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1. Introduction
A perorally transmitted non-A, non-B hepatitis virus was first suspected in 1980 during an
outbreak of acute viral hepatitis in India. In 1990, the etiological agent of the disease was
defined as hepatitis E virus (HEV), a name adopted later by other authors. Previously, it was
assumed that HEV transmission occurs by the human-to-human route only, and primarily by
water supplies contaminated with fecal excretions of humans. Therefore, the next major
advance was the discovery of a closely related virus among pigs in the USA, initially named
as swine HEV, which was genetically different from the previously recognized genetic groups
of human HEV. Especially the detection of similar HEV strains in swines and humans
suggested zoonotic transmission routes for HEV. Nowadays, it is widely accepted that HEV
causes hepatitis E in humans especially in developing countries, but sporadic and
autochthonous cases do also occur in industrialized nations.
HEV is a non-enveloped, positive-stranded RNA virus and member of the genus Hepevirus in
the family Hepeviridae. To date, four major mammalian genotypes (HEVgt1 to gt4) have
been identified, but HEV-related viruses have also been detected in rats, rabbits, different
carnivores, bats, moose, camelids, chicken and salmonid fish. While HEVgt1 and gt2 are
exclusively found in humans, HEVgt3 and gt4 are zoonotic and commonly infect both
humans as well as other mammalian species like pigs, wild boar and deer. HEV is unique
among the known hepatitis viruses, in that it has an animal reservoir. HEVgt1 and gt2 are
responsible for the majority of HEV infections in humans in endemic areas of Asia, Africa
and Mexico. In contrast, HEVgt3 and gt4 have been identified with increasing frequency in
sporadic and autochthonous human cases in Europe, the USA, China and Japan. Sources are
mainly contaminated raw or undercooked meat derived from domestic pigs and wild boar, as
well as deer. This was confirmed by the molecular characterization of HEV sequences
recovered from food products and from affected patients. In Europe, main reservoirs of HEV
are pigs and wild boar confirmed by serological and molecular analyses. In Germany, wild
boar is discussed as one of the main sources of human autochthonous infections. Moreover,
cross-species infections with HEVgt3 and gt4 have been demonstrated experimentally.
However, not all sources of human infections have been identified thus far and in many cases,
the origin of HEV infection in humans remains unknown. Understanding HEV interspecies
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and intraspecies transmission is needed to implement efficient prevention and control
measures.
HEV infections in humans normally lead to an acute, often self-healing disease, but cases of
fulminant liver failure and extrahepatic manifestation have also been described. Especially
pregnant women with concomitant HEV infection are at high risk. However, chronic
infections are also observed in patients co-infected with human immunodeficiency virus and
in immunosuppressed patients. The swine and other mammalian animal species infected by
HEV generally remain asymptomatic, whereas chickens infected by avian HEV may develop
a disease known as hepatitis-splenomegaly syndrome. Both viral as well as host factors
determine the course of HEV infection, but mechanisms leading to different outcomes are
only partially understood.
Several studies have been performed in domestic pigs by intravenous or contact transmission
of domestic pig-derived HEV characterized by subclinical HEV infection and mild
histopathological signs of hepatitis. Aside from effective horizontal HEV transmission among
experimentally infected domestic pigs, phylogenetic studies also indicate natural HEV
transmissions from domestic pig to wild boar. Conversely, little is known about the course of
HEV infection in European wild boar and their role in HEV transmission to domestic pigs to
date. Experimental challenge studies have not been carried out yet in wild boar. The present
study therefore aimed on characterization of the pathogenesis of a wild boar-derived HEVgt3
strain in experimentally infected European wild boar, and to detect possible horizontal
transmissions to domestic pigs (manuscript I). In humans, the infection with HEV can lead to
microscopically visible hepatic lesions, particularly during chronic HEV manifestation.
Pathological lesions in wild boar have not been investigated yet. Hence, the question arose
whether histological examination of porcine liver would also show inflammatory or
degenerative processes associated with wild boar-derived HEVgt3 infections. Compared to
common domesticated swine breeds, the miniature pig offers several breeding and handling
advantages. Miniature pigs have been used already in several fields of biomedical research as
feasible animal models, but HEV infection studies have never been carried out in this pig
breed. Therefore, the second goal of this first study was also to assess the manifestation of
HEV infection in miniature pigs under experimental conditions, and to prove their suitability
as a model for HEV infection as well.
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Data on the cellular immune response following an HEV infection in humans are sparse,
while data on pigs are missing completely to our knowledge. Thus, the second study aimed to
characterize cellular immune responses in experimentally HEVgt3 infected wild and domestic
swine and to determine the influence of dexamethasone-induced immunosuppression on
porcine HEV pathogenesis (manuscript II). To answer this question, comparative analyses of
cellular and humoral immune responses, viral replication and microscopically visible hepatic
lesions were performed. Therefore, dexamethasone-treated and non-treated wild boar were
inoculated intravenously with HEVgt3. In order to prove horizontal HEVgt3 transmission and
determine differences in the susceptibility to HEVgt3 infection in terms of the immune status,
dexamethasone treated and non-treated domestic pigs were kept in contact to infectious feces
derived from the intravenously inoculated wild boar. Additionally, the immunosuppressive
effect of dexamethasone was monitored in non-infected control pigs.
While acute HEV infections in swine have been studied in more detail, little is known about
persistent HEV infections in pigs possibly leading to chronic hepatitis E. Consequently,
another purpose of the third study was to prove the occurrence of persistent HEV infection
also in swines (manuscript III). If possible, the course and infectivity of porcine chronic
hepatitis E should be characterized, and its suitability as an animal model for human chronic
hepatitis E infection assessed.
Wild boar are extremely limited in their availability for experimental studies, and proper
handling is difficult. Moreover, infection studies in pigs under high containment conditions
are very expensive. As a consequence, animal numbers in experiments are often quite low.
Moreover, the biological diversity in common swine breeds needs to be appropriately
considered for the interpretation of results. The development of a suitable small animal model
for hepatitis E would therefore be a major progress for studying HEV biology, especially in
respect to the investigation of immunopathogenetical mechanisms, and for the evaluations of
novel therapeutics and vaccines. Therefore, the fourth study aimed to assess the susceptibility
of different wild-type and knock-out mice, Wistar rats, and European rabbits to wild boarderived HEVgt3 as determined by the analysis of HEV replication and anti-HEV antibody
responses (manuscript IV). Moreover, the influence of dexamethasone treatment in rats on
their susceptibility to wild boar-derived HEVgt3 was analyzed. Additionally, the protective
ability of a HEV vaccine candidate in HEVgt3 inoculated rabbits was assessed in a proof of
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principle approach.
The objective of this thesis was to provide insight into the HEV pathogenesis in European
wild boar and to characterize the transmissibility of the wild boar-derived HEVgt3 infection
to domestic pigs. Moreover, a suitable small animal model for porcine HEV infection should
be established. With respect to the HEV perpetuation in its reservoirs and possible public
health risk, especially regarding wild boar as a main source of human autochthonous
infection, these studies contribute to the understanding of the dynamics and biology of this
zoonotic disease.
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2. Literature review
2.1

