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Abstract Hepatitis E virus (HEV) is the causative agent
of an acute self-limiting hepatitis in humans. In industrial-
ized countries, autochthonous cases are linked to zoonotic
transmission from domestic pigs, wild boar and red deer.
The main route of human infection presumably is consump-
tion of contaminated meat. Farmers, slaughterers and veter-
inarians are expected to be risk groups as they work close to
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potentially infected animals. In this study, we tested four
Escherichia coli-expressed segments of the capsid protein
(CP) of a German wild boar-derived HEV genotype 3 strain
for their diagnostic value in an indirect immunoglobulin G
(IgG) ELISA. In an initial validation experiment, a car-
boxy-terminal CP segment spanning amino acid (aa) resi-
dues 326-608 outperformed the other segments harbouring
aa residues 112-608, 326—660 and 112-335. Based on this
segment, an indirect ELISA for detection of anti-HEV IgG
antibodies in human sera was established and validated
using a commercial line immunoassay as reference assay. A
total of 563 sera from forestry workers of all forestry offices
of Brandenburg, eastern Germany and 301 sera of blood
donors from eastern Germany were surveyed using these
assays. The commercial test revealed seroprevalence rates
of 11% for blood donors and 18% for forestry workers.
These rates are in line with data obtained by the in-house
test (12 and 21%). Hence, the in-house test performed strik-
ingly similar to the commercial test (sensitivity 0.9318,
specificity 0.9542). An initial screening of forestry worker
and blood donor sera with a corresponding CP segment of
the recently discovered Norway rat-associated HEV
revealed several strong positive sera exclusively in the for-
estry worker panel. Future investigations have to prove the
performance of this novel IgG ELISA in large-scale seroep-
idemiological studies. In addition, the observed elevated
seroprevalence in a forestry worker group has to be con-
firmed by studies on groups of forestry workers from other
regions. The epidemiological role of ratHEV in human dis-
ease should be assessed in a large-scale study of risk and
non-risk groups.
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Introduction

Hepatitis E virus (HEV) is the causative agent of an acute,
usually self-limiting hepatitis. The primary route of faecal-oral
transmission is via contaminated drinking water. Hepatitis E is
a major public health concern to people in developing coun-
tries in Asia and Africa that are usually affected by large out-
breaks [1]. Nevertheless, there are increasing numbers of
reports of sporadic autochthonous HEV infections in devel-
oped countries including the USA, Japan and different Euro-
pean countries [2]. The typical course of the disease is
characterized by hepatomegaly, jaundice, fever, anorexia,
nausea and abdominal pain. Usually, the viraemia is transient
and occurs mainly during the prodromic phase, followed by
faecal excretion of the virus [3]. However, in developed coun-
tries, most cases of hepatitis E are believed to have a subclini-
cal course [4]. In general, the case fatality rate of hepatitis E is
low with 1-4% but higher than that of hepatitis A [5].

HEV is the only member of the genus Hepevirus of the
family Hepeviridae [6, 7]. The spherical non-enveloped vir-
ion has a diameter of approximately 27-34 nm. Using heter-
ologously expressed virus-like particles, the capsid was
demonstrated to have an icosahedral (7 = 3) symmetry [8].
The viral genome is a single-stranded RNA of positive
polarity and about 7.2kb length (genotype 3i strain
wbGER27 7,222 nucleotides (nt); [9]; GenBank accession
number FJ705359.1). The genome is flanked by a 5’
untranslated region (UTR), capped at the 5'-end with
7-methylguanosine (m7G), and a 3" UTR followed by a
polyadenylated tail. It contains three partially overlapping
open reading frames (ORF1, ORF2 and ORF3). ORFI is the
largest open reading frame of 5,112 nt encoding a polyprotein
of 1,703 amino acids (aa) (WbGER27) with various enzymatic
functions [10]. ORF2 of 1,983 nt encodes a capsid protein of
660 aa (WbGER27) representing the immunodominant protein
mainly used for serodiagnostics [11]. The ORF3 of 369 nt
encodes a small cytoskeleton associated phosphoprotein
of 122 aa (wbGER27). It represents a viral accessory protein
which is likely to affect the host response to infection [10].

