.2016.02.045
http://www.ncbi.nlm.nih.gov/pubmed/26966047
http://dx.doi.org/10.1128/JVI.01935-14
http://dx.doi.org/10.1371/journal.ppat.1005521
http://dx.doi.org/10.1038/nrdp.2017.86
http://dx.doi.org/10.1146/annurev-virology-031413-085359
http://dx.doi.org/10.1136/gutjnl-2019-319004
http://dx.doi.org/10.1128/JCM.02002-09
http://dx.doi.org/10.1016/j.virusres.2011.03.015
http://dx.doi.org/10.1080/21645515.2015.1008870
http://dx.doi.org/10.1080/21645515.2015.1016675


Viruses 2020, 12, 109 12 of 15

24. Innis, B.L.; Lynch, J.A. Immunization against Hepatitis E. Cold Spring Harb. Perspect. Med. 2018, 8, a032573.
[CrossRef]

25. Wang, X.; Li, M.; Lin, Z.; Pan, H.; Tang, Z.; Zheng, Z.; Li, S.; Zhang, J.; Xia, N.; Zhao, Q. Multifaceted
characterization of recombinant protein-based vaccines: An immunochemical toolbox for epitope-specific
analyses of the hepatitis E vaccine. Vaccine 2018, 36, 7650–7658. [CrossRef]

26. Group, C.-V.W. A-VAX: Applying Quality by Design to Vaccines. 2012. Available online: https://www.
dcvmn.org/IMG/pdf/a-vax-applying-qbd-to-vaccines_2012.pdf. (accessed on 10 December 2019).

27. Huang, X.; Wang, X.; Zhang, J.; Xia, N.; Zhao, Q. Escherichia coli-derived virus-like particles in vaccine
development. Npj. Vaccines 2017, 2, 3. [CrossRef]

28. Yin, X.; Ying, D.; Lhomme, S.; Tang, Z.; Walker, C.M.; Xia, N.; Zheng, Z.; Feng, Z. Origin, antigenicity,
and function of a secreted form of ORF2 in hepatitis E virus infection. Proc. Natl. Acad. Sci. USA 2018, 115,
4773–4778. [CrossRef]

29. Yamashita, T.; Mori, Y.; Miyazaki, N.; Cheng, R.H.; Yoshimura, M.; Unno, H.; Shima, R.; Moriishi, K.;
Tsukihara, T.; Li, T.C.; et al. Biological and immunological characteristics of hepatitis E virus-like particles
based on the crystal structure. Proc. Natl. Acad. Sci. USA 2009, 106, 12986–12991. [CrossRef]

30. Huang, C.C.; Nguyen, D.; Fernandez, J.; Yun, K.Y.; Fry, K.E.; Bradley, D.W.; Tam, A.W.; Reyes, G.R. Molecular
cloning and sequencing of the Mexico isolate of hepatitis E virus (HEV). Virology 1992, 191, 550–558.
[CrossRef]

31. Li, S.; Tang, X.; Seetharaman, J.; Yang, C.; Gu, Y.; Zhang, J.; Du, H.; Shih, J.W.; Hew, C.L.; Sivaraman, J.; et al.
Dimerization of hepatitis E virus capsid protein E2s domain is essential for virus-host interaction. PLOS Pathog.
2009, 5, e1000537. [CrossRef]

32. Tang, X.; Yang, C.; Gu, Y.; Song, C.; Zhang, X.; Wang, Y.; Zhang, J.; Hew, C.L.; Li, S.; Xia, N.; et al. Structural
basis for the neutralization and genotype specificity of hepatitis E virus. Proc. Natl. Acad. Sci. USA 2011, 108,
10266–10271. [CrossRef]

33. Gu, Y.; Tang, X.; Zhang, X.; Song, C.; Zheng, M.; Wang, K.; Zhang, J.; Ng, M.H.; Hew, C.L.; Li, S.; et al.
Structural basis for the neutralization of hepatitis E virus by a cross-genotype antibody. Cell Res. 2015, 25,
604–620. [CrossRef]

34. Zhang, J.Z.; Ng, M.H.; Xia, N.S.; Lau, S.H.; Che, X.Y.; Chau, T.N.; Lai, S.T.; Im, S.W. Conformational antigenic
determinants generated by interactions between a bacterially expressed recombinant peptide of the hepatitis
E virus structural protein. J. Med. Virol. 2001, 64, 125–132. [CrossRef]