Historical background of hepatitis E

A perorally transmitted non-A, non-B hepatitis virus was first suspected by Khuroo in 1980
during an outbreak of acute viral hepatitis in the Kashmir Valley, India [3]. Most patients
were 11 to 40 years old, and cases occurred in villages with a common water source. The
outbreak was characterized by a high occurrence rate and mortality among pregnant women.
The mode of spread of the epidemic, length of incubation, clinical features and biochemical
test results of the patients studied were similar to that of hepatitis A. A few months later,
Wong et al. reported the results of retrospective serological testing of sera stored since a large
outbreak of hepatitis that had occurred in New Delhi during 1955 to 1956, and two smaller
outbreaks in Ahmedabad (1975 to1976) and Pune (1978 to1979) in the Western part of India
[4]. In this study, none of the specimens deriving from the three outbreaks showed evidence
of acute hepatitis A and only a few had markers of acute hepatitis B, providing valuable
support to the existence of an enteric non-A, non-B hepatitis agent [4]. This paved the way for
the discovery of a new hepatitis agent. However, a recent re-review of monographs published
in the 19th century identified several descriptions on hepatitis E-like outbreaks already in the
last decade of the 18th century, mainly in Western Europe and several of its colonies [5]. Teo
et al. described also that one of the first reported putative hepatitis E outbreaks occurred in
1794 in the Palatinate Luedenscheid, Germany [5]. However, a detailed description of the
course of this type of hepatitis was not available until 1983. Typical acute hepatitis was
reproduced by an experimental infection of a human volunteer after oral administration of
pooled stool extracts from presumed cases of epidemic non-A, non-B hepatitis [6]. Hence,
spherical virus-like particles (VLPs) were visualized by immune electron microscopy in the
human volunteer’s stool samples collected during preclinical and early postclinical phases [6].
Furthermore, cynomolgus monkeys inoculated with a stool suspension from the volunteer
showed excretion of similar VLPs, liver enzyme elevation and histological changes of
hepatitis, fulfilling Koch's postulates [6]. In 1990, the etiological agent of the disease was
defined as hepatitis E virus (HEV), a name adopted later by other authors [7]. Reyes et al.
identified also similar genomic sequences in clinical specimens obtained from several
geographical regions at different time-points [7]. As a result of the successful sequencing of
the entire HEV genome the first immunogenic epitopes were identified [8,9]. Hence, the
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development of serological assays able to detect anti-HEV antibodies was realized [10]. In
most patients, the infection with HEV was shown to be associated with the appearance of
anti-HEV IgM by the time of development of disease, and anti-HEV IgG responses occurred
shortly thereafter [10]. Before specific serological tests were introduced, the diagnosis of
hepatitis E was only based on the exclusion of serological markers of HAV and HBV
infections in combination with the monitoring of epidemiological features [1]. Up to then it
was assumed that HEV transmission occurs by the human-to-human route only, and primarily
by water supplies contaminated with human fecal excretions. The next major advance was the
discovery of a closely-related virus among pigs in the USA, named as swine HEV, which was
genetically different from the two previously recognized genetic groups of human HEV [11].
Simultaneously, a few indigenous human cases of hepatitis E were identified in the USA, and
genomic sequences of these human HEV isolates most closely resembled those from the
swine HEV [12-14]. This prompted studies for HEV-like viruses among several animal
species around the world and among human cases. In 1999, serological evidence for HEV
infection in swine was also reported in the Australian wild boar [15]. In the same year, a
HEV-related agent in chickens which had appeared already in the 1980s in Australia in
chickens [16] was further characterized. Several studies led to the discovery of hitherto
unsuspected zoonotic transmission of the virus, leading to a major shift in the understanding
of HEV. Especially the detection of similar HEV strains in swine and humans suggested
additional zoonotic transmission routes for HEV. In the following years, further studies
indicated that mainly sporadic hepatitis E cases in industrialized countries are caused by
zoonotic transmission of HEV. Domestic pigs, wild boar, deer and other mammals were
identified as possible HEV reservoirs [17,18]. Nevertheless, novel HEV-related viruses were
also found in different rat species, rabbits, ferrets, minks, fox, several bat species and moose,
and a distantly related agent was described in salmonid fish species [1]. In any event, their
zoonotic potential has not yet been elucidated sufficiently and their impact on human hepatitis
E epidemiology is mostly unknown. Based on recent findings, new taxonomic
grouping schemes of the viruses within the family Hepeviridae were suggested previously
[1,19].
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Taxonomic considerations within the family Hepeviridae

Current published descriptions of the taxonomical classification within the family
Hepeviridae are contradictory in terms of the designation of species and genotypes.
According to the actual taxonomy stated by the International Committee on Taxonomy of
Viruses, the family Hepeviridae comprises only the single genus Hepevirus [20]. This genus
comprises the single species HEV, which is formed by HEV genotype (gt) 1 to gt4. Rabbit
HEV is considered as belonging to gt3 and rat HEV is listed as a tentative additional species
of the genus Hepevirus. The species avian HEV is comprised within the family Hepeviridae,
but not assigned to a genus so far. Up to now, other recently discovered viruses are not
considered in the classification scheme. Therefore a consensus classification system for the
family Hepeviridae is currently unavailable, but a new taxonomic scheme has recently been
proposed [19]. It is suggested that the family is divided into the genera Orthohepevirus
(Orthohepevirus A with isolates from the human, pig, wild boar, deer, mongoose, rabbit and
camel; Orthohepevirus B with isolates from the chicken; Orthohepevirus C with isolates from
the rat, greater bandicoot, Asian musk shrew, ferret and mink; Orthohepevirus D with isolates
from the bat) and Piscihepevirus. A phylogenetic tree based on the full-length genomic
sequences with genotype classification of known animal strains of HEV is depicted in Figure
2.11.

Figure 2.1 Phylogenetic tree of the different HEV species.
Full-length (or near: moose partial) sequences were aligned using Muscle and the bootstrap consensus tree was
constructed with the neighbor joining method (MEGA). Light blue circle indicate strains with cross species
transmission capability in experimental models. Reprinted from Pavio et al. 2015 [21].
1

Reprinted from Current Opinion in Virology, Volume 10, Copyright 2015, with permission from Elsevier.

