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Development of accurate diagnostic assays for the detection of serological markers of hepatitis E virus
(HEV) infection remains challenging. In the course of nearly 20 years after the discovery of HEV, signifi-
cant progress has been made in characterizing the antigenic structure of HEV proteins, engineering highly
immunoreactive diagnostic antigens, and devising efficient serological assays. However, many outstand-
ing issues related to sensitivity and specificity of these assays in clinical and epidemiological settings
remain to be resolved. Complexity of antigenic composition, viral genetic heterogeneity and varying epi-
demiological patterns of hepatitis E in different parts of the world present challenges to the refinement
of HEV serological diagnostic assays. Development of antigens specially designed for the identification

of serological markers specific to acute infection and of IgG anti-HEV specific to the convalescent phase
of infection would greatly facilitate accurate identification of active, recent and past HEV infections.
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1. Introduction

Until the discovery of its etiological agent, hepatitis E was
described as enterically transmitted or water-borne non-A, non-B
hepatitis and its diagnosis was based on the clinical and epidemi-
ological features after exclusion of serological markers of hepatitis
A and B virus infections (Khuroo, 2011). The causative agent of the
disease, the hepatitis E virus (HEV) was first identified by immune
electron microscopy in the feces of a human volunteer and exper-
imentally infected cynomolgus monkeys (Balayan et al., 1983).
Following the cloning and sequencing of the viral genome, serologic
assays for the detection of antibodies against HEV were developed
(Dawson et al., 1992; Tam et al., 1991) and soon it was found that
almost all of the water-borne outbreaks from the Indian subconti-
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nent, Central and Southeast Asia, the Middle East and North Africa
were caused by HEV (Khuroo, 2011). Furthermore, the majority of
the sporadic acute hepatitis cases in the endemic countries were
etiologically linked to HEV (Khuroo et al., 1994; Khuroo, 2011).
Current estimates indicate that one-third of the world’s popula-
tion living in the developing countries has been infected with HEV
(Lancet editorial 2010).

HEV is the only member of the genus Hepevirus of the family
Hepeviridae (Emerson et al., 2004). The virus has a single-stranded,
positive-sense RNA genome of approximately 7.2 kb consisting of
three openreading frames (Ahmadetal.,2011). Openreading frame
(ORF) 1 codes for a non-structural protein with multiple functional
domains; ORF2 codes for the capsid protein; and ORF3, the smallest
of the ORFs, encodes a small protein which may have regulatory
properties. Four major genotypes of HEV have been described:
genotype 1 and 2 strains infect humans and are associated with epi-
demics; and genotype 3 and 4 strains sporadically infect humans as
well as several other animal species (Purdy and Khudyakov, 2011).
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All four genotypes of HEV represent a single serotype, thus facil-
itating the development of diagnostic assays capable of detecting
antibodies against any of the infecting genotypes.

The earliest assays used for laboratory diagnosis of hepatitis
E included immune electron microscopy (Bradley et al., 1987),
and fluorescent blocking antibody assay and HEV antigen detec-
tion in hepatocytes both of which depended on light microscopy
(Krawczynski and Bradley, 1989). Although these assays played a
critical role in the early identification of the virus and the immune
response induced during HEV infection, they were laborious, tech-
nically difficult and not suitable for routine diagnosis of HEV
infection. The cloning of the HEV genome facilitated the devel-
opment of serologic and molecular assays which have unraveled
the epidemiology of HEV infection showing a worldwide distri-
bution of the disease prevalent in both the industrialized and
non-industrialized countries albeit with varying proportions. A
number of in-house conventional and real-time RT-PCR assays used
for the detection of HEV RNA in blood and stool samples as well as
contaminated water and sewage have been described (Mushahwar,
2008; Purdy and Khudyakov, 2011). These assays have been criti-
cal for delineating the molecular epidemiology of hepatitis E. This
review focuses on the antigenic landscape of the HEV proteome and
how it impacts the development of the most reliable and accurate
serological assays for diagnosing acute and past HEV infections.

2. HEV antigenic composition

The antigenic composition of HEV proteins has been examined
using synthetic peptides (Coursaget et al., 1993; Kaur et al., 1992;
Khudyakov et al., 1993, 1999, 1994a,b) and recombinant proteins
(Li et al., 1997, 1994; Purdy et al., 1992; Yarbough et al., 1991).
Extensive studies on identification of antigenic epitopes in differ-
ent HEV proteins were conducted almost immediately after the
discovery of HEV. One of these early studies was exceptionally
comprehensive. It was performed using a large set of overlapping
synthetic 10-mer peptides completely spanning proteins encoded
by all three ORFs (Kaur et al., 1992). This study showed that
the largest ORF1-encoded protein contains at least 12 antigenic
regions that could be modeled with short synthetic peptides. Only
3 antigenic regions at amino acid (aa) positions 25-38, 341-354,
and 517-530 were identified within the ORF2-encoded protein,
and a single antigenic region was mapped at the C-terminus of
the ORF3-encoded protein. Although antigenic composition of the
ORF1-protein received no further attention, the antigenic structure
of the ORF2- and ORF3-encoded proteins was studied in great detail
(Coursaget et al., 1993; Khudyakov et al., 1993, 1999, 1994a,b; Li
etal., 1997, 1994; Qi et al., 1995; Yarbough et al., 1991; Zhao et al.,
2009Db).