35. Li, S.W.; Zhang, J.; Li, Y.M.; Ou, S.H.; Huang, G.Y.; He, Z.Q.; Ge, S.X.; Xian, Y.L.; Pang, S.Q.; Ng, M.H.; et al.
A bacterially expressed particulate hepatitis E vaccine: Antigenicity, immunogenicity and protectivity on
primates. Vaccine 2005, 23, 2893–2901. [CrossRef]

36. Cao, Y.F.; Tao, H.; Hu, Y.M.; Shi, C.B.; Wu, X.; Liang, Q.; Chi, C.P.; Li, L.; Liang, Z.L.; Meng, J.H.; et al. A phase
1 randomized open-label clinical study to evaluate the safety and tolerability of a novel recombinant hepatitis
E vaccine. Vaccine 2017, 35, 5073–5080. [CrossRef]

37. Cao, Y.; Bing, Z.; Guan, S.; Zhang, Z.; Wang, X. Development of new hepatitis E vaccines. Hum. Vaccin.
Immunother. 2018, 14, 2254–2262. [CrossRef]

38. Shrestha, M.P.; Scott, R.M.; Joshi, D.M.; Mammen, M.P., Jr.; Thapa, G.B.; Thapa, N.; Myint, K.S.; Fourneau, M.;
Kuschner, R.A.; Shrestha, S.K.; et al. Safety and efficacy of a recombinant hepatitis E vaccine. N. Engl. J. Med.
2007, 356, 895–903. [CrossRef]

39. Zhu, F.C.; Zhang, J.; Zhang, X.F.; Zhou, C.; Wang, Z.Z.; Huang, S.J.; Wang, H.; Yang, C.L.; Jiang, H.M.;
Cai, J.P.; et al. Efficacy and safety of a recombinant hepatitis E vaccine in healthy adults: A large-scale,
randomised, double-blind placebo-controlled, phase 3 trial. Lancet 2010, 376, 895–902. [CrossRef]

40. Zhang, J.; Zhang, X.F.; Huang, S.J.; Wu, T.; Hu, Y.M.; Wang, Z.Z.; Wang, H.; Jiang, H.M.; Wang, Y.J.;
Yan, Q.; et al. Long-term efficacy of a hepatitis E vaccine. N. Engl. J. Med. 2015, 372, 914–922. [CrossRef]

41. Yu, X.Y.; Chen, Z.P.; Wang, S.Y.; Pan, H.R.; Wang, Z.F.; Zhang, Q.F.; Shen, L.Z.; Zheng, X.P.; Yan, C.F.;
Lu, M.; et al. Safety and immunogenicity of hepatitis E vaccine in elderly people older than 65years. Vaccine
2019, 37, 4581–4586. [CrossRef]

42. Zhang, X.; Wei, M.; Pan, H.; Lin, Z.; Wang, K.; Weng, Z.; Zhu, Y.; Xin, L.; Zhang, J.; Li, S.; et al. Robust
manufacturing and comprehensive characterization of recombinant hepatitis E virus-like particles in
Hecolin((R)). Vaccine 2014, 32, 4039–4050. [CrossRef]

http://dx.doi.org/10.1101/cshperspect.a032573
http://dx.doi.org/10.1016/j.vaccine.2018.10.089
https://www.dcvmn.org/IMG/pdf/a-vax-applying-qbd-to-vaccines_2012.pdf.
https://www.dcvmn.org/IMG/pdf/a-vax-applying-qbd-to-vaccines_2012.pdf.
http://dx.doi.org/10.1038/s41541-017-0006-8
http://dx.doi.org/10.1073/pnas.1721345115
http://dx.doi.org/10.1073/pnas.0903699106
http://dx.doi.org/10.1016/0042-6822(92)90230-M
http://dx.doi.org/10.1371/journal.ppat.1000537
http://dx.doi.org/10.1073/pnas.1101309108
http://dx.doi.org/10.1038/cr.2015.34
http://dx.doi.org/10.1002/jmv.1027
http://dx.doi.org/10.1016/j.vaccine.2004.11.064
http://dx.doi.org/10.1016/j.vaccine.2017.05.072
http://dx.doi.org/10.1080/21645515.2018.1469591
http://dx.doi.org/10.1056/NEJMoa061847
http://dx.doi.org/10.1016/S0140-6736(10)61030-6
http://dx.doi.org/10.1056/NEJMoa1406011
http://dx.doi.org/10.1016/j.vaccine.2019.04.006
http://dx.doi.org/10.1016/j.vaccine.2014.05.064