8

2.3

Literature review

Morphology and genome organization of HEV

HEV is a non-enveloped small virus with a diameter of 27–32 nm. Although HEV particles
present in feces and bile are non-enveloped, those in circulating blood and culture supernatant
have been found to be covered with a cellular membrane, similar to enveloped viruses [22]. A
similar membrane hijacking has been reported for HAV, a picornavirus, with broad
implications for viral egress mechanisms and host immune responses [23]. The HEV genome
is a positive-sense, single-stranded RNA composed of approximately 7200nt, which is capped
and polyadenylated (Figure 2.22) [8,24]. The HEV genome comprises a 5′ untranslated region
(UTR), three open reading frames (ORF1, ORF2 and ORF3) and a 3′ UTR followed by a
poly-A tail [25]. ORF1 encodes non-structural proteins, including a methyltransferase,
papain-like cysteine protease, macrodomain, helicase and RNA-dependent RNA polymerase
[26,27]. Between the protease and the macrodomain, a hypervariable region containing a

Figure 2.2 Organization of the HEV genome.
Non-structural proteins are translated from ORF1 while the ORF2 and ORF3 structural proteins are translated
from a single subgenomic RNA. UTR, untranslated region; Y, Y-domain; PCP, papain-like cysteine protease;
HVR, hypervariable region; X, macro domain; RdRp, RNA-dependent RNA polymerase. Reprinted from
Debing et al. 2014 [2].

proline-rich hinge was found [28]. ORF2 and ORF3 overlap, and their proteins are translated
from a bicistronic subgenomic RNA that is 2.2 kb in length into the structural proteins
[29,30]. ORF2 encodes the viral capsid protein of 660 amino acids (aa) that is responsible for
virion assembly [31], interaction with target cells [32,33], and immunogenicity [34]. The
ORF2 protein consists of three linear domains: the shell domain (aa 129 to 319), the middle
domain (aa 320 to 455), and the protruding domain (aa 456 to 606), harboring the neutralizing
epitope(s) [35-38]. The ORF3 protein is a small protein of approximately 113 to 114 aa which
is thought to act as an adaptor to link the intracellular transduction pathways, reduce the host
2

Reprinted from Antiviral Research, Volume 102, Copyright 2014, with permission from Elsevier.

Literature review

9

inflammatory response and protect virus-infected cells [39]. Recently, it was found that ORF3
proteins play an important role in virion egress from infected cells [40-43].
2.4

HEV replication cycle

Although understudied, the HEV replication cycle seems typical for a single-stranded RNA
virus of positive polarity (Figure 2.33) [2]. The virus particle first binds to heparan sulfate

Figure 2.3 Organization of the HEV genome.
HEV particles first bind to heparan sulphate proteoglycans (HSPG) and are consequently transferred to an
unknown functional receptor, thus mediating cellular uptake through clathrin-mediated endocytosis. Following
uncoating, the viral RNA genome is released into the cytoplasm and translated into non-structural proteins.
These proteins form a replication complex that produces new full-length and subgenomic viral RNA. The latter
is translated into capsid protein (ORF2) and the membrane associated ORF3 protein that is known to interfere
with interferon-α signaling. Viral RNA is packaged into capsid protein and released from the cell with help of
the host factor Tumor susceptibility gene 101 (Tsg101). The released particles are associated with lipids and
ORF3 proteins; both are subsequently removed through the bile acids and digestive proteases respectively.
Reprinted from Debner et al. 2014 [2].

proteoglycans on the host cell membrane [33], transfers to its so far unknown cellular
membrane receptor(s) and the resulting complex is internalized through clathrin-mediated
endocytosis [44]. Subsequently, the capped viral genome is released from the virion during
the uncoating process and directly translated by the host cell ribosomal machinery. The nonstructural proteins thus generated an environment which allows the replication of the viral
3

Reprinted from Antiviral Research, Volume 102, Copyright 2014, with permission from Elsevier.
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genome, probably in specific viral replication complexes, and the production of subgenomic
RNA that is translated into the structural proteins from ORF2 and ORF3. Full-length RNA
progeny is assembled with ORF2 capsid protein into viral particles which are subsequently
released from the cell in a non-lytic fashion [2,45]. During release, HEV particles probably
acquire a lipid bilayer (envelope) and associated ORF3 protein which are removed later by
bile salts and enteric proteases respectively [43,46]. It was previously demonstrated that an
intact PSAP motif in the ORF3 protein is required for the formation and release of membraneassociated HEV particles with ORF3 proteins on their surface [41]. Moreover, the tumor
susceptibility gene 101 and the enzyme activities of vacuolar sorting proteins are involved in
the release of HEV virions, indicating that HEV utilizes the multivesicular body pathway to
release HEV particles, which is promoted by the cellular mechanism of endosomal sorting
complexes required for transport [42]. Furthermore, membrane-associated HEV particles are
released together with internal vesicles through multivesicular bodies by the cellular
exosomal pathway [47]. Additionally, hepsin reported to function as an inhibitor of several
tumors in humans, was confirmed to have specific interactions with the ORF3 protein [48].
The lack of an efficient cell culture system for HEV has greatly hampered detailed analyses of
this virus [22]. Several cell culture systems, especially the human hepatocellular carcinoma
cell line PLC/PRF/5 and the human lung carcinoma cell line A549, repeatedly have been
shown to support the replication of HEVgt3 and gt4 strains, although with rather low
efficiency [22]. The cell lines A549 and HepG2/C3A were shown to support the assumption
of replication of HEVgt1 strains, albeit with low efficiency [49,50]. In addition, threedimensional cell culture systems and porcine cell cultures have been used for isolation of gt3
strains [51,52]. Moreover, an in vitro model was developed to replicate human HEV in
primary cynomolgus macaque hepatocytes [53]. Recently, pig-derived HEV replicated in
primary human hepatocytes as well [54]. Distinct patient-derived gt3 strains carrying
insertions in their hypervariable ORF1 region have recently been shown to replicate more
efficient in cell culture [55,56]. Jirintai et al. reported successful propagation of rabbit HEV in
human liver- and lung-derived carcinoma cell cultures [57]. When liver homogenates
obtained from wild rats (Rattus rattus) in Indonesia were inoculated onto human
hepatocarcinoma cells, the rat HEV replicated efficiently in PLC/PRF/5, HuH-7 and HepG2
cells [58].
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Host association and virus transmission of HEV