Two additional antigenic regions were identified at aa posi-
tions 31-40 and 63-76 of the ORF3-protein (Khudyakov et al.,
1993). It was found that variation in primary structure affects
antigenic properties of its C-terminal region (Khudyakov et al.,
1993; Yarbough et al., 1991). Although a strict strain specificity
of immunoreactivity of recombinant proteins derived from this
region originally reported by Yarbough et al. (1991) was not
observed in later studies (Khudyakov et al., 1993), synthetic pep-
tides derived from HEV genotypes 1 and 2 showed variation in
the pattern of immunoreactivity with sera obtained from patients
infected with these 2 genotypes (Khudyakov et al., 1994b). A more
detailed analysis using overlapping 6-mer peptides showed that
the C-terminal antigenic region contains several epitopes, which
differentially immunoreact with serum specimens obtained from
different patients (Khudyakov et al., 1994b). The most immunore-
active epitopes of genotype 1 and 2 strains were found to differ
in their location within this region, with the genotype 1 epitope

being mapped at aa positions 112-117 and genotype 2 ataa95-101.
Additionally, it was suggested that variation in the HEV ORF3 pri-
mary structure affects not only specificity but also the extent to
which epitope immunoreactivity is dependent on conformation
(Khudyakov et al., 1994b).

Since ORF2 encodes the HEV capsid protein (Ahmad et al,,
2011), understanding the antigenic composition of this protein has
significant implications for diagnostic and vaccine development.
Antigenic properties of the HEV capsid were extensively studied
using fragments derived from different regions of this protein.
Application of 3 sets of overlapping synthetic peptides of different
sizes, with each set covering the entire genotype 1 capsid protein,
allowed for the identification of 6 antigenic domains within this
protein (Khudyakov et al., 1999). The most diagnostically relevant
antigenic epitopes were found in domains 1 and 6 located at the
N- and C-termini of the ORF2-encoded protein, respectively. Both
domains were efficiently modeled with all tested peptides. How-
ever, the central domains showed inconsistent antibody binding
patterns among the peptide sets, suggesting dependence of epi-
tope immunoreactivity on protein conformation, which could be
variably modeled with peptides of different sizes.

The complex capsid antigenic structure was further explored
using recombinant proteins expressed in different hosts. Analysis
of a large set of the HEV ORF2 proteins clearly showed that the
antigenic properties of protein fragments and the whole protein
significantly differ. For example, some fragments were found to
bind HEV antibodies from convalescent serum specimens with a
much greater efficacy than the full-length protein expressed in the
same expression system (Li et al., 1997). Difference in immunoreac-
tivity among recombinant proteins was also observed in an in vitro
seroneutralization assay. It was shown that different HEV strains
were more efficiently neutralized with antibodies against ORF2
fragments expressed in Eschericia coli (E. coli) than against the
full-length protein expressed in the baculovirus genetic system
(Meng etal., 1998). These findings indicate that many antigenic epi-
topes of the ORF2-encoded protein are conformation-dependent,
at least to a degree, and may be differentially modeled with var-
ious protein fragments. Cross-inhibition among HEV monoclonal
antibodies elicited against antigenic epitopes distinctly separated
in the primary structure of the ORF2-encoded protein additionally
supported the observation of a complex antigenic structure of this
protein (Riddell et al., 2000). These observations have significant
diagnostic relevance since they indicate the differential functional
reproduction of the HEV epitopes by various protein fragments
sharing the epitope sequences.

In general, viral neutralizing antigenic epitopes are diagnos-
tically very important. The early experiments with recombinant
proteins showed that the HEV neutralizing determinant was
located within the C-terminal two-thirds of the ORF2 protein
(Purdy et al., 1993). The exact location of this determinant was
established in a series of experiments. The binding site for two
neutralizing monoclonal antibodies against the ORF2 protein of
the HEV SAR-55 strain was mapped in the capsid region at aa
positions 578-607 (Schofield et al., 2000). An extensive analysis
of the HEV neutralizing epitope(s) performed using an in vitro
neutralization assay and antibodies against a large set of over-
lapping synthetic peptides and recombinant polypeptides derived
from the HEV ORF2-encoded protein showed that the minimal
region efficiently modeling the HEV neutralizing determinant was
located at aa positions 452-617 and that this determinant was
strongly conformation-dependent (Meng et al., 2001). This region
forms domain P in the recently reconstructed three-dimensional
structure of virus-like particles generated by expression of the
ORF2-encoded protein in the baculovirus system (Xing et al., 2011).
Further, it was shown that a recombinant protein comprising the
ORF2 region at aa positions 394-606 formed homodimers after
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expression in E. coli (Zhang et al., 2001a). Analysis of antigenic
composition of this homodimer using neutralizing monoclonal
antibodies revealed the presence of two conformation-dependent
neutralizing sites (Zhang et al., 2005). This region of the ORF2-
encoded protein was shown to contain at least one broadly
immunoreactive conformation-dependent epitope responsible for
antibody binding to all four known HEV genotypes (Liang et al.,
2010; Zhang et al., 2009). Nevertheless, it was found that the vari-
ation in primary structure affects antigenic composition of this
region, with a single aa substitution abrogating binding to a mon-
oclonal antibody (Liang et al., 2010; Yamashita et al., 2009).

