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Abstract

Hepatitis E virus (HEV) is an unclassified, small, non-
enveloped RNA virus, as a causative agent of acute hepatitis
E that is transmitted principally via the fecal-oral route. The
virus can cause large water-born epidemics of the disease
and sporadic cases as well. Hepatitis E occurs predominantly
in developing countries, usually affecting young adults, with
a high fatality rate up to 15-20% in pregnant women.
However, no effective treatment currently exists for hepatitis
E, and the only cure is prevention. But so far there are no
commercial vaccines for hepatitis E available in the world.
Although at least four major genotypes of HEV have been
identified to date, only one serotype of HEV is recognized.
So there is a possibility to produce a broadly protective
vaccine. Several studies for the development of an effective
vaccine against hepatitis E are in progress and the best
candidate at present for a hepatitis E vaccine is a recombinant
HEV capsid antigen expressed in insect cells from a
baculovirus vector. In this article, the recent advances of
hepatitis E and the development of vaccine research for
HEV including recombinant protein vaccine, DNA vaccine
and the recombinant hepatitis E virus like particles (rHEV
VLPs) are briefly reviewed.
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INTRODUCTION

Hepatitis E previously known as enterically transmitted non-
A, non-B hepatitis, is an infectious viral disease with clinical
and epidemiological features of acute hepatitis. It is a water-
born disease, transmitted primarily by contaminated water.
Thereisaso apossibility of zoonotic spread of the virus, since
several non-human primates, pigs, cows, sheep, goats and
rodents are susceptible to the infection*2. Hepatitis E virus
(HEV) is a principal cause of acute hepatitis in adults
throughout much of Asia, Middle East and Northern Africa®
and transmitted from person-to-person through the fecal-oral
route. HEV had provisionally been classified into the
caliciviridae family from 1988 to 1998, but now it is classified
into the separate genus Hepatitis E-like viruses*® because the
phylogenetic analysis of non-structural regions of the virus
did not support the classification of HEV into the Caliciviridae
family!. Although at least four major genotypes have been

identified, only one serotype of HEV is recognized®?. HEV
infection is endemic in developing countries where sanitary
conditions are not well maintained. Over 50 outbreaks have
been reported in Southeast and Central Asia, the Middle East,
northern and western parts of Africa, and Mexico***%, Most
of hepatitis E cases in developed countries have been linked
to travel to endemic areas. However, recent studies reveal ed
that hepatitis E also occurred in patients who had never been
abroad*¢*®, Chinais one of the high epidemic areas and there
have been 11 hepatitis E epidemicsreported to date. Thelargest
one in the world occurred in Xinjiang Uighur Autonomous
Region, the Northwest of China, during 1986-1988, with a
total number of 119 280 cases and more than 700 deathg®?,
Hepatitis E accounts for more than 50% of acute viral hepatitis
in young adults of developing countries, although only 1% to
3% of non-pregnant patients progress to fatal fulminant
hepatitis, the case-fatality rate can be as high as 20% among
pregnant patientsi?!l, constituting a serious public health
problem and stressing the need for development of an effective
vaccine. The development of an attenuated or killed vaccine
is not currently possible because of lacking an efficient cell
culture system for replication of HEV?27, although some cell
lines have been reported for culturing and isolating HEV in
vitro?1, Therefore, either anucleic acid-based vaccine or a
recombinant protein vaccine is needed. Compared with gene
engineering vaccine for hepatitis B, the study of hepatitis E
recombinant vaccine was only a recent endeavor, but some
progress has been made®”,

HEV GENOME

HEV genome consists of alinear, single-stranded, positive-
sense RNA of approximately 7.5 kb containing a3’ poly (A)
tail and 3' noncoding (NC) regions, and contains three
overlapping open reading frames (ORFs). All three coding
frames are used to express different proteing®* (Figure 1).
ORF1 begins at the 5" end of the viral genome after a 27-bp
non-coding sequence and extends 5 079 nt to the 3’ end. ORF1
encodes a polyprotein of about 1 690 amino acids (aa)
consisting of non-structural proteinsthat areinvolved in viral
genomereplication and viral protein processing, asits sequence
contains motifs characteristic of viral methyltransferases,
papain-like cysteineproteases, helicases and RNA-dependent
RNA polymerases. In addition, ORF1 has two regions called
Y and X domains of unknown function. Thevery short 5 NTR
at the 5' end of the viral genome of 27-35 nucleotides is
consistent with a capped genome. The ability of amonoclonal
antibody to recognize 7-methylguanosinein RNA extracted from
virions of different HEV genotypes suggests that HEV RNASs
are capped®*!. ORF3is369 nt long, located at the end of ORF1
and overlaps ORF1 at its5' end by only 1 nt, and overlaps ORF2
by 328 nt. It encodes for a 123-aa protein (pORF3), which is
expressed intracellularly. The studies of the biology of HEV
replication have shown that pORF3 may be capable of
associating with the liver cell cytoskeleton and appearsto serve
as acytoskeletal anchor site, where pORF2 and RNA can bind
to begin the process of viral nucleocapsid assembly!®,