HEV is the etiological agent of acute hepatitis E, an infection considered to be endemic in
many developing countries in Africa and Asia. HEV is transmitted primarily by the fecal–oral
route and has been reported to occur as large waterborne epidemics and small outbreaks in
developing areas [59]. Over the last decade, an increasing number of sporadic locally acquired
cases occurred in several high income countries, in which it is often not possible to establish
the route of acquisition of infection [21]. There are currently four well-characterized
genotypes (gt) of HEV in mammalian species, although numerous novel strains of HEV likely
belonging to either new genotypes or species have recently been identified. HEVgt1 and gt2
are only observed in human infections, whereas gt3 and gt4 are known to infect humans and
an expanding host range of animal species, respectively [1,18]. Hepatitis E is considered a
zoonotic infection with domestic pig and wild boar serving as the main reservoir for human
infections [21]. Viruses related to HEV have been identified in several other animal species
including chicken, mongoose, deer, rabbit, mink, fox, camelids, ferret, bat, and fish. The
known geographical distribution of mammalian HEV, avian HEV and HEV-related viruses is
shown in Figure 2.44.
Fecally contaminated drinking water seems to represent the major vehicle for HEVgt1 and gt2
transmission, but direct transmission of human HEV by contact with HEV-containing feces
may occur. Contrarily, the transmission routes of other hepeviruses are not so clearly
understood. Zoonotic transmission of HEVgt3 and gt4 is primarily connected with the
consumption of HEV-contaminated meat and meat products, whereas human infections by
contact with pigs seem to occur sporadically as well. Understanding HEV interspecies
transmission is needed to implement efficient prevention and control measures. Figure 2.54
depicts a summary of the results of experimental cross-species infection trials.

4

Reprinted from Infection, Genetics and Evolution, Volume 27, Copyright 2014, with permission from Elsevier.
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Figure 2.4 Geographical distribution of hepeviruses.
The distribution of human epidemic HEV genotypes 1 and 2 (A), zoonotic HEV genotypes 3 and 4 (B), and
HEV-like viruses detected in rabbits, chicken, rats, bats, ferrets, minks and fox (C) is shown. Reprinted from
Johne et al. 2014 [1].
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2.5.1 Mammalian HEV
2.5.1.1 Human genotypes 1 and 2
HEVgt1 and gt2 have caused epidemics and outbreaks of hepatitis E in tropical and some
subtropical regions usually due to transmission by fecal contamination of water supplies
[60,61]. Until now, HEVgt1 and gt2 have only been found in humans and in environmental

Figure 2.5 Summary of the results of experimental cross-species infection trials.
Trials of experimental infections of an animal species (lower row) with a hepevirus (upper row) are shown by
arrows. Green arrows indicate a successful infection as assayed by seroconversion and virus shedding. Red
arrows show experiments, where no seroconversion and virus shedding could be observed after inoculation.
Black arrows show trials with divergent results by different research groups or by use of different strains, trials
with only partial indication of virus replication (e.g. seroconversion without virus shedding), or trials using only
the viral genome for inoculation. Details of the indicated experiments are described in the text. Figure reprinted
from Johne et al. 2014 [1].