3. HEV diagnostic antigens

A number of different protein constructs have been used in
the development of diagnostic assays for the efficient detection
of HEV-specific antibodies. However, because of the complex anti-
genic composition of the HEV proteins, different protein constructs
showed variation in diagnostically relevant antigenic properties
resulting in variation in the performance of assays using these
proteins. The major diagnostic target in all HEV assays is the ORF2-
encoded protein. This protein or its fragments have been expressed
in E. coli (Im et al., 2001; Li et al., 2000a, 1997; Zhang et al., 2001a),
insect cells (Robinson et al., 1998; Tsarev et al., 1993; Zhang et al.,
2001b), animal cells (Jameel et al., 1996), plant cells (Ma et al., 2003;
Zhou et al., 2006) and Trichoplusia ni larvae (Jimenez de Oya et al.,
2009). Another antigen that was applied to the assay development
is the ORF3-encoded protein, which was expressed in E. coli (Ma
et al., 2009; Purdy et al., 1994; Wang et al., 2001; Yarbough et al.,
1991) and yeast (Lal et al., 1997). Synthetic peptides derived from
the ORF2 and ORF3 proteins were also used for the development
of HEV diagnostic assays (Favorov et al., 1994; Paul et al., 1994; Qi
et al., 1995). However, the inferior performance of peptide-based
assays for detection of anti-HEV in serum specimens (Ferguson
etal., 2002; Mast et al., 1998) discouraged their broader application
to HEV diagnostics.

One of the first recombinant HEV antigens available for the
development of diagnostic assays contained short regions of the C-
terminal part from the ORF2- and ORF3-encoded proteins of HEV
genotype 1 and 2 strains (Yarbough et al.,, 1991). These antigens
were utilized in two solid-phase enzyme immunoassays (Dawson
etal, 1992; Goldsmith et al., 1992). One assay was shown to detect
anti-HEV in 8 of 386 (2.1%) randomly selected US blood donors
(Dawson et al., 1992). The important finding in this study was that
proteins derived from the genotype 1 or 2 strains were differently
immunoreactive with sera from these 8 anti-HEV positive donors,
thus indicating that variation in primary structure of the HEV anti-
gens affects detection of anti-HEV activity in serum specimens.
Difference inimmunoreactivity of these antigens was also observed
in another laboratory where the assay was applied to serum spec-
imens obtained from Egyptian children with sporadic hepatitis E
(Goldsmith et al., 1992). A surprising observation in this study was
the detection of IgG anti-HEV in 25% of the controls in addition to
42% of the children with acute non-A, non-B hepatitis. Although
detection of past HEV infections among patients without recorded
history of hepatitis E was plausible in an endemic region such as
Egypt, these data raised an issue of non-specific immunoreactivity
of the HEV antigens.

All the 4 genotypes of HEV belong to a single serotype
(Emerson and Purcell, 2003), thus suggesting that diagnostic anti-
gens from a single HEV genotype should detect antibody against
many HEV strains of different genotypes. Although broad cross-
immunoreactivity among HEV genotypes was frequently observed
(Arankalle et al., 2007; Herremans et al., 2007; Yarbough et al.,
1991; Zhou et al., 2004), the aforementioned strain-specific vari-

ation of diagnostically relevant properties indicate that HEV
sequence heterogeneity is a factor potentially affecting perfor-
mance of diagnostic assays for detection of infections with various
HEV strains. As discussed above, HEV proteins contain numerous
antigenic epitopes, which may be differently affected by variations
in the primary structure. Thus, the use of antigens comprising many
epitopes increases probability of cross-immunoreactivity among
genetically distant viral variants. This strategy for obtaining broadly
immunoreactive antigens is most straightforward and was fre-
quently implemented. Several groups used recombinant proteins
comprising extended regions of the ORF2-encoded protein for the
development of HEV assays (Favorov et al., 1992; Hu et al., 2008; Li
etal,, 1997, 1994; Purdy et al., 1992; Riddell et al., 2000).