Viruses 2020, 12, 109 13 of 15

43. Zhao, M.; Li, X.J.; Tang, Z.M.; Yang, F.; Wang, S.L.; Cai, W.; Zhang, K.; Xia, N.S.; Zheng, Z.Z. A Comprehensive
Study of Neutralizing Antigenic Sites on the Hepatitis E Virus (HEV) Capsid by Constructing, Clustering,
and Characterizing a Tool Box. J. Biol. Chem. 2015, 290, 19910–19922. [CrossRef]

44. Weng, Z.; Zhao, Q. Utilizing ELISA to monitor protein-protein interaction. Methods Mol. Biol. 2015, 1278,
341–352. [CrossRef] [PubMed]

45. Cao, L.; Wang, X.; Fang, M.; Xia, N.; Zhao, Q. Detection of subtle differences in analogous viral capsid
proteins by allowing unrestricted specific interaction in solution competition ELISA. J. Virol. Methods 2016,
236, 1–4. [CrossRef] [PubMed]

46. Yin, X.; Wang, X.; Zhang, Z.; Li, Y.; Lin, Z.; Pan, H.; Gu, Y.; Li, S.; Zhang, J.; Xia, N.; et al. Demonstration of
real-time and accelerated stability of hepatitis E vaccine with a combination of different physicochemical and
immunochemical methods. J. Pharm. Biomed. 2020, 177. [CrossRef] [PubMed]

47. Zhang, Z.; Zhang, T.; Cao, L.; Wang, X.; Cao, J.; Huang, X.; Cai, Y.; Lin, Z.; Pan, H.; Yuan, Q.; et al.
Simultaneous in situ visualization and quantitation of dual antigens adsorbed on adjuvants using high
content analysis. Nanomed. (Lond) 2019, 14, 2535–2548. [CrossRef] [PubMed]

48. Zhang, Y.; Li, M.; Yang, F.; Li, Y.; Zheng, Z.; Zhang, X.; Lin, Q.; Wang, Y.; Li, S.; Xia, N.; et al. Comparable
quality attributes of hepatitis E vaccine antigen with and without adjuvant adsorption-dissolution treatment.
Hum. Vaccin. Immunother. 2015, 11, 1129–1139. [CrossRef]

49. Zhao, Q.; Li, S.; Yu, H.; Xia, N.; Modis, Y. Virus-like particle-based human vaccines: Quality assessment
based on structural and functional properties. Trends Biotechnol. 2013, 31, 654–663. [CrossRef]

50. Sitrin, R.D.; Zhao, Q.; Potter, C.S.; Carragher, B.; Washabaugh, M.W. Recombinant Virus-like Particle
Protein Vaccines. In Vaccine Analysis: Strategies; Nunnally, B., Turula, V., Sitrin, R., Eds.; Springer: Berlin,
Germany, 2015.

51. Wang, X.; An, Z.; Luo, W.; Xia, N.; Zhao, Q. Molecular and functional analysis of monoclonal antibodies in
support of biologics development. Protein Cell 2018, 9, 74–85. [CrossRef]

52. Morgeaux, S.; Poirier, B.; Ragan, C.I.; Wilkinson, D.; Arabin, U.; Guinet-Morlot, F.; Levis, R.; Meyer, H.;
Riou, P.; Shaid, S.; et al. Replacement of in vivo human rabies vaccine potency testing by in vitro glycoprotein
quantification using ELISA - Results of an international collaborative study. Vaccine 2017, 35, 966–971.
[CrossRef]

53. Zhao, Q.; Towne, V.; Brown, M.; Wang, Y.; Abraham, D.; Oswald, C.B.; Gimenez, J.A.; Washabaugh, M.W.;
Kennedy, R.; Sitrin, R.D. In-depth process understanding of RECOMBIVAX HB(R) maturation and
potential epitope improvements with redox treatment: Multifaceted biochemical and immunochemical
characterization. Vaccine 2011, 29, 7936–7941. [CrossRef]