specimens contaminated with human excrements [60,61]. In outbreaks, person-to-person
spread of HEVgt1 and gt2 is thought to be uncommon. However, recent studies from Uganda
showed that household factors may be more important than previously believed [62]. The
major age group affected by gt1 and gt2 infections ranges between 15 and 30 years and
clinical symptoms are normally characterized by an acute self-limiting hepatitis [63]. High
mortality rates up to 26.9% were described in pregnant women, with most fatal cases in the
third trimester [64,65]. The high mortality observed during pregnancy seems to be unique for
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HEVgt1 and gt2 infections, and is under controversial discussion [63,64]. Many hepatitis E
outbreaks caused by HEVgt1 were described in different countries of the Asian and African
continent. Large outbreaks were recorded between 1986 and 1988 in China [66] and in 2008
in India [67]. Additional outbreaks caused by HEVgt1 were reported in Algeria, Chad,
Namibia and Sudan [68-70]. HEVgt2 was first detected by the analysis of samples from a
hepatitis E outbreak in Mexico between 1986 and 1987, and was subsequently designated as
the Mexican isolate of HEV [71,72]. Thereafter, hepatitis E cases caused by HEVgt2 were
rarely reported, but recently there were cases from Namibia, Nigeria and Sudan [69,70].
Initially, HEVgt1 was experimentally successfully transmitted to cynomolgus macaques and
tamarins [73]. Thereafter other non-human primate species were used repetitively as suitable
animal models for human hepatitis E caused by HEVgt1 and gt2 [74-77]. Interestingly, trials
to induce severe liver injury in gt1 infected pregnant rhesus monkeys failed [78].
Transmission of HEVgt1 and gt2 isolates to pigs by intravenous inoculation was not
successful [79]. Although an earlier study indicated susceptibility of laboratory rats to gt1
infection [80], recent trials to infect laboratory rats with gt1 or gt2 failed [81,82]. Another
study in C57BL/6 mice demonstrated that animals intravenously inoculated with gt1 were not
susceptible to HEV [83]. Remarkable genetic heterogeneity within HEVgt1 and gt2 exists
[84]. Based on complete as well as partial genomic sequences several HEV subtypes have
been described. Lu et al. defined the HEV subtypes 1a to 1e and 2a to 2b [85], but more
recent analyses could not confirm the presence of genetically distinct subtypes [84,86].
Anyhow, differences in the virulence of distinct subtypes were suggested previously [87,88].
2.5.1.2 Animal-associated zoonotic genotypes 3 and 4
In most cases of autochthonous hepatitis E in developed countries the source and route of
infection cannot be identified. However, the evidence suggests that most cases may be due to
consumption of uncooked or undercooked HEV contaminated pork or game meat [89-91].
The pig is considered as primary host for HEVgt3 and gt4, and both genotypes are found in
pigs throughout the world [63]. HEVgt3 was discovered in 1997 when samples of domestic
pigs from the USA were analyzed [11]. Later an HEV isolate closely related to this pig virus
was detected in a hepatitis E patient from the USA [12,13]. Until now, several HEVgt3 strains
have been detected in humans and different animal species distributed worldwide [92].
HEVgt3 is responsible for the majority of human infections in industrialized countries in
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Europe, Japan and the USA [92-94]. Recently, HEVgt3 strains have also been detected in pigs
from the African continent [95]. In 1998, HEVgt4 was first identified in specimens from
sporadic human hepatitis cases from Taiwan [96], and thereafter also in pigs from the same
geographical region [97]. Simultaneously, HEVgt4 strains were identified in hepatitis patients
from China and the complete genome was sequenced [98,99]. In China, HEVgt4 represents
the most commonly detected HEV strain in humans and pigs [100-102], but HEVgt4 strains
are also endemic in Japan [103,104]. Recently, the HEVgt4 was detected in Europe which
may indicate an actual spread of this genotype to another continent as well. HEVgt4 was
found in pigs from The Netherlands and in autochthonous human hepatitis E cases from
France and Italy [105-107]. Serological studies suggested that most human infections with
HEVgt3 and gt4 are asymptomatic [63]. Symptomatic HEV infections have primarily been
seen as sporadic acute hepatitis cases. However, small outbreaks caused by HEVgt3
respectively gt4 have been described as well [107,108]. Contrary to HEVgt1 and gt2
infections, these genotypes can cause hepatitis especially in the middle-aged and elderly. In
addition, males were found approximately 4-fold more often diseased than females [63].
Previously, chronic infections in immunocompromised transplant patients or the
manifestation of neurological disorders have been associated with HEVgt3 infection [109111]. The main transmission routes of HEVgt3 and gt4 are presumed to be zoonotic and
foodborne [94]. In Europe, Japan and the USA, HEV-specific antibodies were frequently
detected in domestic pigs underlining their role as a source of HEV infection [92,112-114].
Case studies in Japan and France indicated foodborne routes of HEVgt3 transmission
originated from the ingestion of HEV-containing meat or sausages prepared from wild boar,
sika deer or pig [90,115,116]. Recently, hepatitis E cases due to the ingestion of pork meat
and entrails containing HEVgt4 were described in Japan [117]. Raw pig liver sold in grocery
stores in Hokkaido was also tested for the presence of HEV. Interestingly, two HEV isolates
from pig livers were identical with isolates obtained from hepatitis E patients [91]. The
thermal stability of HEV has been investigated. HEV remains viable even after heating to 56
°C for 60 min with 1% of infectious viral particles remaining [49]. Heating to temperatures of
71 °C for 20 min is required to fully inactivate the virus [118]. Direct contact with pigs is
another possible route of HEV transmission. Seroprevalence studies in the USA showed that
pig handlers and veterinarians were more likely to be anti-HEV IgG positive indicating
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previous exposure, compared with the normal population [119]. Other routes such as
environmental transmission or transmission by blood/blood products may also be important
[120]. As recently suggested for porcine heparin products, swine-derived products used in
human medicine may also pose a risk of HEV transmission [121]. Moreover, the risk of using
infected pig manure on farmland also remains to be determined. There is currently no
evidence to suggest that person-to-person spread occurs with HEVgt3 and gt4. The host range
of HEVgt3 and gt4 is broad and natural infections have been detected in individuals
belonging to the order Artiodactyla, in mongoose, monkey and rats [92,122,123]. Single
reports of HEVgt4 detection in cattle and sheep exist [94]. Experimental inoculation of nonhuman primates using pig-derived HEVgt3 and gt4 strains confirmed the capability of
zoonotic transmission [17,124]. Pigs have repeatedly been shown to be susceptible for
experimental infection by intravenous inoculation with HEVgt3 and gt4 isolates [79,125].
Moreover, experiments to infect laboratory rats with gt3 were not successful [81,82,126].
Injection of transcripts of a HEVgt4 cDNA into the liver of rats led to transient
seroconversion [127]. This genotype was also shown to be infectious for Balb/c nude mice
[128]. Another study in C57BL/6 mice demonstrated that animals intravenously inoculated
with gt3 and gt4 were not susceptible to HEV [83]. Experimental infection of rabbits with
HEVgt3 and gt4 strains resulted in seroconversion; however, virus shedding was dependent
on the strain used [129]. Experimental infection of Mongolian gerbils with HEVgt4 was
successful as well [130]. For HEVgt3 and gt4 high sequence variability has been reported.
Nucleotide sequence divergences of up to 27.1% were found for HEVgt3 and 19.9% for
HEVgt4 isolates based on complete genome sequences [84]. In the subtype classification
system suggested by Lu et al., the subtypes 3a to 3j and 4a to 4g were defined [85]. However,
recent analyses using more strains and larger genomic regions could not consistently confirm
this subgrouping [84,86]. Some studies tried to link specific nucleotide substitutions present
in genetically divergent HEVgt3 and gt4 strains to the severity of the disease caused by them
[131-133]. By comparative genome sequence analyses, two silent mutations in HEVgt4
isolates and one amino acid exchange within the helicase domain of HEVgt3 strains have
been identified as presumed indicators of increased virulence of strains derived from mild and
severe clinical cases [131,132].
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2.5.1.3 Wild boar-associated novel genotypes
Although a consensus classification system for HEV genotypes is currently unavailable, HEV
variants from Japanese wild boar (Scrofa scrofa leucomystax) have provisionally been
classified into two novel genotypes (gt5 and gt6) [19]. Recent studies in wild boar indicate the
presence of different genetic lineages of presumably boar-indigenous HEV strains. In 2011, a
HEV strain divergent from gt1 to gt4 was reported from a wild boar sample collected in Japan
[104]. Subsequently, in a survey among wild boar that were also captured in Japan, 4.2% of
the animals were found with ongoing HEV infections, whereas one possessed a novel HEV
variant [134]. Further genetic analyses suggested to place these strains into novel genotypes
[84,86]. The geographical distribution, degree of variation as well as the host range and
zoonotic potential of these novel HEV variants remain unclear as these isolates have only
been found once in single animals. It can be assumed that the presence of several HEVgt3 and
gt4 strains and the novel distinct isolates in wild boar indicates that this animal species
represents a major reservoir for HEV [1].
2.5.1.4 Rabbit HEV
In 2009, a new HEV was isolated from farmed rabbits in China [135]. Subsequently, the virus
was detected in farmed rabbits from other regions of China [136-138], Mongolia [57], France
[139] and the USA [140-142]. Rabbit HEV was also found in wild rabbits from France [139].
A HEV strain closely related to rabbit HEV was detected in a human hepatitis E patient from
France, indicating a possible zoonotic transmission of rabbit HEV to humans [139]. The
rabbit HEV strains isolated to date show 73–77%, 70–76%, 75–82%, 71–77% identity to the
genotypes 1, 2, 3, 4 respectively, at the nucleotide level and 53–65% identity to avian HEV
isolates [143]. Phylogenetic analyses revealed that rabbit HEV isolates are most closely
related to HEVgt3 [142,144], although some authors have suggested that they represent a
novel genotype [135,145]. Anyhow, in phylogenetic trees all known rabbit HEV strains form
a cluster separated from HEVgt3 [146], thus indicating a separate evolution of the viruses in
the different hosts. Sequence and phylogenetic analyses revealed that a rabbit HEV strain
isolated in the USA is a distant member of the zoonotic HEVgt3, thus raising a concern for
potential zoonotic human infection. A unique 90-nucleotide insertion within the X domain of
the ORF1 was identified in the rabbit HEV, and this insertion may play a role in the species
tropism of HEV [141]. Interestingly, HEV sequences of a human strain in France and rabbit
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strains are closely related sharing a 93-nucleotide insertion [139]. A recent study indicated
that rabbit HEV belongs to the same serotype as human HEV [147]. Experimental inoculation
of rabbits with rabbit HEV led to seroconversion, fecal virus shedding, viremia and elevated
liver enzyme levels [129,148]. Evidence of chronicity was also observed in experimentally
rabbit HEV infected SPF rabbits as persistent fecal shedding and elevated liver enzymes were
observed for more than six months after infection [149]. Under experimental conditions,
rabbit HEV has been shown to infect non-human primates as they developed typical hepatitis
[150], thus indicating a zoonotic potential of the rabbit HEV. Pigs intravenously inoculated
with rabbit HEV strains developed transient viremia and sporadic virus shedding [140].
Moreover, rabbits could be experimentally infected with human HEVgt4 originated from
patients with acute hepatitis E [129,148]. Experimental infection of rabbits with HEVgt3 and
gt4 strains resulted in seroconversion, but virus shedding was dependent on the strain used
[129]. Findings indicate that rabbits may serve as a small animal model for several HEV
strains, but it remains to be determined whether the rabbit model also applies for wild boarderived HEVgt3 infections. A study in China found no evidence of natural cross-species
infection between pigs and rabbits [136].
2.5.1.5 Rat HEV
By the development of a hepevirus-specific broad-spectrum RT-PCR rat HEV was first