The analysis of epitope composition of the ORF2- and ORF3-
encoded proteins using synthetic peptides described above sug-
gests an alternative strategy for constructing broadly immunore-
active HEV antigens. The strategy is based on identification of short
regions of the HEV protein that can efficiently reproduce diag-
nostically relevant antigenic epitopes, and using these regions for
construction of an artificial “mosaic” antigen (Fig. 1) designed for
a specific detection of a broad range of antibodies against HEV
(Khudyakov et al., 1994c; Ulanova et al., 2009). Artificial constructs
offer a significant flexibility in using antigenic epitopes for diag-
nostics. It allows for increasing density of certain diagnostically
relevant epitopes and presenting antigenic regions from different
proteins of genetically distant HEV strains within a single diag-
nostic antigen (Ulanova et al., 2009). The selective use of epitopes
with HEV-specific activity and exclusion of protein regions that
showed marginal or non-specific antigenic reactivity (Khudyakov
et al,, 1994c) may substantially improve specificity of serological
detection of HEV infections. These artificial antigens have success-
fully been used for the development of HEV diagnostic assays for the
specific detection of anti-HEV activity in serum specimens obtained
from patients infected with different HEV strains (Favorov et al.,
1996; Obriadina et al., 2002).

Another successful strategy for obtaining broadly immunore-
active antigens involves expression of recombinant proteins that
can efficiently model the HEV neutralizing epitope. A significant
degree of cross-protection in animal challenge experiments (Huang
et al., 2008, 2009; Sanford et al., 2011) and cross-neutralization in
in vitro experiments (Meng et al., 2001, 1998) among HEV variants
of different genotypes suggest conservation of the HEV neutralizing
antigenic epitope. The conserved HEV neutralizing epitope should
be broadly cross-immunoreactive and, as such, is a valuable com-
ponent of diagnostic antigens for the efficient detection of antibody
to genetically diverse HEV strains. Recombinant proteins repro-
ducing the HEV neutralizing epitope were expressed in E. coli and
baculovirus expression systems (Li et al., 2005; Meng et al., 2001;
Tsarev et al., 1993). These antigens were used to develop a series of
efficient HEV serological assays (Innis et al., 2002; Obriadina et al.,
2002; Tsarev et al., 1993; Zhang et al., 2002). Application of the
baculovirus-expressed ORF2-encoded protein (Tsarev et al., 1993)
in various serological studies (Christensen et al., 2008; Kuniholm
et al., 2009; Myint et al., 2006a) showed the significant efficacy of
this antigen for detection of antibodies to different HEV strains.

4. Serological markers of HEV infection

Based on the analysis of serum specimens collected during var-
ious stages of human HEV infection, which include the incubation
period, acute and convalescent phases, a classic serological pattern
of [gM and IgG anti-HEV appearances has been observed (Dawson
etal,, 1992; Khuroo et al., 1994; Krawczynski et al., 2011). IgM anti-
HEV appears during the early acute phase of illness and may be
detected as early as 4 days after the onset of jaundice and lasts for
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Fig. 1. Structure of the HEV “mosaic” antigen MA-II (Ulanova et al., 2009). The top and bottom bars represent the ORF2-encoded proteins. TheORF2 diagnostically relevant

regions modeled with 25- or 30-mer peptides identified with boxes on the bars. The
broadly immunoreactive regions and as shown are included in the mosaic antigen.
see Ulanova et al., 2009).

up to five months (Favorov et al., 1992). In outbreak settings, [gM
anti-HEV was detectable in 40-100% of specimens collected from
patients over varying periods ranging from less than a week up to
one year after onset of illness. Overall, >90% of patients infected
with HEV have detectable IgM anti-HEV in the first 2 weeks after
the onset of illness (Favorov et al., 1992). IgM anti-HEV, therefore,
is a marker eminently suitable for the diagnosis of acute infection.
A number of in-house and commercially available assays (see Sec-
tion 5) have been described for the detection of IgM anti-HEV. A
recent evaluation of the performance characteristics of some of
these assays revealed appreciable variability in their sensitivity
and specificity (see Section 6). The serological appearance of IgM
anti-HEV is succeeded shortly by IgG anti-HEV, so that both seem
to appear almost simultaneously in the acute phase of infection.
IgG anti-HEV persists for a longer time and may be detectable for
1-14 years (Bryan et al., 1994; Dawson et al., 1992; Khuroo et al.,
1993). The decline of IgG anti-HEV over shorter durations also has
been reported in several studies (Bryan et al., 1994; Myint et al.,
2006b). However, the exact duration of the persistence of IgG anti-
HEV remains to be determined. The studies that have addressed
the issues of persistence of these antibodies have employed differ-
ent assays. It is possible that different duration of persistence of
IgG ant-HEV reported in these studies is due to the varying per-
formance characteristics of the assays used. An evaluation of some
of the in-house and commercially available IgG anti-HEV assays
showed poor concordance ranging from as low as 40% to as high as
70% (Mast et al., 1998). The role of detection of IgA anti-HEV in con-
junction with IgM anti-HEV in the diagnosis of acute infection also
has been explored in several studies (Chau et al., 1993; Herremans
et al., 2007; Takahashi et al., 2005b; Tokita et al., 2003). However,
further studies are needed to establish the usefulness of IgA anti-
HEV in aiding the diagnosis of acute HEV infection. The detection of
HEV antigen in serum also has been reported recently (Zhang et al.,
2006; Zhao et al., 2009a). HEV RNA can be detected in serum and
stool of infected patients during the acute phase of infection by RT-
PCR using conventional and real-time formats (Mushahwar, 2008).
Although, the detection of HEV RNA has the advantage of providing
additional information about the sequence and the genotype of the
infecting viral isolate, the marker has a limited value in the diagno-
sis of acute infection due to brief periods of viremia (up to 2 weeks)