54. Mostafa, M.M.; Al-Ghobashy, M.A.; Fathalla, F.A.; Salem, M.Y. Optimization and validation of ELISA
immunoassay for the evaluation of in-vitro relative potency of a four-component human papillomavirus
vaccine products. Biologicals 2016, 44, 596–599. [CrossRef]

55. Khateri, M.; Abdoli, A.; Motevalli, F.; Fotouhi, F.; Bolhassani, A.; Arashkia, A.; Jazaeri, E.O.; Shahbazi, S.;
Mehrbod, P.; Naziri, H.; et al. Evaluation of autophagy induction on HEV 239 vaccine immune response in
a mouse model. Iubmb. Life 2018, 70, 207–214. [CrossRef] [PubMed]

56. Pinto, L.A.; Dillner, J.; Beddows, S.; Unger, E.R. Immunogenicity of HPV prophylactic vaccines: Serology
assays and their use in HPV vaccine evaluation and development. Vaccine 2018, 36, 4792–4799. [CrossRef]
[PubMed]

57. Zhang, J.; Ge, S.X.; Huang, G.Y.; Li, S.W.; He, Z.Q.; Wang, Y.B.; Zheng, Y.J.; Gu, Y.; Ng, M.H.; Xia, N.S.
Evaluation of antibody-based and nucleic acid-based assays for diagnosis of hepatitis E virus infection in
a rhesus monkey model. J. Med. Virol. 2003, 71, 518–526. [CrossRef] [PubMed]

58. Tsarev, S.A.; Tsareva, T.S.; Emerson, S.U.; Govindarajan, S.; Shapiro, M.; Gerin, J.L.; Purcell, R.H. Recombinant
vaccine against hepatitis E: Dose response and protection against heterologous challenge. Vaccine 1997, 15,
1834–1838. [CrossRef]

59. Wen, J.; Behloul, N.; Dai, X.; Dong, C.; Liang, J.; Zhang, M.; Shi, C.; Meng, J. Immunogenicity difference
between two hepatitis E vaccines derived from genotype 1 and 4. Antivir. Res. 2016, 128, 36–42. [CrossRef]

60. Tam, A.W.; White, R.; Reed, E.; Short, M.; Zhang, Y.; Fuerst, T.R.; Lanford, R.E. In vitro propagation and
production of hepatitis E virus from in vivo-infected primary macaque hepatocytes. Virology 1996, 215, 1–9.
[CrossRef]

http://dx.doi.org/10.1074/jbc.M115.649764
http://dx.doi.org/10.1007/978-1-4939-2425-7_21
http://www.ncbi.nlm.nih.gov/pubmed/25859960
http://dx.doi.org/10.1016/j.jviromet.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27321427
http://dx.doi.org/10.1016/j.jpba.2019.112880
http://www.ncbi.nlm.nih.gov/pubmed/31546137
http://dx.doi.org/10.2217/nnm-2019-0016
http://www.ncbi.nlm.nih.gov/pubmed/31603382
http://dx.doi.org/10.1080/21645515.2015.1009343
http://dx.doi.org/10.1016/j.tibtech.2013.09.002
http://dx.doi.org/10.1007/s13238-017-0447-x
http://dx.doi.org/10.1016/j.vaccine.2016.12.039
http://dx.doi.org/10.1016/j.vaccine.2011.08.070
http://dx.doi.org/10.1016/j.biologicals.2016.07.003
http://dx.doi.org/10.1002/iub.1719
http://www.ncbi.nlm.nih.gov/pubmed/29369472
http://dx.doi.org/10.1016/j.vaccine.2017.11.089
http://www.ncbi.nlm.nih.gov/pubmed/29361344
http://dx.doi.org/10.1002/jmv.10523
http://www.ncbi.nlm.nih.gov/pubmed/14556264
http://dx.doi.org/10.1016/S0264-410X(97)00145-X
http://dx.doi.org/10.1016/j.antiviral.2016.02.002
http://dx.doi.org/10.1006/viro.1996.0001


Viruses 2020, 12, 109 14 of 15

61. Tanaka, T.; Takahashi, M.; Kusano, E.; Okamoto, H. Development and evaluation of an efficient cell-culture
system for Hepatitis E virus. J. Gen. Virol. 2007, 88, 903–911. [CrossRef]

62. Shukla, P.; Nguyen, H.T.; Torian, U.; Engle, R.E.; Faulk, K.; Dalton, H.R.; Bendall, R.P.; Keane, F.E.; Purcell, R.H.;
Emerson, S.U. Cross-species infections of cultured cells by hepatitis E virus and discovery of an infectious
virus-host recombinant. Proc. Natl. Acad. Sci. USA 2011, 108, 2438–2443. [CrossRef]

63. Wang, Y.; Zhao, C.; Qi, Y.; Geng, Y. Hepatitis E Virus. Adv. Exp. Med. Biol. 2016, 948, 1–16. [CrossRef]
64. Liu, C.; Cai, W.; Yin, X.; Tang, Z.; Wen, G.; Ambardekar, C.; Li, X.; Ying, D.; Feng, Z.; Zheng, Z.; et al.