In general, HEV can be subdivided phylogenetically into
four genotypes and several subgenotypes: Genotypes 1 and
2 are believed to be present only in humans with genotype 1
found in Asia and Africa and genotype 2 in Mexico and
Africa. Genotype 3 seems to have a world-wide distribution
with current detection in Asia, Europe, Oceania, North and
South America, whereas the occurrence of genotype 4
seems to be limited to Asian countries [12]. Interestingly, in
contrast to genotypes 1 and 2, genotypes 3 and 4 represent
zoonotic pathogens. Wild boar and domestic pigs are
thought to be the major reservoirs [13]. There are several
lines of evidence in support of this assumption. Firstly,
sequence similarities of HEV strains from human patients
and from swine suggested an epidemiological association
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[13]. Experimental infection studies revealed the suscepti-
bility of domestic pigs for human strains as well as of pri-
mates for swine strains [13]. Further, direct molecular
epidemiological evidence for food-borne HEV transmission
to human confirmed the zoonotic nature of this agent and
swine and sika deer as a reservoir [14, 15]. Moreover, HEV
was molecularly detected in other mammals, including
mongoose, cattle and sheep and serologically in several fur-
ther mammals [16]. Besides genotypes 1-4, other HEV
strains with limited nt sequence similarity have been found
in wild boar [17, 18], rabbits [19], rats [20] and chicken
[21-23]. Avian HEV strains largely differ from the mamma-
lian strains, suggesting that they might represent a separate
genus [23]. The determination of the complete genomic
sequence of ratHEV suggested that these strains represent a
novel genotype, however, the zoonotic potential of this
virus remains unclear [24]. The recent identification of a
HEV-related agent in different fish species raised major
questions on the evolution and host adaptation of HEV [25].

Due to the short-termed viraemia, laboratory diagnosis
of HEV infections in humans is mainly based on serologi-
cal assays. Immunoglobulin (Ig) class M antibodies can be
detected a few days after the onset of clinical symptoms,
but usually disappear within 4-5 months. IgG-class anti-
bodies appear several days later but remain detectable for
up to 14 years [26]. Serological assays have been devel-
oped using recombinant ORF2- and ORF3-derived proteins
expressed in E. coli, yeast, baculovirus-infected insect cells
and mammalian cells. Alternatively, synthetic peptides or
chimeric constructs harbouring multiple epitopes have been
applied. These assays comprise ELISA and line immunoas-
say formats with several commercial tests available [11].

In Germany, a total of 910 human hepatitis E cases have
been notified since the introduction of the Federal Protec-
tion against Infection Act in 2001 (Robert Koch-Institut,
SurvStat, http://www.rki.de; data as of 14 September
2011). Several autochthonous human cases have been
reported since 2006 [27-29]. A phylogenetic and case—con-
trol study confirmed the presence of autochthonous human
infections with HEV genotype 3 [30]. Recent studies indi-
cated a risk of chronic HEV infection during immunosup-
pression after solid organ transplantation or acute
lymphoblastic leukaemia [31-33]. An initial molecular
study in archived wild boar samples demonstrated the pres-
ence of HEV for at least 10 years in Germany [34]. Further
molecular biological investigations on wild boar tissue
samples confirmed a broad geographical distribution of
HEV and resulted in the identification of different circulat-
ing genotype 3 subtypes [9, 34, 35]. Also, the consumption
of undercooked wild boar meat has been identified as a risk
factor for autochthonous HEV infections [30]. The recently
detected sequence similarity of HEV sequences found in
porcine livers from retail markets and in patients from the
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same geographical region suggested the importance of
undercooked pig products in food as a source of zoonotic
HEV infection for humans in Germany [36].

Here, we describe the development and validation of a
novel indirect HEV genotype 3-based IgG ELISA and its
application for a seroepidemiological study in forestry
workers and blood donors from eastern Germany. In addi-
tion, these serum panels were investigated in parallel in an
IgG ELISA with a corresponding ratHEV-derived recombi-
nant antigen.

Materials and methods
Human serum samples

In 2008, a panel of 563 serum samples was collected from
499 male and 64 female forestry workers from ten different
forestry districts in the federal state of Brandenburg, eastern
Germany (Fig. 1; [37]). All participants provided informed
consent. The control group comprises 301 serum samples
of healthy blood donors from the blood donation unit of the
Charité University Hospital Berlin. The donors are resi-
dents of the federal states Berlin and Brandenburg.