The ORF2 islocated between 5 147 and 7 127 nt, consists
of 1 980 nt and encodes 660 aa (71-88 kDa) most likely
representing one or more structural or capsid protein(s)22-34,
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However, the size of the ORF2 protein in native vironsis not
knownl®7, In vitro assays suggest that the -88 kDa of
glycoprotein is co-translationally translocated across the
endoplastic reticulum and is expressed intracel lularly as well
as on the cell surfacel®. ORF2 contains important epitopes
that can induce neutralizing antibodies and has been the focus
of vaccine development’®. Major epitopes appear to exist near
the carboxyl ends of ORF2 and ORF3. Epitopes contained in
ORF2 are more conserved (90.5%) than epitopes contained in
ORF3 (73.5%) in different strains. Many different ORF2
antigens have been shown to induce antibody (Table 1). There
areanumber of reports suggesting that truncated ORF2 peptide
of shorter length might be more antigenic than the full-length
proteini“>*. However, in the mgjority of cases, it has not been
shown that the resulting antibodies are neutralizing and,
therefore, it is not known whether these antigens could serve
as vaccine candidates. Only three ORF2 antigens (trpE-C2,
Burma 62 kDa, Pakistan 55 kDa) thus far have been shown to
induce antibodies that neutralize the virug®.

RNA 5 An 3

ORF-1 \ ] 5079 nt
Methyl-  Cystein RNA RNA
transferase protease helicase polymerase

ORF-2 C11980nt
Capsid protein
ORF-3 ] 369 nt

Phosphoprotein

Figurel Genetic map of hepatitis E virus.

Table 1 HEV ORF2 antigenic peptides

Amino acid
HEV (origin) Designation

N’ c’
Expressed in E. coil
China ORF2 1 660
Burma TrpE-C2 221 660
Burma SG3 328 654
China ORF2.1 394 660
Mexico, Burma 3.2 612 654
Expressed in insect cells
Burma 72 ku 1 660
Pakistan 63 ku 112 660
Burma 62 ku 112 636
Pakistan 55 ku 112 607
Pakistan 53 ku 112 578
Burma 50 ku 112 534
DNA vaccine
Burma pJHEV 1 660
China pSVL-ORF3 1 123
HEV GENOTYPE

The genome sequence of HEV seemsrelatively stable®!. The
genome of strains isolated from geographically distinct
locations is generally more diverse. At present, no consensus
exists on genotype classification. The detected HEV strains
are currently genetically characterized in laboratories on the
basisof ORFsregiond®?. Recently, some research workershave

also started to characterize HEV strains antigenetically using
specific antibodies produced by the recombinant expressed
capsid proteind*41, On the basis of viruses having nucleotide
divergence of not more than 20% of the nucleotides in the
ORF2 region'*®, the genomes of several HEV strains from
different parts of the world can be grouped into at least four
major genotypes®33249: Genotype 1 -including the isolates
from South-East Asian (Burmese, some Indian strains), North
and Central Asian (strains from China, Pakistan, Kyrgyzstan,
and India), and North African strains; Genotype 2 -comprising
the single North American (Mexico) isolate; Genotype 3 -
consisting of the US and swine isolates; and Genotype 4 -
including a subset of isolates from China and most isolates
from Taiwan. Genetically heterogeneous isolates from several
European countries have been designated new genotypes, but
probably should be grouped with the US isolatesinto alarge,
heterogeneous group®-*. Two novel isolates of HEV have
recently been described in Argentina. Distinct from all
previously described isolates, they represent two diverse
subtypes of anew genotype of HEV®Y, Despite the diversity
of HEV genotype, no evidence has been found that heterogeneity
results from the genetic diversity, thus HEV seemsto exist as
asingle serotypel®1?,