C-terminal regions of the ORF3-protein from the HEV Burma and Mexico strains contain
The arrows identify location of each antigenic region within the HEV MA-II (for details

and fecal shedding (up to 4 weeks) (Krawczynski et al., 2011). The
laboratory diagnosis of acute hepatitis E is based on the presence
of IgM anti-HEV in serum and/or detection of HEV RNA in serum or
stool.

5. Diagnostic assay formats

HEV recombinant proteins have been used in different for-
mats of diagnostic assays. A Western blot-based assay for the
detection of HEV IgG and IgM antibodies was developed using
a recombinant polypeptide containing the C-terminal half of the
ORF2-encoded protein (Favorov et al., 1992). Although cumber-
some to perform, this assay could detect IgG anti-HEV in 89-100% of
non-A, non-C patients 1-24 months after onset of jaundice and IgM
in 73% of patients within 26 days after onset of jaundice. Another
Western blot assay based on a different set of fusion proteins con-
taining sequences from ORF2 and ORF3 of the HEV genotype 1
strain was used to examine temporal appearance of HEV antibod-
ies in experimentally infected rhesus monkeys (Li et al., 1994). A
commercial immunoblot test recomBlot HEV IgG/IgM using 3 over-
lapping recombinant proteins covering the entire ORF2 and one
recombinant protein covering ORF3 was recently developed and
marketed by Mikrogen GmbH (Neuried, Germany) for the detection
of IgG and IgM antibodies against HEV in human serum specimens
(www.mikrogen.de). This test was adapted for detecting antibody
in swine and used to show HEV-specific seroprevalence of 49.8%
among domestic pigs in Germany (Baechlein et al., 2010).

“Indirect” ELISA is one of the most popular diagnostic for-
mats. In this format, HEV-specific immunoglobulins captured from
serum specimens by HEV antigens attached to the solid-phase
surface (usually wells of microtiter plates) are detected using
labeled species-specific antibody. The differential detection of IgG
or IgM is achieved using, for example, antibody against gamma-
or mu-chains of antibodies, correspondingly. There are numer-
ous examples of application of this format to the detection of IgG
anti-HEV in serum specimens using E. coli-expressed HEV antigens
(Anderson et al., 1999; Dawson et al., 1992; Obriadina et al., 2002;
Wang et al., 2001; Yarbough et al., 1991) and virus-like particles
expressed in insect cells (Innis et al., 2002; Jimenez de Oya et al.,
2009; Lietal., 2000b; Tsarev et al., 1993). With minor modifications,
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this format was also used for the detection of IgA anti-HEV (Chau
et al., 1993; Takahashi et al., 2005a) and IgM anti-HEV (Dawson
etal., 1992; Li et al., 2000Db; Lin et al., 2000; Takahashi et al., 2005a).

The robust detection of IgM anti-HEV has critical clinical impli-
cations, given the importance of IgM anti-HEV as a marker of
recent or current HEV infection (Clayson et al., 1995; Seriwatana
et al., 2002). However, the pathogen specificity of IgM detection
using indirect ELISA is occasionally compromised by the pres-
ence of [gM-rheumatoid factor in test serum, and the sensitivity
of IgM detection is frequently affected by the competition with
specific IgG for interaction with antigens attached to solid phase
(Champsaur et al., 1988). An alternative format for the detection
of IgM is the class-capture ELISA, which takes advantage of immo-
bilized antibodies against mu-chain of IgM to capture this class of
antibodies for the subsequent pathogen-specific detection using
labeled specific antigens. Such mu-capture assay was developed
for the detection of IgM anti-HEV in serum specimens using the
baculovirus-expressed virus-like particles. This assay was shown
to detect an anamnestic response and reappearance of IgM anti-
HEV in an experimentally infected chimpanzee. Importantly, it was
found to be more sensitive than the indirect ELISA when applied
to clinical samples from hepatitis E outbreaks. This improvement
was most probably attributable to the reduction of competition
between IgM and IgG anti-HEV (Yu et al., 2003). However, cap-
ture type assays are also affected by immunological interferences
associated with rheumatoid factor binding, antinuclear antibod-
ies (Naot and Remington, 1980), broadly immunoreactive IgG and
IgM autoantibody (Avrameas and Ternynck, 1993) and human IgM
binding to horseradish peroxidase conjugates (Tuuminen et al.,
1999). Further improvement of the specificity and sensitivity of
assays for detection of acute HEV infections remains a subject
of research. In an effort to improve accuracy of serological diag-
nosis of hepatitis E, several laboratories developed technologies
for controlling nonspecific IgM binding (Pan et al., 2010), sup-
plementing IgM with IgA anti-HEV detection (Takahashi et al.,
2005a), and identifying novel markers such as HEV antigen (Zhang
et al., 2006). A commercially available assay based on mu capture
has been developed and marketed by Beijing Wantai Biolog-
ical Pharmacy (http://www.ystwt.com/wantai_english/IFU/HEV-
IgM_CE_IFU.pdf).