Cloning of HEV capsid protein-encoding sequences,
expression and purification of the recombinant HEV capsid
protein derivatives

For expression in E. coli, a modified pET-19b vector was
generated by substituting the original BamHI/Ncol fragment

Fig.1 Schematic map of
Germany (a) and location of the
10 forestry districts of the
federal state of Brandenburg,
eastern Germany (b)
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by an oligonucleotide duplex harbouring the translation ini-
tiation codon, 10 histidine codons and a unique Spel restric-
tion site (Fig. 2a). The entire ORF2 and 5’ and 3’ truncated
segments thereof, taken from a German wild boar-derived
HEV genotype 3i [9], were amplified by RT-PCR using spe-
cific primers harbouring an Xbal restriction site overhang
and inserted into the vector pCR-TOPO2.1 (Invitrogen,
Darmstadt, Germany) (Fig. 2b). The inserts with the correct
sequences were then subcloned into the Spel-linearized
modified pET-19b vector (Fig. 2b). In parallel, a pET-19b
construct encoding aa residues 315-599 of the capsid pro-
tein of ratHEV strain R4 was generated ([20]; Johne et al.,
unpublished data). The entire coding sequence of the non-
structural protein 1 (NS1) of West Nile virus (WNV) was
amplified from cell culture supernatant of the New York
flamingo isolate of 1999 (accession number AF196835).
The amplification product obtained by RT-PCR using prim-
ers adding a 5" Ndel restriction site and a 3" BamHI restric-
tion site was inserted into a non-modified Ndel and BamHI
cleaved pET-19b vector (Johne et al., unpublished data).
The different expression plasmids were retransformed for
heterologous expression into E. coli strain BL21 (DE3)
(Novagen Merck KGaA, Darmstadt, Germany). The synthe-
sis of the recombinant proteins was induced by addition of
1 mM isopropyl p-p-1-thiogalactopyranoside (IPTG). For
determination of an expression kinetics, 50 ml cultures of
the recombinant bacteria were induced at an ODg, value of
0.5. Samples of 1 ml each were drawn at time-points 0, 15,
30, 60, 90, 120, 150 min, 3, 4 h and after overnight incuba-
tion. The bacteria were pelleted and resuspended in 50 pl
buffer containing 0.5 g/l SDS and 0.5% Triton X-100. The
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samples were mixed with 50 pl loading buffer, boiled and
5 pl were applied on an SDS-PAGE. The purification of the
His-tagged capsid protein derivatives was performed with
the Ni-NTA chromatography system under denaturing con-
ditions according to the protocol of the manufacturer
(Qiagen, Hilden, Germany).

SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot analysis

The synthesis and the purity of the recombinant CP deriva-
tives were analysed by SDS-PAGE using 12.5 or 13% gels
stained by Coomassie brilliant blue. For Western blot anal-
ysis, the proteins separated by SDS-PAGE were blotted
onto a PVDF membrane. The membrane was blocked in
5% skim milk overnight at 4°C and incubated for 1 h at
room temperature (RT) in anti-His monoclonal antibody
(mAb) (Novagen, Merck KGaA, Darmstadt, Germany)
diluted 1:2,500 in PBS-Tween 20. The antigen—antibody
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reaction was detected by adding horse-radish peroxidase
(HRP) labelled anti-mouse Ig (Dako Cytomation, Glostrup,
Denmark), diluted 1:2,000, visualized by adding ECL
reagent and hydrogen superoxide (Amersham, GE Health-
care, UK) and documented using a VersaDoc Model MP
5000 Imaging-System (Bio-Rad, Munich, Germany).

Commercial serological assay

To validate the in-house ELISA, a commercial recomLine
HEV IgG test (Mikrogen, Neuried, Germany) was used.
This test is based on HEV genotype 1 and genotype 3 anti-
gens. The assay was performed and read according to the
manual of the manufacturer. In brief, 20 pl of serum was
added to each test strip immersed in 2 ml dilution buffer
and incubated for 1 h at RT. The test strips were washed
three times. Incubation with HRP conjugate solution was
carried out for 45 min at RT. After additional washing, the
kit substrate solution (1.5 ml) was added. The reaction was
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stopped as soon as the cut-off control band was clearly visi-
ble (6—10 min). Interpretation of test results was performed
densitometrically by means of the recomScan software. The
final test result (neg., borderline, pos.) was reported based
on the sum of predefined ‘points’ assigned to each positive
test strip band.