detected in Norway rats (Rattus norvegicus) caught in Germany [151]. A primer walkingbased approach resulted in the determination of the entire genome sequence of two strains,
which showed genome sequence similarities of only 49.5–55.9% to avian HEV strains and
HEVgt1 to gt4 strains, respectively [152]. These investigations revealed the existence of three
additional putative open reading frames in rat HEV [152]. Since then, rat HEV strains were
detected from wild rats in the USA, Vietnam, Indonesia and China [81,153-155], suggesting
that rat HEV infection is widely distributed in wild rats around the world. The multiple
detection of distinct HEV strains in different rat species resulted in the assumption of a rat
host specificity of this virus type [152,155-157]. However, rat HEV-related sequences was
recently found in the Greater Bandicoot rat (Bandicota indica) and the Asian musk shrew
(Suncus murinus), which might suggest a broader host range or spillover infections [153,158].
Previous detection of HEV-specific antibodies in other rodent species may indicate the
existence of further, antigenically related HEV strains [159-162]. The full-length genomes of
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rat HEV from Germany and Vietnam were determined [152,156,157], and partial sequences
of rat HEV detected from USA and Indonesia have been reported [81,155]. Nucleotide
sequence analyses suggest that the genome of rat HEV is genetically diverse [156,157].
Furthermore, the detection of a HEVgt3 from various species of wild rats in the USA has
recently been reported [123], suggesting that rats could be a host for mammalian HEV as
well. However, another report indicated that HEVgt1, gt2 and gt3 failed to infect SpragueDawley rats (Rattus norvegicus) [81]. At this time, the susceptibility and infectivity of human
HEV in rats still remains controversial. Wistar rats (Rattus norvegicus) could be
experimentally infected with a human HEV isolate (genotype not known) in earlier studies
[80]. Contrarily, in a more recent study [82] Wistar rats were resistant to intravenously
inoculated HEVgt1 originated from a cynomolgus monkey, HEVgt3 collected from a
domestic pig, or from wild boar-derived HEVgt4 isolates. The zoonotic potential of rat HEV
is controversially discussed. Experimental infections of rhesus monkeys [81] and domestic
pigs [140] with rat HEV were not successful. Contrarily, the inoculation of the virus into
laboratory rats led to seroconversion and virus shedding [81,82]. A hepatotropism of the virus
was found in experimentally and naturally infected rats, although obvious clinical symptoms
were not recorded [82,152]. Interestingly, the inoculation of nude rats with rat HEV led to
persistent infections [82]. To assess the zoonotic potential of rat HEV serological tools
capable of differentiating rat HEV-specific antibodies from those specific for HEVgt3 have
been developed as well [156]. A sero-epidemiological study in German blood donors and
forestry workers revealed that a few sera of forestry workers showed reactivity with rat HEVderived antigen [163]. Additionally, a higher reactivity with recombinant rat HEV antigen
than with the corresponding HEVgt3 antigen has also been detected in pig sera collected in
Germany [113]. Johne et al. 2014 suggested that these results might be explained by rare
human and pig infections by rat HEV or by infections with an antigenically related hepevirus
[1].
2.5.1.6 Bat HEV
In 2012, Drexler et al. initially described the existence of novel hepeviruses in bats based on a
screening in feces, blood and liver collected from several bat species using a hepevirus broadspectrum RT-PCR [164]. In this study, HEV was detected in African, Central American, and
European bats, forming a novel phylogenetic clade in the family Hepeviridae. Bat hepeviruses
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were highly diversified and comparable to human HEV in sequence variation, and no
evidence for the transmission of bat hepeviruses to humans was found [164]. Although high
viral loads were found especially in the liver, it is not known whether bat HEV infection
causes any disease in bats [164]. No data are currently available on the ability of experimental
transmission of bat HEV strains to bats or other mammals. Full-genome analysis of one
representative virus, as well as sequence- and distance-based taxonomic evaluations
suggested that bat hepeviruses constitute a distinct genus within the family Hepeviridae [164].
Drexler et al. concluded that this may imply that hepeviruses invaded mammalian hosts not in
recent times, and underwent speciation according to their host restrictions [164]. Moreover
the author assumed that human HEV-related viruses in animals might represent secondary
acquisitions of human viruses. This is in contrast to the assumption that animal precursors
were causally involved in the evolution of human HEV [164].
2.5.1.7 Novel HEV genotype in camelids
In a molecular epidemiology study of HEV in dromedaries in Dubai, United Arab Emirates, a
virus was detected in fecal samples from camels. Hence, comparative genomic and
phylogenetic analyses revealed a previously unrecognized HEV genotype. Complete genome
sequencing of two strains showed >20% overall nucleotide difference to known HEV strains
[165]. Further genetic analyses suggested to place this novel strain into the genus
Orthohepevirus A and genotype 7 [86].
2.5.1.8 Novel HEV-related virus in moose
Lately, a novel virus was detected in a sample collected from a Swedish moose (Alces alces).
The virus was suggested to be a member of the Hepeviridae family, although it was found to
be highly divergent from common HEV genotypes (HEVgt1 to gt4) [166]. Lin et al.
suggested that this moose-related HEV may be important as a potential unexplored HEV
transmission pathway for human infections, because moose are regularly hunted for
consumption in Scandinavia [166]. However, it remains to be investigated whether this novel
strain has a zoonotic potential. In comparison with existing HEV genotypes, the moose HEV
genome showed a general nucleotide sequence similarity of 37-63% and an extensively
divergent putative ORF3 sequence [166]. Moreover, phylogenetic analysis revealed that the
moose HEV formed its own branch between the HEVgt1 to gt4, and other divergent animal
HEV strains [166]. The sequence divergence between the moose-derived sequences and those
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from deer-derived HEVgt3 may indicate a specific association of the detected strain with the
moose, or may be alternatively explained by a spillover infection from a so far not identified
reservoir [166]. It is not known whether the moose-related HEV causes any disease in moose.
Interestingly, the animal was found to be emaciated, had a myocardial injury and infections
by Anaplasma phagocytophilum and other agents [166].
2.5.1.9 Putative carnivore HEV strains
By a next generation sequencing approach first molecular evidence of carnivore-borne
hepeviruses was obtained for household pet ferrets (Mustela putorius) in 2012 [167].
Thereafter, a distinct hepevirus strain designated fox hepevirus was identified in fecal samples
from red foxes [168]. Lately, in farmed mink from Denmark a further hepevirus was
identified, but was not detected in wild-living animals [169]. Phylogenetic analysis showed
that the mink-associated virus was clearly distinct from, but closely related to recently
reported ferret and rat HEV variants [167,169]. Until now, only the complete genome of ferret
HEV has been analyzed, whereas from mink hepevirus only a short-sized segment of ORF1
(261 nt), and for fox hepevirus segments of ORF 1 (362 nt) and ORF2 (295 nt) have been
explored [1]. Johne et al. suggested the ferret as the most likely reservoir of ferret HEV, and
the mink being the reservoir for another carnivore hepevirus [1]. Accordingly, the detection of
fox HEV in fecal samples of foxes from a region in The Netherlands may also suggest the fox
as a virus reservoir [1]. The authors pointed out as well, that this novel hepevirus may also
originate from a prey species, or a so far unknown rodent-borne hepevirus, which only run
through the gastrointestinal tract of the foxes [1]. Currently, the clinical impact of infections
with the carnivore-associated hepeviruses in their putative reservoirs is not known. Less is
reported about the current situation in pets. A recent study reported a sporadic acute hepatitis
E case of a 47-year-old man whose pet cat was tested positive for anti-HEV antibodies [170].
Lately, the seroprevalence of HEV infection among pet dogs and cats in China has been
investigated. The overall HEV prevalence in 658 dog and 191 cat serum samples was 21.12%
and 6.28%, respectively [171].
2.5.2 Avian HEV
Up to now, three genotypes (gt1 to gt3) and a putative new gt4 have been proposed for avian
HEV [172-176]. Phylogenetic analysis of the full or nearly complete genome of avian HEV
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strains indicated the presence of gt1 in Australia and Korea, gt2 in the USA, gt3 in Europe
and China and, more recently, a novel gt4 has been described in Hungary and Taiwan [172176]. Additional putative genotypes comprising isolates from North America and Europe
have been identified suggesting high diversity within avian HEV [177]. First, the avian HEV
was associated with big liver and spleen disease in Australia [16] and hepatitis-splenomegaly
syndrome in North America [178]. Later, avian HEV infection was associated with disease
outbreaks in chicken flocks worldwide [172,177,179-182]. Chickens affected by hepatitissplenomegaly syndrome typically have enlarged liver and spleen accompanied by a drop in
egg production and high mortality rates [182]. Characteristic histopathological changes may
include massive coagulative necrosis and non-specific hepatitis with a wide distribution of the
avian HEV through the liver [180,181]. Based on serological data, avian HEV is widespread
in chicken flocks with seropositive rates of approximately 71% in the USA, 90% in Spain and
57% in Korea [176,179,183]. However, the role of avian HEV in hepatitis-splenomegaly
syndrome is unclear, as the virus has also been detected in flocks with no history of this
syndrome [176,183,184]. Differences in virus strain, virus dose, diet and age were suggested
as potential co-factors for the manifestation of the full spectrum of clinical hepatitissplenomegaly syndrome [181]. Nevertheless, avian HEV strains recovered from healthy
chickens in normal flocks and previously considered to be avirulent were only slightly
attenuated in an experimental infection model [185]. Recently, a study determined if
recombinant capsid antigen derived from an avian HEV strain can induce cross-protection
against mammalian HEVgt3 challenge in a pig model. Although the protection was not
complete in all pigs, the results from this study revealed a certain cross-protection of the avian
HEV capsid antigen against mammalian HEVgt3 [186].
2.5.3 Fish hepevirus
In 1988 a virus was initially isolated from a cutthroat trout named cutthroat trout virus (CTV)
[187], and was recently found to be similar to mammalian and avian hepeviruses regarding
morphology and genome organization [188]. Using a salmon embryo-derived cell culture
system, a slow and focal cytopathic effect could be demonstrated upon CTV replication [187].
Batts et al. detected a broad geographical distribution of this virus in the western part of the
USA, including additional trout species [188]. The genome sequence similarity of the
prototype CTV isolate to mammalian HEVgt1 to gt4, rat HEV and avian HEV was found to
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be only between 38% and 49% [188]. The highest amino acid sequence similarity was found
within the ORF1-encoded polyprotein [188]. CTV-ORF3 is located centrally within ORF2,
which is different to all other hepeviruses, and the protein encoded by ORF3 shows only 13–
16% amino acid sequence similarity to that of HEVgt1 to gt4 [188]. Based on the high
diversity of the CTV genome it was discussed, whether the HEV-like virus from fish should
be classified into the family Hepeviridae or not [84]. Although the virus could be re-isolated
from some experimentally CTV infected trout and salmon species, mortality or microscopic
pathology was not observed [187]. Molecular epidemiological studies indicated a long-term
maintenance of the virus in populations, although a life-long carrier state and vertical
transmission have not yet been demonstrated for CTV [188]. The availability of a persistently
CTV infected cell line as well as susceptible animal models were prerequisites for the
screening of putative antiviral drugs [188]. Recently, salmon embryo cells were used to
demonstrate antiviral effects of different substances, such as ribavirin, testosterone and 17βestradiol [189].
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Human HEV infection