All aforementioned diagnostic formats are based on the use
of host-specific detection reagents, e.g. anti-human or anti-swine
antibody. HEV genotypes 3 and 4 infect human and swine hosts
(Meng, 2010). The detection of anti-HEV in humans or swine
requires assays designed specifically for specimens from humans
or animals. The host-independent detection of acute or past HEV
infections has, however, significant advantages for epidemiolog-
ical investigations in the field. The format that allows for such
host-independent detection is the double-antigen sandwich ELISA.
In this format, antigen attached to solid phase is used to capture
specific antibody from serum specimens. Detection of this anti-
body is achieved using the same antigen labeled with, for example,
horseradish peroxidase. An assay based on this format was recently
developed for detection of anti-HEV in human and animal speci-
mens (Hu et al., 2008). This assay showed the specificity of 98.8%
with human samples. It could detect specific antibody in exper-
imentally infected pigs 14 days after inoculation. Another very
important feature of this assay is that it does not discriminate
between classes of antibody, thus detecting total anti-HEV.

In addition to standard enzyme immunoassays, other assays
formats like rapid tests have also been evaluated for HEV serol-
ogy. The immunochromatographic methods for the detection
of serological markers of infections are fast and simple and
are frequently formatted into rapid diagnostic assays suitable
for point-of-care testing. A rapid immunochromatographic assay
ASSURE™ has been developed by Genelabs Diagnostics, Singapore

(http://www.genelabs.com.sg) and evaluated for the detection of
IgM anti-HEV in serum specimens from patients with acute hep-
atitis E infection (Chen et al., 2005; Myint et al., 2005). This test
is an IgM-capture lateral-flow immunochromatographic assay. In
this format, anti-HEV IgM is captured by anti-human IgM mon-
oclonal antibody immobilized onto the membrane and detected
using a colloidal gold-labeled HEV antibody attached to HEV anti-
gen. The HEV antigen ET2.1 used in this assay is a fusion protein
containing the ORF2.1 fragment (aas 394-660) from the capsid pro-
tein of HEV genotype 1 strain (Riddell et al., 2000). This assay was
evaluated using acute-phase serum specimens from Indonesia and
Nepal, convalescent-phase specimens from Nepal and a large set of
controls. It had a sensitivity of 93% and specificity of 99.7% (Myint
et al.,, 2005). Rapidity and simplicity to perform are major advan-
tages of the ASSURE™ HEV IgM test. It was recently found to be
highly sensitive (82%) and specific (100%) in detection of acute HEV
genotype 3 infections (Legrand-Abravanel et al., 2009).