HEV VACCINE RESEARCHES

At present, no commercially available vaccines exist for the
prevention of hepatitis E. However, several studies for the
development of an effective vaccine against hepatitisE arein
progress® 5%l Several lines of evidence have suggested the
feasibility of aHEV vaccine. First, serum antibodies to HEV
develop in response to naturally acquired and experimentally
induced HEV infectionsin cynomolgus monkeys®”. Second,
seroepidemiology of hepatitis E suggeststhat people previoudly
infected with HEV are protected during epidemics of the
disease®. Finally, successful passive immune prophylaxisin
animals indicated that effective vaccination against hepatitis
E based on humoral immunity is possibl€®. Although different
geographical isolates of HEV have been identified, only one
serotype has been recognized®. So it may be possible to
produce a broadly protective vaccine.

ORF2-encoded protein of HEV is the most promising
subunit vaccine candidate because it possesses a good
antigenicity. So far, HEV ORF2 gene or its fragments have
been expressed in prokaryote cell %64 insect cell 376568
yeast cellg**7™, animal cell§™, and plants (tomatoes)!®”, etc.,
and the expression products possess immunogenicity.

Expression in prokaryote cells

It was reported recently that the smallest fragment of ORF2,
which is capable of combining the neutralizing antibody of
HEV, islocated between 452 and 617 aa. This fragment does
not only induce neutralizing antibody, but also cross react to
the antibody of other genotype?. It was demonstrated that
the 2/3 length of C-terminal region of HEV ORF2 contains
epitopes, which are recognized by both acute-phase and
conval escent-phase antibody to HEV and are likely to be
associated with limited immunity to the infection, but these
epitopes may be masked when larger portions of ORF2 are
expressed as recombinant proteing®. So far, many different
length of ORF2 fragments have been expressed in E. colit%6364,
but only a few expression products have been found with
significant immunoactivity. The first candidate HEV vaccine
was a recombinant fusion protein including 439 amino acids
(221-660 aa). It comprised tryptophan synthetase and the
carboxy terminal fragment of the ORF2 protein of the Burmese
strain (genotype 1) and was expressed in E.coli. Two
cynomolgus macagques were vaccinated with the fusion protein,
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and neither of them devel oped hepatitis following experimental
challenge. The animal s challenged with the heterologous HEV ,
the Mexican strain (genotype 2), did get infected, but did not
develop hepatitis™. Another study also shows that the
immunization with the bacterially expressed ORF2 peptide
(pE2) corresponding to 394-607 aa, may prevent HEV infection
in primates experimentally transmitted with the homologous
strain of HEV™,

Expression in insect cells

It isthought that the best candidate at present for a hepatitis E
vaccine is a recombinant HEV capsid antigen expressed in
insect cells from a baculovirus vector!®. When ORF2 of
genotype 1 strain is expressed from a baculovirus vector in
insect cells, the initial 72-ku protein is quickly processed to
smaller proteins, possibly via a protease encoded by the
baculovirug®!. The most abundant proteins are 56 ku and 53 ku
in size, respectively. However, the only neutralization epitope
identified to date was mapped to aregion of the ORF2 protein
of Sar-55 between amino acids 578 and 60774, Therefore, the
56 ku protein (112-607 aa) but not the53 ku protein (112-578 aa)
should contain this epitope. The recombinant 56 ku protein
that is more soluble than the full-length protein was an efficient
immunogen when adjuvanted with al um®*57, Two 400 ng doses
of the vaccine wereinjected to rhesus monkeysintramuscularly
and high antibody titers (1:10 000) were achieved. The
monkeys were protected against hepatitis E following
intravenous challenge with 300 000 monkey infectious doses
(MIDs) of the homologous (Sar-55) or 100 000 MIDs, of
a heterologous HEV (Mexican 14)57, To evaluate the
immunogenicity and protective efficacy of the 53 kDa protein,
the same research group immunized rhesus monkeys with the
53 ku vaccine, which was derived from processing of the ORF2
protein of Sar-55 and purified from the medium of recombinant
baculovirus-infected insect cells and precipitated with alum.
Two doses of vaccine containing 385 ng of alum-precipitated
53 ku protein were inocul ated into the monkeysintramuscularly.
The immunized monkeys were challenged with a high (1000
MIDs) or low (100 M1Dsg) dose of homologous virus. The
result showed vaccination with the 53 ku protein greatly
reduced virus shedding, but did not protect against hepatitis
following the high dose challenge. Virus was not detected in
the vaccinated animals following the low dose challenge,
suggesting that sterilizing immunity might have been achieved.
This study indicated that the 53 ku protein did not function as
abetter vaccinethan did the 56 ku protein and actually appeared
to have been less effective in preventing diseasel®). The
researches have shown that almost complete vaccine-induced
protection lastsfor at least 6 mo and partial protection persists
for at least 1 year following vaccination™.