2.6.1 Acute hepatitis E
Hepatitis E affects humans in both industrialized and developing countries worldwide. In
industrialized countries sporadic cases of hepatitis E occur associated with ingestion of
contaminated animal meats, shellfish, and contact with infected animals [94,190]. Large
waterborne outbreaks due to poor sanitation conditions occur in developing countries such as
Bangladesh, India, Mexico, China, Egypt and other parts of Africa [190]. HEVgt1 and gt2
strains are limited to the human population, whereas gt3 and gt4 strains are zoonotic and
infect humans and other animals. Human to human transmission of HEV is considered rare;
however, transmission through blood products by transfusion has been reported [92]. The
clinical features of acute autochthonous hepatitis E caused by HEVgt3 and gt4 are
indistinguishable from those of hepatitis E in developing countries, except that patients are
usually older and mostly male [191]. However, in most cases the source of infection remains
commonly unclear [192].
In most patients, hepatitis E causes an asymptomatic and uncomplicated course of disease in
which the virus is quickly cleared [18]. Frequent symptoms seen in acute hepatitis E include
anorexia, jaundice, darkened urine coloration, hepatomegaly, myalgia, elevated liver enzyme
levels in the blood, and occasionally abdominal pain, nausea, vomiting, and fever [59,193].
After an incubation period of two weeks to two months, an acute HEV infection in humans
starts with a transient period of viremia and fecal virus shedding, whereby the symptomatic
phase associated with elevated liver enzyme levels lasts days to weeks (Figure 2.65). In the
majority of patients the disease is self-healing, with symptomatic and biochemical recovery
within four to six weeks [59,193]. In humans, the clinical course and pathogenesis of HEV
infection can vary substantially between individuals (Figure 2.75). In sporadic, acute hepatitis
E cases prolonged fecal virus shedding might be possible [194]. Moderate to severe liver
damage including swollen hepatocytes with giant cell formation, lymphocytic portal
infiltration, cholangitis, apoptosis of hepatocytes and parenchymal necrosis has been seen in
acute autochthonous hepatitis E [195,196]. The severity of HEV infection is considered dosedependent, and alcohol abuse or concurrent hepatic diseases have been described as
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contributing factors [6,59,193]. It has been shown that hepatitis E patients with underlying
chronic liver disease have a poor prognosis, as they frequently develop acute or subacute liver
failure [197-199]. Furthermore, in a person voluntarily infected with HEV, viremia was
detected before the onset of clinical symptoms, and disappeared from the peripheral blood at
the peak of disease. Anti-HEV IgM antibodies appear shortly after the onset of hepatitis
[200,201]. They decrease parallel with clinical symptoms, while anti-HEV IgG antibodies
normally persist for several years [201,202]. However, not all HEV infected patients had
detectable anti-HEV IgM in the first week following symptom onset, and the proportion of
IgM-positive cases declined monotonically over the time. Interestingly, most of the initially
IgM-negative patients had detectable HEV RNA in feces or serum [203]. In a small cohort
study, only six of ten hepatitis E patients with anti-HEV IgM during the acute phase of illness
developed detectable anti-HEV IgG [204].