6. Performance of IgM and IgG anti-HEV assays

To date only a few studies have carried out a comprehensive
evaluation of performance characteristics of IgG and IgM anti-HEV
assays. In the first such study, a panel of 164 coded sera was tested
for IgG anti-HEV by 12 different assays (10 EIAs and 2 Western blot
assays) used in 10 laboratories. Seven of these assays used HEV
recombinant proteins based on HEV ORF2 alone or in combination
with HEV ORF3 expressed either in baculovirus or E. coli expres-
sion systems; four assays were based on synthetic peptides and
one assay used an artificial mosaic protein consisting of short lin-
ear antigenic epitopes. A substantial variability in the performance
of the assays was observed with sensitivities ranging from 17% to
100% and the overall concordance ranging from 49% to 94% (median
69%) (Mast et al., 1998). Although this study raised doubts about the
seroprevalence rates reported from the countries where occurrence
of hepatitis E was only considered to be travel-related, subsequent
studies demonstrated that not only locally acquired HEV infections
existed in these countries but were present in appreciable num-
bers (Miyamura, 2011; Teo, 2006). In a recent study we evaluated
the performance of six IgM anti-HEV enzyme immunoassays using
a serum panel that included specimens from all 4 genotypes of
HEV (Drobeniuc et al., 2010). The assays included 2 in-house and 4
commercially available assays and the evaluation panel included a
sensitivity panel of 50 serum samples and a specificity panel of 229
serum samples. All samples in the sensitivity panel were collected
from acutely jaundiced patients negative for serological markers
of hepatitis A, B and C virus infections and were HEV RNA positive
with well characterized HEV genotypes. The samples in the speci-
ficity panel were obtained from household contacts of HEV-infected
patients from outbreak settings, patients with acute hepatitis A, B
and C virus infections and blood donors. The overall sensitivity of
the 6 assays ranged from 72% to 98% and specificity ranged from
78% t096% (Table 1) indicating an appreciable variability in the per-
formance of these assays (Drobeniuc et al., 2010). It is imperative
that assays well validated with proven performance characteris-
tics be used for accurate diagnosis of HEV infections. Comparisons
of commercially available or in-house assays for IgM and IgG anti-
HEV tend to use a limited number of assays and the evaluations
panels constituted by samples are restricted to only one or two
genotypes (Baechlein et al., 2010; Bendall et al., 2008; Herremans
et al., 2007; Seriwatana et al., 2002; Yu et al., 2003).

7. Unresolved issues of HEV serological assays

Diagnostic assays are only as good as their sensitivity and
specificity. Unfortunately, assessing these fundamental diagnostic
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Table 1

Anti-HEV-IgM reactivities among 6 immunoassays in the sensitivity and specificity panels.

Assay Sensitivity panel

Specificity panel

Genotype (gt) and number of samples reactive

Sensitivity (%) No. of samples reactive (n=229) Specificity (%)

gt1(n=15) gt2(n=4) gt3(n=15) gt4d(n=17) Total (n=51)
I 15 4 14 17 50 98 49 78.5
11 15 3 15 17 50 98 15 934
il 15 2 13 12 42 824 19 91.7
v 13 1 10 13 37 72.5 16 93
\% 15 4 14 17 50 98 10 95.6
VI 15 3 13 16 47 92.2 9 96.1

Assay I (NIH): ORF2 aa112-606, Pakistan, genotype (gt) 1, expressed in baculovirus; Assay I (CDC): ORF2 aa452-617, gt 1 (Morocco), gt 2 (Mexico), gt3 (US) and gt4 (China)
expressed in E. coli; Assay III: International Immuno-Diagnostics (Foster City, CA); Assay IV: MP Biomedicals (Singapore); Assay V: Diagnostics Systems (Nizhnii Novgorod,

Russia); Assay VI: Mikrogen GmbH (Neuried, Germany).

parameters is not always straightforward. Although crucial for all
diagnostic assays, the problem of sensitivity and specificity seems
to be especially relevant to HEV diagnostics. Since the inception in
early 1990s, serological testing occasionally produced results that
did not fit comfortably with the available body of hepatitis E knowl-
edge, resulting in reservations regarding the actual accuracy of the
HEV diagnostic assays. Detection of HEV immunoreactivity among
“negative” controls (Goldsmith et al., 1992) or high HEV seropreva-
lence in nonendemic countries (Thomas et al., 1997) suggested a
substantial number of subclinical HEV infections in endemic and
nonendemic regions of the world. However, these findings could
be also interpreted as indicating poor specificity of the existing
HEV assays for IgG anti-HEV. Surprisingly, both suppositions found
support in further investigations.

Indeed, in endemic regions of the world, the number of sub-
clinical human infections is more than two times greater than
symptomatic infections among sporadic cases and during out-
breaks (Clayson et al., 1997; Teshale et al., 2010), with one estimate
projecting that only 1-2% of HEV infections in China are accompa-
nied with clinical symptoms in adults (Wedemeyer and Pischke,
2011). The number of subclinical infections in developed countries
is not clearly established. The HEV seroprevalence in these coun-
tries was found ranging from 7% to 21% (Buti et al., 2006; Dalton
et al.,, 2007; Jjaz et al., 2009; Kuniholm et al., 2009; Mansuy et al.,
2008; Tanaka et al., 2005). Since autochthonous hepatitis E cases
are rarely reported from developed countries, such high seropreva-
lence rates detected using a variety of diagnostic assays may reflect
the existence of frequent asymptomatic infections.

The use of different diagnostic assays in these studies, how-
ever, still leaves room for attribution of significant differences in
the antibody detection rate to inconsistent performance of these
assays. In fact, the comparative evaluation of several HEV sero-
logical assays showed highly discrepant results in the detection
of anti-HEV among U.S. blood donors, indicating significant differ-
ences among these assays in sensitivity and specificity, serving as
a caution that seroprevalence data obtained using different HEV
assays should be carefully interpreted (Mast et al., 1998). Taking
into consideration that (1) non-specific IgG anti-HEV activity is not
frequently observed (Elkady et al., 2007; Khudyakov et al., 1994a),
and (2) only a small fraction of serological reactions can be poten-
tially attributed to cross-immunoreactivity with non-viral proteins
(Srinivasappa et al., 1986), the observed poor concordance among
assays for detection of IgG anti-HEV in convalescent-phase speci-
mens (Mastetal., 1998) may be explained by variation in sensitivity
rather than specificity of these assays.