An Optimized High-Throughput Neutralization Assay for Hepatitis E Virus (HEV) Involving Detection of
Secreted Porf2. Viruses 2019, 11. [CrossRef]

65. Takahashi, M.; Hoshino, Y.; Tanaka, T.; Takahashi, H.; Nishizawa, T.; Okamoto, H. Production of monoclonal
antibodies against hepatitis E virus capsid protein and evaluation of their neutralizing activity in a cell
culture system. Arch. Virol. 2008, 153, 657–666. [CrossRef] [PubMed]

66. Tam, A.W.; White, R.; Yarbough, P.O.; Murphy, B.J.; McAtee, C.P.; Lanford, R.E.; Fuerst, T.R. In vitro infection
and replication of hepatitis E virus in primary cynomolgus macaque hepatocytes. Virology 1997, 238, 94–102.
[CrossRef]

67. Meng, J.; Dubreuil, P.; Pillot, J. A new PCR-based seroneutralization assay in cell culture for diagnosis of
hepatitis E. J. Clin. Microbiol. 1997, 35, 1373–1377. [CrossRef]

68. Emerson, S.U.; Clemente-Casares, P.; Moiduddin, N.; Arankalle, V.A.; Torian, U.; Purcell, R.H. Putative
neutralization epitopes and broad cross-genotype neutralization of Hepatitis E virus confirmed by
a quantitative cell-culture assay. J. Gen. Virol. 2006, 87, 697–704. [CrossRef]

69. Cai, W.; Tang, Z.M.; Wen, G.P.; Wang, S.L.; Ji, W.F.; Yang, M.; Ying, D.; Zheng, Z.Z.; Xia, N.S. A high-throughput
neutralizing assay for antibodies and sera against hepatitis E virus. Sci. Rep. 2016, 6, 25141. [CrossRef]

70. He, S.; Miao, J.; Zheng, Z.; Wu, T.; Xie, M.; Tang, M.; Zhang, J.; Ng, M.H.; Xia, N. Putative receptor-binding
sites of hepatitis E virus. J. Gen. Virol. 2008, 89, 245–249. [CrossRef]

71. Zheng, Z.Z.; Miao, J.; Zhao, M.; Tang, M.; Yeo, A.E.; Yu, H.; Zhang, J.; Xia, N.S. Role of heat-shock protein 90
in hepatitis E virus capsid trafficking. J. Gen. Virol. 2010, 91, 1728–1736. [CrossRef]

72. Wu, X.; Chen, P.; Lin, H.; Su, Y.; Hao, X.; Cao, Y.; Li, L.; Zhu, F.; Liang, Z. Dynamics of 8G12 competitive
antibody in “prime-boost” vaccination of Hepatitis E vaccine. Hum. Vaccin. Immunother. 2017, 13, 1–6.
[CrossRef]

73. Chen, S.; Huang, X.; Li, Y.; Wang, X.; Pan, H.; Lin, Z.; Zheng, Q.; Li, S.; Zhang, J.; Xia, N.; et al. Altered
antigenicity and immunogenicity of human papillomavirus virus-like particles in the presence of thimerosal.
Eur. J. Pharm. Biopharm. 2019, 141, 221–231. [CrossRef]

74. Smith, G.; Raghunandan, R.; Wu, Y.; Liu, Y.; Massare, M.; Nathan, M.; Zhou, B.; Lu, H.; Boddapati, S.;
Li, J.; et al. Respiratory syncytial virus fusion glycoprotein expressed in insect cells form protein nanoparticles
that induce protective immunity in cotton rats. PLoS ONE 2012, 7, e50852. [CrossRef]