In-house indirect IgG ELISA

In an initial setting, four different recombinant HEV GT-3
CP derivatives were tested according to a standard proto-
col previously established for investigations of human sera
with recombinant hantavirus antigen [38]. This standard
protocol was adopted for detection of anti-HEV IgG anti-
bodies using a serum pool of five forestry workers found
positive and a second serum pool of five forestry workers
found negative in the reference assay. During this optimi-
zation process for all constructs, different types of microti-
tre plates and different concentrations of the capsid antigen
as well as of the serum pools were assayed. Thereafter,
further optimization was done with WB-Ctr (see Fig. 2b)
alone, altering the concentrations of the secondary anti-
body, different incubation times for the secondary anti-
body as well as different bovine serum albumin (BSA)
concentrations in blocking. The estimation of the best pro-
tocol was accomplished by judging the ratio of the results
for the anti-HEV positive and negative serum pools. The
final protocol is based on a 1 h coating at 37°C with 100 pl
of 1 pg/ml protein in 0.05 M carbonate buffer (pH 9.8) per
well, 1 h blocking at RT with 200 pl of PBS containing
3% BSA and 0.05% Tween 20, 1h incubation at 37°C
with 100 pl serum diluted 1:400 in PBS with 1% BSA and
0.05% Tween 20, and a final 1 h incubation at 37°C with
100 pl of HRP-conjugated anti-human IgG (rabbit poly-
clonal, P0214, Dako, Glostrup, Denmark) diluted 1:6,000
in PBS with 1% BSA and 0.05% Tween 20. The enzyme
reaction was performed using 100 pl 3,3',5,5'-Tetrameth-
ylbenzidine (Peroxidase EIA Substrate Kit, Bio-Rad, Her-
cules, CA, USA) as substrate, stopped by adding 100 pl
I M H,SO, and visualized at 450 nm. The same protocol
was used for the ratHEV-derived antigen and the negative
control antigen.

Determination of the cut-off value for the in-house indirect
IgG ELISA

For the evaluation of the ELISA, we used the commercial
line assay as a reference method. To find a variable, plate-
dependent cut-off value based on the positive and negative
control serum pools, a deviation of the receiver operating
characteristic (ROC) curve was evaluated by several meth-
ods. To this end, cut-off values being defined as percentage
of the positive control, of the negative control with or with-

out the blank value subtracted, a summand added to the
negative control with or without the blank value subtracted
and the cut-off of the index [(reading-neg)/(pos-neg)] were
tested. The optimal method of cut-off calculation was deter-
mined by the area under curve (AUC) value. The optimal
cut-off value was selected based on the minimum ROC dis-
tance, i.e. the distance between the curve and the upper left
corner of the graph.

Statistical analysis

The statistical significance of the difference of the antigenic
efficacy as ELISA coat as well as the significance regarding
sex and risk-group/control-group affiliation was examined
using a Wilcoxon rank sum test with continuity correction.
The analysis of the ELISA results from the different for-
estry districts were done with a two-sided Fisher’s Exact
Test. All calculations were performed using R, version
2.13.0 (2011-04-13) [39].

Results

Expression, purification and characterization
of HEV capsid protein derivatives

An initial approach to express the entire ORF2 of HEV
genotype 3i strain wbGER27 failed. The expression of the
entire ORF2 was neither detected in crude lysates in the
stained SDS-PAGE nor by Western blot analysis using
the His-tag-specific mAb independently of the induction
time. In addition, a nickel chelate affinity purification
approach also failed to enrich the entire capsid protein (data
not shown). Therefore, four truncated, partially overlapping
segments of the ORF2-encoding region were generated
(Fig. 2b). The analysis of total lysates from E. coli trans-
formed with the four recombinant plasmids revealed the
synthesis of the CP derivatives WB-tr, WB-Ntr, WB-C and
WB-Ctr (see Fig.2b) corresponding to their respective
molecular weights. A subsequent Western blot analysis of
these four crude lysates with a His-tag-specific mAb con-
firmed the authenticity of these recombinant proteins with
an amino-terminal His-tag (data not shown). The main peak
of protein synthesis was detected by an expression kinetics
approach after a 3 h induction with IPTG for all four pro-
teins (data not shown). These recombinant proteins were
found to be insoluble in inclusion bodies, but were solubi-
lized in 8 M urea prior to purification. Separating the inclu-
sion bodies from the soluble proteins by centrifugation
followed by a single step of nickel chelate affinity chroma-
tography and elution in a low pH buffer and imidazole
resulted in highly purified proteins of the expected molecu-
lar weights (Fig. 3).