Expression in yeast and other cells

Recently, yeast expression system has been successfully used
for production of vaccines, for example, the recombinant
hepatitis B surface antigenl”. There are some advantages of
using this expression system, such as the expression products
similar tothe natural protein, maintaining the biological activity
of the production, to produce easily in large scale and so on'™.
In recent studies, the ORF2 of HEV (69-660 aaand 112-660 aa)
was successfully expressed in pichia pastoris and the
expression products of recombinant protein (59 ku) was
purified and immunized to rhesus monkeys. High titer of anti-
HEV (1:8000) was detected in the immunized monkeyg®>77,
Research on using plants for expression and delivery of oral
vaccine has attracted much academic attention and has become
a hot spot of study since 1990 when Curtiss et al.[® first
reported the expression of Streptococcus mutants surface
protein antigen A (SpaA) in tobacco, and great progress has

been made since then'®d. In arecent study, the ORF2 partial
gene of HEV named E2 (810 bp, 349-604 aa) was constructed
into plasmid pPCAMBIA1301 and yielded the reconstructed
plant binary expression plasmid p1301E2!%2, The p1301E2 was
expressed in tomatoes and the recombinant antigen derived
from them has norma immunoactivity. Thetransgenic tomatoes
may hold a good promise for producing a new type of low-
cost oral vaccine for hepatitis E=.

Subunit HEV vaccines

DNA immunization usually induces both cellular and antibody
immune response. So it might provide alonger duration of
protection. Therefore, it has become another focus of HEV
vaccine research. Recombinant DNA vaccine is a recently
developed new type of vaccine. Through directly injecting the
recombinant plasmid DNA with the target gene into human or
animals, the DNA will express the expected protein inside the
host cellsand therefore induce the immune responsesto prevent
and fight the disease. Recently, a new technology has been
introduced for the development of subunit vaccinesinvolving
thedirect injection of purified plasmid DNA containing protein
coding sequences of interest and appropriate regulatory
elementsallowing expression in mammalian tissues. Thisnovel
technology has several potential advantages over other vaccine
approached®. First, the antigens expressed in living cells are
in their native form, improving processing and presentation
and usually resulting in the activation of both arms of the
immune system. Second, DNA can be made inexpensively, in
large quantities, at high levelsof purity, andisextremely stable.
Third, the vector is unlikely to be, or to become, pathogenic, in
contrast to live-virus vaccines, and thereislittle or no immune
response to the vector.

Inan early sudy, an HEV cDNA pSVL-ORF3 was congructed
by inserting the full length of ORF3 fragment into prokaryotic
expression vector pSVL. A total amount of 100 g of the cDNA
was injected to BALB/c mice intramuscularly and anti-HEV
1gG was detected in 12 of the 16 immunized mice. However,
no antibody was found in the mice injected with the empty
vector. The result indicated that the recombinant HEV cDNA
could induce the antibody response in mice®. Later, another
HEV cDNA pJHEV was constructed by inserting full length
of ORF2 fragment. The HEV structural protein was expressed
in Cos-7 cells under the control of ahCMV promoter. The
successful construct was further tested in BALB/c mice for
the induction of an ORF2 specific immune response. All the
mice immunized with the cDNA were found seroconverted,
but no anti-HEV responses induced in the mice of control
group. Serafrom the mice injected with pJHEV specifically
recognized HEV ORF2 structural protein expressed in
recombinant baculovirusin an enzyme-linked- immunosorbent
assay (ELISA) and Western blot®3. Furthermore, it was also
shown that the antiserum generated by the DNA vaccine could
bind specificaly to native HEV®. Recently, afull-length HEV
cDNA clonewas constructed in apSGl vector. Thethree ORFs
were amplified separately and then reconstructed to the full-
length clone. Thein vitro transcribed RNA of the full-length
cDNA clone was infective in a HepG2 tissue culture. Viral
replication was detected for six passages with strand-specific
PCRI®,