75. Sudenga, S.L.; Torres, B.N.; Botha, M.H.; Zeier, M.; Abrahamsen, M.E.; Glashoff, R.H.; Engelbrecht, S.; Schim
Van der Loeff, M.F.; Van der Laan, L.E.; Kipping, S.; et al. HPV serostatus pre- and post-vaccination in
a randomized phase II preparedness trial among young Western Cape, South African women: The evri trial.
Papillomavirus Res. 2017, 3, 50–56. [CrossRef] [PubMed]

76. Szkolnicka, D.; Pollan, A.; Da Silva, N.; Oechslin, N.; Gouttenoire, J.; Moradpour, D. Recombinant Hepatitis
E Viruses Harboring Tags in the ORF1 Protein. J. Virol. 2019, 93. [CrossRef] [PubMed]

77. Purcell, R.H.; Nguyen, H.; Shapiro, M.; Engle, R.E.; Govindarajan, S.; Blackwelder, W.C.; Wong, D.C.;
Prieels, J.P.; Emerson, S.U. Pre-clinical immunogenicity and efficacy trial of a recombinant hepatitis E vaccine.
Vaccine 2003, 21, 2607–2615. [CrossRef]

78. World Health Organization; Regional Office for Africa. Weekly Bulletin on Outbreak and other Emergencies:
Week 14: 01–07 April 2019. Available online: https://apps.who.int/iris/handle/10665/1642?locale=en
(accessed on 10 December 2019).

79. Holm, D.K.; Moessner, B.K.; Engle, R.E.; Zaaijer, H.L.; Georgsen, J.; Purcell, R.H.; Christensen, P.B. Declining
prevalence of hepatitis E antibodies among Danish blood donors. Transfusion 2015, 55, 1662–1667. [CrossRef]

http://dx.doi.org/10.1099/vir.0.82535-0
http://dx.doi.org/10.1073/pnas.1018878108
http://dx.doi.org/10.1007/978-94-024-0942-0_1
http://dx.doi.org/10.3390/v11010064
http://dx.doi.org/10.1007/s00705-008-0045-6
http://www.ncbi.nlm.nih.gov/pubmed/18266052
http://dx.doi.org/10.1006/viro.1997.8817
http://dx.doi.org/10.1128/JCM.35.6.1373-1377.1997
http://dx.doi.org/10.1099/vir.0.81545-0
http://dx.doi.org/10.1038/srep25141
http://dx.doi.org/10.1099/vir.0.83308-0
http://dx.doi.org/10.1099/vir.0.019323-0
http://dx.doi.org/10.1080/21645515.2017.1291105
http://dx.doi.org/10.1016/j.ejpb.2019.05.027
http://dx.doi.org/10.1371/journal.pone.0050852
http://dx.doi.org/10.1016/j.pvr.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28480334
http://dx.doi.org/10.1128/JVI.00459-19
http://www.ncbi.nlm.nih.gov/pubmed/31315997
http://dx.doi.org/10.1016/S0264-410X(03)00100-2
https://apps.who.int/iris/handle/10665/1642?locale=en
http://dx.doi.org/10.1111/trf.13028


Viruses 2020, 12, 109 15 of 15

80. Effectiveness Trial to Evaluate Protection of Pregnant Women by Hepatitis E Vaccine in Bangladesh.
Available online: https://clinicaltrials.gov/ct2/show/NCT02759991?term=NCT02759991&draw=2&rank=1
(accessed on 9 January 2020).

81. Safety Study of Hepatitis E Vaccine (HEV239). Available online: https://clinicaltrials.gov/ct2/show/

NCT03827395?term=NCT03827395&draw=2&rank=1 (accessed on 9 January 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://clinicaltrials.gov/ct2/show/NCT02759991?term=NCT02759991&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03827395?term=NCT03827395&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03827395?term=NCT03827395&draw=2&rank=1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Design of Hepatitis E Vaccines 
	Molecular Structure of Different Truncated Versions of pORF2 
	Hepatitis E Vaccines 

	Analysis of the Native-Like Epitopes on Recombinant Antigens 
	Epitope-Specific Analysis of the HEV Vaccine Antigen by mAbs 
	The Application of an In Vitro Relative Potency Assay (IVRP) 

	The Serological Evaluation 
	The Binding Antibody Analysis 
	The Neutralizing Antibody Analysis 

	Can Current Vaccines Protect against Hetero-Genotypes? 
	Conclusions and Prospects 
	References