@ Springer



194

Med Microbiol Immunol (2012) 201:189-200

M WNVNS1 WB-tr WB-Ntr  WB-C  WB-Ctr M

kDa

100
85

9 55 kDa
44 kDa —

50  —

40 -

30 26 kDa

20 — —

Fig. 3 Analysis of the purified E. coli-expressed capsid protein
derivatives, the truncated almost complete capsid protein (WB-tr), the
truncated amino-terminal part of capsid protein (WB-Ntr), and the
carboxy-terminal part (WB-C) and truncated carboxy-terminal part
(WB-Ctr) of the capsid protein of genotype 3i strain wbGER27 in a
Coomassie blue-stained 13% SDS—polyacrylamide gel. The West Nile
virus (WNV), strain New York, non-structural protein 1 (NSI)
expressed in the same heterologous system and purified in the same way
was used as a control antigen. M, molecular weight marker (PageRuler
unstained SM0661, Fermentas). The molecular weights given above
the recombinant protein bands were predicted using a web-based
calculator (http://www.bioinformatics.org/sms/prot_mw.html)

ELISA development and validation

To identify the most useful recombinant antigen for serodi-
agnostics, all four purified antigens and a negative control
antigen, i.e. WNV NS1 protein, were tested for their reac-
tivity with an anti-HEV positive and a negative serum pool.
As expected, the ratio of the OD values for the positive and
negative serum pool was close to 1 for the negative control
antigen (Fig. 4). The truncated amino-terminal CP deriva-
tive behaved similarly, i.e. it was not able to discriminate
between the positive and negative pools. The almost entire
CP (WB-tr) and the carboxy-terminal derivatives (WB-C
and WB-Ctr) performed better with significant differences
to the negative control antigen and to each other (Fig. 4).
The WB-Ctr antigen demonstrated an average ratio of 10.6
(range 8.1-14.1) of the OD values for the positive and
the negative serum pool and was therefore selected for
subsequent investigations.

To determine the performance of the novel in-house IgG
ELISA, 555 serum samples from forestry workers and 298
serum samples from blood donors were screened in parallel
by this assay and the commercial recomLine HEV IgG
assay serving as reference test. For the majority of anti-
HEV-positive and -negative forestry worker (Table 1) and
blood donor sera (Table 2), the results were concordant. A
modified ROC curve analysis using seven different
approaches resulted in AUC values of 0.9774-0.9499 and
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Fig. 4 Comparison of the reactivity of the purified capsid protein
derivatives with anti-HEV positive and negative human serum pools in
ELISA. Five sera each found to be negative or positive in the reference
assay were pooled and used for analysis in the indirect ELISA using
the truncated almost complete capsid protein (WB-tr), the truncated
amino-terminal part of capsid protein (WB-Ntr), and the carboxy-
terminal part (WB-C) and truncated carboxy-terminal part (WB-Ctr) of
the capsid protein of genotype 3i strain wbGER27. For determination
of the antigen with the strongest specific reactivity, the ratio of the
corrected OD values of the positive pool and the negative pool was
calculated. The columns show the mean value and standard error of the
mean for five replicates. Statistically significant correlations are
marked with an asterisk (P < 0.01)

Table 1 Comparison of the reactivity of the forestry worker sera with
the novel in-house IgG ELISA and the commercial recomLine assay

Results of novel in-house IgG ELISA

Positive Negative Total
Results of commercial IgG line immunoassay
Positive 96 3 99
Negative 23 433 456
Total 119 436 555%

The numbers in bold indicate the number of samples with concordant
results in both assays (positive in both tests or negative in both tests) as
opposed to the sera with divergent results

* Eight additional sera showed a borderline reactivity in the reference
assay and were therefore not included in further investigations

corresponding sensitivities of 0.9167-0.9318 and specifici-
ties of 0.9667-0.9376 (Fig. 5). Based on the method yield-
ing the highest AUC value, the variable cut-off value was
defined at 5.425% of the difference of the positive control
and the negative control resulting in a sensitivity of 0.9318
and a specificity of 0.9542 (Fig. 5a).