There are two major factors that potentially affect sensitivity of
detection of anti-HEV in human serum specimens. The first factor
is varying diagnostic properties of antigens. As noted above, HEV
proteins have a very complex antigenic composition, with many
diagnostically relevant epitopes being conformation-dependent.

As aresult, even recombinant antigens sharing HEV sequences may
significantly differ in their antigenic structure (Li et al., 1994; Meng
et al,, 1998), owing to the different presentation of epitopes. Addi-
tionally, it is known that HEV is genetically heterogeneous (Ahmad
et al., 2011) and the variation in sequence affects activity of the
HEV antigenic epitopes (Khudyakov et al., 1994b; Yarbough et al.,
1991), thereby affecting sensitivity of detection of antibodies to
various HEV strains (Herremans et al., 2007).

The second factor is the variable nature of the HEV-specific anti-
body responses. HEV infections are characterized with a complex
kinetics of anti-HEV immune response. The duration of antibody
response to different HEV epitopes was shown to vary widely (Li
et al., 1994; Ma et al., 2009). Moreover, the antibody response
may be poorly developed, especially during subclinical infection
(Aggarwal et al., 2001; Clayson et al., 1995; Husain et al., 2010;
Nicand et al., 2001), or may rapidly decline after acute infection
(Goldsmith et al., 1992; Khuroo, 2010; Myint et al., 2006b), so ensu-
ing a broad range of temporal antibody patterns in patients with
current or past HEV infection.

These patterns should be differentially detected by diagnostic
antigens differing in their epitopic composition. Given the geo-
graphically distinct distribution of HEV genotypes and variation
in frequency and types of exposure to HEV infections in different
parts of the world (Aggarwal and Naik, 2009), it is conceivable that
these temporal patterns of immune response to HEV differ among
patientsresiding in endemic and non-endemic regions. This consid-
eration suggests that discrepant performance of diagnostic assays
for the detection of past infections (Ferguson et al., 2002; Mast
et al., 1998) is rather associated with variation in sensitivity than
specificity. Thus, the development of accurate assays suitable for
seroprevalence studies, producing comparable results from differ-
ent parts of the world, should be based on using carefully assembled
serum panels containing specimens from patients with different
durations of past symptomatic and asymptomatic infection, who
were infected with a variety of HEV strains representing all 4 geno-
types through different modes of transmission.

Both factors described above are relevant to the development
of assays for diagnosis of hepatitis E in clinical settings. The major
serological marker of acute infection is IgM anti-HEV. However, the
detection of IgM is prone to many non-specific reactions, some of
which are described above (see Section 5). There are several reports
describing the detection of IgM anti-HEV in patients without any
other serological markers and clinical signs of acute hepatitis E
(Elkady etal.,2007; Goto etal., 2006; Fogeda et al., 2009; Meky etal.,
2006). Detection of IgM anti-HEV in HEV PCR-negative specimens
or viremia in the absence of IgM response in patients with acute
HEV infection (Zhang et al., 2002; Echevarria et al., 2011; Beale
et al.,, 2011) further suggests problems with sensitivity in addition
to specificity of IgM detection. To improve accuracy of detection
of acute HEV infections, several research groups have investigated
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the use of IgG avidity (Bigaillon et al., 2010), IgA (Takahashi et
al., 2005a) and a combination of serological markers (Huang et al.,
2010). Although the estimation of IgG avidity and detection of IgA
anti-HEV may significantly improve the identification of recent or
current HEV infections, the final assay format for the reliable diag-
nosis has yet to be established.

8. Conclusion

Over the last 2 decades of HEV research, substantial progress
has been achieved in understanding the HEV-specific immune
responses, antigenic composition of HEV proteins and development
of serological assays. Nonetheless, the problem of sensitivity and
specificity of these assays is yet to be satisfactorily resolved. A sig-
nificant difference in serological markers of acute, recent or past
HEV infections in conjunction with the variable antibody kinetics
exhibited by the infected host shows the complexity of immune
responses during HEV infections. This complexity is compounded
by the heterogeneity of the HEV genome and the diverse antigenic
structure of the HEV proteins. The further improvement of HEV
diagnostics is contingent on better understanding of the epidemi-
ology of hepatitis E and HEV infections in different parts of the
world and the availability of specific and broadly immunoreactive
antigens. It is conceivable that accurate detection of HEV infections
will be achieved through the development of antigens specifically
designed for the identification of serological markers specific to
acute infection or of IgG anti-HEV specific to the convalescent phase
of infection.
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