The rHEV VLPs

In spite of the above vaccine candidates, recently the recombinant
hepatitis E virus (tHEV) virus-like particles (VLPs) are also
thefocuses of vaccine research for hepatitisE. With 111 amino
acids truncated at the N-terminal, when the capsid protein of
HEV was expressed in the baculovirus expression system, it
was spontaneously assembled into virus-like particled®.
Electron cryomicroscopy showsthat these VL Psareformed with
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60 copies of a54 ku protein arranged in T=1 symmetry(5+ 8687,
Asamucosal immunogen, the VLPs have several advantages:
they are composed of a single protein assembled into particles
without nucleic acid, which makes them unable to replicate;
they are easy to prepare and purify in large quantities, with a
yield of approximately 1 mg /10" insect cells; rHEV VLPsare
antigenically similar to the native virions; they are highly
immunogenic in experimental animals when injected
parenterally; they are very stable at low pH such asin stomach;
and ora ddlivery of rHEV VLPscould induce the sameimmune
responses as occur in natural infection(®4,

In a previous study®”, mice were orally inoculated with
purified rHEV VLPs without adjuvant. Serum IgM response
was obtained within 2 wk after the first administration. Serum
IgG and IgA were detected by 4 wk, and the intestinal 1gA
response was found at 8 wk post-immunization. Therefore,
the oral immunization of rHEV VLPsis capable of inducing
both systemic and intestinal antibody responses. However,
since mice are not susceptibleto HEV, the same group recently
immuni zed cynomol gus monkeys orally with 10 mg of purified
rHEV VLPs, serum IgM, IgG, and IgA responses were
observed. All these antibody responses were obtained without
adjuvants. When the monkeys were challenged with native
HEV by intravenous injection, they were protected against
infection or developing hepatitis. These results suggested that
rHEV VLPs could be a candidate for the oral hepatitis E
vaccine®l, Some similar experiments have been described
previous!y®u,

PRE-CLINICAL AND CLINICAL TRIALS

So many vaccine candidates for hepatitis E have been explored
as described above. But so far, thereisonly one HEV vaccine
candidate progressed to the stage of clinical trials. That isthe
56 ku (expressed in insect cells from a baculovirus vector)
recombinant vaccine developed at the NIH, USA™. |n phase
| trial, the vaccine was found to be safe and immunogenic in
88 American volunteers. A further phase | evaluation was
performed in Nepal, where hepatitis E is endemic. Three doses
of 5ug and 20 g, respectively, wereinjected into 22 Nepalese
volunteers each at zero, one and six months. No serious adverse
eventswere observed. By the second month, 43 of 44 volunteers
had seroconverted to anti-HEV . By the 7" month, the remaining
volunteers also developed antibody to HEV. The study
indicated that the HEV vaccine candidate was safe and
immunogenic. This samelot of vaccineis currently being used
inphasell/Il1 clinical trialsin Nepal'®, where as many as 90%
of the jaundice cases are caused by HEV.

In recent pre-clinical trails, the vaccine used in the
experiment was from the same lot that was prepared for the
above clinical trails. The results indicated that two doses of
HEV vaccine as small as 1 pg were highly effective in
preventing not only hepatitis but also infection following
intravenous administration of 10*MIDs, of virulent virus.
However, these doses of vaccinewill not be sufficient for long-
term protection. Other studies have shown that athird dose of
vaccine at 6 or 12 mo following the first dose will enhance
immunogenicity and/or efficacy!™%?. The study has also
confirmed that the cross-protection against a Mexican genotype
2 isolate and extended the evidence for cross-protection to a
US genotype 3 isolate of HEV. The results of this experiment
have shown that the manufacture of a candidate hepatitis E
vaccine can be scaled up to produce more clinical quality
and that such avaccineis highly immunogenic and effective
for preventing hepatitis E in the pre-clinicd trails. Itislikely
that protection against infection will be more effective
following natural oral challenge with relatively small doses
of HEV®!,

CONCLUSIONS

Despite the achievements mentioned above, there are till many
questions to be answered in future. For example, thereis a
study showing that acute hepatitis E can be induced by plasma
transfusion from a donor with HEV viremia, which indicates
the possibility of transfusion transmitted hepatitis E*. Some
similar studies also showed the possibility of post-transfusion
hepatitis E***", Therefore, effective measures for preventing
post-transfusion hepatitis E must betaken. To achieve effective
immuni zation, how should the HEV vaccine be given by, oraly
or intramuscularly? Will amonovalent vaccine protect against
al HEV strainsincluding HEV from animals and genotypes
and provide along-term immunity to hepatitis E? To facilitate
vaccine development and to improve our knowledge about
the mechanism of virus replication, an effective practical cell
culture system should be established and demonstrated.
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