HEV seroprevalence of the forestry worker and blood
donor panels

The average seroprevalence for the forestry workers
reached 17.8 and 21.4% when using the commercial and
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Table 2 Comparison of the reactivity of the blood donor sera with the
novel in-house IgG ELISA and the commercial recomLine assay

Results of novel in-house IgG ELISA

Positive Negative Total
Results of commercial IgG line immunoassay
Positive 27 6 33
Negative 10 255 265
Total 37 261 298%*

The numbers in bold indicate the number of samples with concordant
results in both assays (positive in both tests or negative in both tests) as
opposed to the sera with divergent results

* Three additional sera showed a borderline reactivity in the reference
assay and were therefore not included in further investigations

the in-house test, respectively. A more precise analysis
demonstrated that in all ten forestry districts anti-HEV pos-
itive individuals were detected, independently of the test
used (Table 3). The prevalences for the forestry districts
ranged from 5.6% (Doberlug-Kirchhain, recomLine) and
9.1% (Peitz, in-house test) to 25% (Alt Ruppin, both tests),
26.8 and 28% (Belzig and Wiinsdorf, in-house test).

When compared to the forestry worker panel, for the
blood donor panel lower seroprevalences of 11.1% (recom-
Line) and 12.3% (in-house test) were determined. The sero-
prevalences for male blood donors were almost identical for
both assays (12.1% vs. 12.9%), whereas the values for
female blood donors varied between 7.5% for the recomLine
assay and 10.3% for the in-house ELISA. Independently
from the test used, the seroprevalence for male subjects was
slightly higher than for female subjects, but not of statistical
significance in both tests and with all populations (blood
donors, forestry workers or both). The analysis of age and

anti-HEV prevalence revealed no significant association of
these two factors, regardless of the test and of the population
viewed (blood donors, forestry workers or both) (Fig. 6).

Reactivity of the forestry worker and blood donor serum
panels with a recombinant ratHEV antigen

In addition to the IgG ELISA analysis of the serum panels
with the genotype 3i HEV antigen, the sera were screened in
parallel with the corresponding ratHEV-derived antigen.
This antigen was found to be expressed in E. coli at high
level and could be readily purified in the same manner as the
genotype 3i antigen (Johne et al., unpublished data). Inter-
estingly, in the forestry worker panel, several sera with an
almost exclusive and relatively strong reactivity with the
ratHEV CP derivative were observed (Fig. 7a). On the other
hand, only a very few of the blood donor sera were found to
be very weakly reactive with the ratHEV antigen (Fig. 7b).

Discussion

Here, we report on the diagnostic value of different seg-
ments of the CP of HEV genotype 3i. Due to failure in
expression of the entire ORF2 in the E. coli expression
system, carboxy- and amino-terminal segments of the CP
were generated in E. coli. In line with previous investiga-
tions [40—42], the carboxy-terminal segments spanning aa
residues 326-608 and 326-660 were found to be highly
reactive with a pool of anti-HEV positive human sera.
Additionally, immunodominant antigenic regions were
previously found in this region using peptide-based assays
[43, 44]. The observation of the strong antigenicity of the
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Fig. 5 Determination of the optimal variable cut-off value for the
genotype 31 wbGER27 capsid protein derivative based indirect ELISA
by a modified receiver operating characteristic (ROC) analysis using
three different approaches. The graphs show the performance of the
novel in-house test (and its sensitivities and specificities at the cut-off
of the minimal ROC distance) when the cut-off value is defined as
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percentage of the difference of the positive control and the negative
control (a), as the percentage of the positive control (b) and by finding
a factor of the negative control (c). The selection of the optimal cut-off
value for the further investigations (as given in a) was based on the
highest area under curve (AUC) value. pos positive, neg negative, fact
factor
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Table 3 Number of seroreactive samples from female and male forestry workers from the 10 different forestry districts in Brandenburg, eastern

Germany

Forestry district

Male forestry workers: number
of seropositive samples/total
number of investigated samples

Female forestry workers: number
of seropositive samples/total
number of investigated samples

Total forestry workers: number
of seropositive samples/total
number of investigated samples

recomLine Novel in-house recomLine Novel in-house recomLine Novel in-house
assay ELISA assay ELISA assay ELISA
Alt Ruppin 8/28 8/28 0/4 0/4 8/32 25.0%  8/32 25.0%
Doberlug-Kirchhain ~ 1/31 3/31 1/5 1/5 2/36 5.6%  4/36 11.1%
Belzig 15/62 16/62 2/9 3/9 17/71 239%  19/71 26.8%
Wiinsdorf 19/82 24/82 4/18 4/18 23/100  23.0%  28/100 28.0%
Liibben 10/45 11/45 0/0 0/0 10/45 222%  11/45 24.4%
Kyritz 8/41 9/41 0/4 0/4 8/45 17.8%  9/45 20.0%
Peitz 4/50 5/50 0/5 0/5 4/55 73%  5/55 9.1%
Eberswalde 13/71 17/71 1/5 1/5 14/76 18.4% 18/76 23.7%
Templin 5/45 6/45 1/6 2/6 6/51 11.8%  8/51 15.7%
Miillrose 6/38 8/38 1/6 1/6 7144 159% 9/44 20.5%
Total 89/493, 18.1% 107/493, 21.7% 10/62, 16.1% 12/62, 19.4% 99/555 17.8%  119/555 21.4%
a recomLine test e in-house ELISA
: ol nnaloll ol HHH EHELE i [n o : il nqnﬂﬂﬂﬂ HHH-H-H-H_W I M0 na
T S T T S
b, f.
f RN e f i
1 I 1 , | I [T
S S e S S U S
c. "
‘ 9.
H H 1 #HU ’7 H “TWW i Hvﬂl 00 0-n H U 1 Eﬁ%ﬂ% 1 H UHH HH Roa o0 oo
IRy S S S e T
d. h.

Fig. 6 Ratios of anti-HEV-positive and anti-HEV-negative male
forestry workers (a, e) and female forestry workers (b, f) and anti-
HEV-positive and anti-HEV-negative male blood donors (¢, g) and
anti-HEV-positive and anti-HEV-negative female blood donors (d,
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age (years)

4849 50 5152 53 54 55 56 57 56 59 60 61 62 63 64 65 66 67 66 69 70 71

30740 41 42 43 44 45 46 47 48 49 5
age (years)

h) according to age based on the analyses with the recomLine refer-
ence assay (a—d) and the novel in-house assay (e-h). White segments
of the columns represent seronegative subjects, black segments repre-
sent seropositive subjects
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Fig. 7 Reactivity of forestry worker (a) and blood donor sera (b) with
corresponding recombinant capsid protein derivatives of genotype 3i
(WB-Ctr, Y-axis) and ratHEV (R-Ctr, X-axis) in the ELISA. For each
serum sample, a parallel analysis in both ELISAs was performed. The
values depicted represent percentage values of the corrected OD

carboxy-terminal region is also in line with the localization
of the protruding domain in the CP structure between aa
456 and aa 606 [45] and the localization of the immuno-
dominant viral-neutralizing epitope inside this part of CP
[46]. Peptide scanning demonstrated a large number of lin-
ear epitopes in the carboxy-terminal region, but linear epi-
topes were found to be scattered throughout the entire
protein [47]. However, the amino-terminal segment har-
bouring aa 112-335 was not able to discriminate between
the seropositive and seronegative pools.

Therefore, an indirect IgG ELISA was developed based
on the most reactive carboxy-terminal segment. When test-
ing two different serum panels, a panel of forestry workers
and a panel of blood donors, the performance of the novel
in-house assay was similar to that of the commercial refer-
ence test used. Based on the ROC-mediated definition of a
cut-off value, the sensitivity and specificity of the novel
assay was determined to be 0.9318 and 0.9542, respec-
tively. Thereby, this novel genotype 3-based IgG ELISA
performs comparably to other serological assays developed
using E. coli-expressed [48] or baculovirus-expressed
ORF2 antigens [49, 50].

The seroprevalences of 11.1 and 12.3% observed in the
blood donor panel were surprisingly high, but seem to be in
the same range as recent studies found in Germany [51, 52,
66]. The similar values obtained for this panel using two
different assays might clearly argue against a large number
of false-positive sera, as discussed recently [11]. Similarly,
high seroprevalences in the average population were previ-
ously reported for other non-epidemic regions in Europe,
i.e. in Denmark with 20.6% [53], and the UK with 16%
[54]. However, for some non-epidemic countries, i.e. the
Netherlands (1.1%; [55]), Italy (1.0%; [56]), Switzerland
(3.2%; [571), Spain (2.8%; [58]), USA (1.1%; [59]) and
Japan (5.3%; [60]) rather low prevalences were reported.
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values in relation to the positive anti-HEV-GT3i and anti-ratHEV con-
trol set to 100%. The black vertical line denotes the percentage
(26.0%) of the blood donor sample with the strongest reactivity with
ratHEV antigen

These conflicting findings underscore the need for develop-
ing standardized serological assays for comparative analyses
of HEV seroprevalences. The rather high seroprevalences
found in this study on one hand and the low number of
notified hepatitis E cases in Germany on the other might
indicate a high number of infections with mild or unspecific
symptoms that are therefore not recorded. In addition, this
finding raised important questions on the transmission route
of HEV genotype 3. Therefore, additional epidemiological
studies have to prove the role of transmission routes other
than oral uptake of contaminated food, blood transfusion
and organ transplantation.

The seroprevalence in the forestry worker group (18 and
21%) was found higher than that of the blood donor control
group (11 and 12%). This difference was found to be sig-
nificant (P <0.01), but both groups are not sufficiently
matching in sex, age and residence (see Fig. 6). Neverthe-
less, these findings still confirm a HEV seroprevalence in
the investigated part of Germany of more than 10%. In the
past, forestry workers have not been considered as a typical
risk group for HEV infection. However, hunting activities
are usually included in the professional work of forestry
workers, including the group investigated in this study.
This risk might be especially taken into account if the HEV
prevalence in the wild boar population at site is high, as
previously reported for Brandenburg [9, 35]. These findings
may also underline other transmission routes for HEV such
as direct contact to wild boar blood or faeces or their aero-
sols. Another recent study in Germany has reported an
increased HEV seroprevalence in slaughterers [52]. Studies
in other European countries and the USA have also demon-
strated increased HEV seroprevalences in farmers and
veterinarians exposed to swine (for references see [53, 61,
62]). On the other hand, other investigations did not find
differences in seroprevalence between risk and non-risk
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groups [63, 64] emphasizing the above mentioned need for
test harmonization. Recently, a scoping study that used sys-
tematic review/meta-analysis methodology confirmed a
significant association between occupational exposure to
swine and human HEV IgG seropositivity in 10 out of 13
cross-sectional studies [65]. Interestingly, a recent study
demonstrated a HEV seroprevalence of 30% in psychiatric
patients that was ascribed to patients of addiction therapy,
including alcohol, benzodiazepine and intravenous drug
addicts [66].

In our study, we did not find a statistically significant asso-
ciation of seropositivity with age and sex in neither group
and independently of the test used. Until now there are con-
troversial findings on the influence of sex and age on the
level of the seroprevalence [2]. Thus, a recent study found in
a group older than 40 years a significantly higher prevalence
than in a group younger than 14 years, but no significant
differences when analysing age groups step by step [66].
Interestingly, 62.5% of the notified hepatitis E cases in Ger-
many were found in men (Robert Koch-Institut, SurvStat,
http://www.rki.de; data as of 14 September 2011). Future
studies should prove if sex-hormone-mediated factors or
alcohol abuse may influence the outcome of HEV infections.

A parallel analysis of forestry worker and blood donor
sera in the genotype 3i- and a similar ratHEV-IgG ELISA
suggested for the first time the occurrence of human infec-
tions by ratHEV or a related agent in a few cases. The two
recombinant antigens used for this serological investigation
shared a total aa sequence identity of 54% with an identity
of 45% in the protruding domain [45] indicating antigenic
differences in the CP of genotype 3 and ratHEV. Recent
investigations of hyperimmune sera from rats demonstrated
clear antigenic differences between both genotypes, at least
for the antigen segment used (Johne et al., unpublished
data). Cross-protection studies will help to determine
whether ratHEV belongs to the same single serotype with
the four major genotypes of HEV. Future studies in risk
groups, such as pest management or sewage workers, and
control groups have to further elaborate the potential of
ratHEV to cause human infections and disease. In addition,
this finding again raises the question of the transmission
route of ratHEV or a related virus to humans.

In conclusion, a novel genotype 3-based ELISA was
developed and showed similar sensitivity and specificity as
compared to a commercial reference test. Application of the
novel assay and the reference test resulted in the detection
of HEV-specific antibodies in blood donors and forestry
workers from eastern Germany with an unexpected high
frequency. An initial analysis of both groups with a similar
ratHEV-based ELISA demonstrated for the first time the
occurrence of human infections. Future larger seroepidemi-
ological studies in non-risk and risk groups should further
investigate the epidemiological importance of ratHEV.
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