Figure 2.6 Course of acute hepatitis E virus (HEV) infection.
Acute hepatitis E is characterized by symptoms such as fever, anorexia, vomiting, and jaundice, with onset
several weeks after initial exposure. The onset of clinical symptoms coincides with a sharp rise in serum alanine
transaminase (ALT) levels. Symptoms may persist for a few weeks to a month or more. ALT levels return to
normal during convalescence. HEV RNA may be detected in both serum and stool early in the course of
infection, but serum viremia may be difficult to detect by the time cases come to clinical attention. Anti-HEV
IgM titers increase rapidly and then wane over the weeks following infection, while anti-HEV IgG antibody
titers continue to rise more gradually during the convalescent period and detectable anti-HEV IgG may persist
for months to years. Reprinted from Krain et al. 2014 [111].

It was speculated that increases in T helper cells (CD4+CD8-) among patients with hepatitis E
may reflect increases in the natural killer cell population, which may in turn produce elevated
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levels of INF-γ [205]. In a previous study in humans with acute hepatitis E, patients showed
also increased numbers of cytotoxic T cells (CD8+CD4-) and CD4+CD8+ T cells compared
to healthy controls [206]. The elevation of CD4+CD25+Foxp3+ and CD4+CD25-Foxp3+
frequencies and the rise in IL-10 suggest that Tregs might be playing also an important role in
HEV infection associated with immunosuppressive immune responses [207]. Previously,
intrahepatic transcriptome analysis in primates indicated that innate immune responses in
HEV infection may play a role as well [77]. Moreover, NK cells may play an important role
in HEV infection, and IFN-γ productions by unstimulated PBMCs of hepatitis E patients
suggest NK and NKT cells as key players in HEV pathogenesis [111,205,208]. As HEV is
presumed to be a non-cytopathogenic virus, immunopathological mechanisms have been
proposed as reasons for the liver lesions [209,210]. Patients suffering from fulminant hepatitis
E show less marked antiviral cellular reactions but increased humoral responses than patients
undergoing mild infections [211]. These findings suggest a correlation between increased IgG
production and a poor clinical prognosis, indicating that hepatic injury is mediated by an
antibody-dependent enhanced activation of NK or NKT cells [211,212]. In addition,
differences in the pathogenicity between HEVg3 and gt4 have been suggested. In a Japanese
study, patients infected with HEVg4 had significantly higher liver enzyme levels than those
infected with HEVgt3 [213]. A study in France showed that the clinical presentation was
more severe in a small group of patients with HEVg4 infections, than in patients with HEVg3
infections [106].

Figure 2.7 Different patterns of hepatitis E virus infection.
Reprinted from Kamar et al. 2014 [214].
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2.6.2 Chronic hepatitis E
An increasing number of recent studies showed that HEV can cause chronic infection that can
rapidly result in cirrhosis, especially in immunosuppressed individuals [110]. Although the
majority of chronic HEV cases were diagnosed in the organ transplant patients [110,215],
several chronic cases were also seen in patients co-infected by HIV [216] and in patients with
hematological neoplasms treated with anticancer chemotherapy [217]. All chronic HEV cases
were observed in patients infected by HEVgt3 [110,218]. No case of chronic HEVgt1, gt2 or
gt4 infection has been described. All reported chronic HEV infections were autochthonous
and were not associated with travel activities. Persisting HEV replication for at least six
months is indicative for the diagnosis of chronic hepatitis [219]. However, in the context of
organ transplantation it was recently observed that no spontaneous clearance of HEV occurs
between three and six months after an acute infection. It can be assumed that chronic HEV
infection should be considered when HEV replication persists for more than three months
[219]. Chronic active hepatitis characterized by lymphoplasmacellular infiltration, periportal
activity and fibrosis was observed in organ-transplanted patients suffering from chronic
hepatitis E [220,221]. Interestingly, viremia for over nine months without seroconversion to
anti-HEV IgG was observed in this transplant recipient [221]. Kamar et al. suggested that an
inadequate antibody response resulted from immunosuppressive therapy [222]. Both viral as
well as host factors determine the course of the HEV infection, but detailed mechanisms
leading to different clinical outcomes are only partially understood [223]. CD2, CD3 and CD4
positive T cell subsets are significantly decreased in patients who develop chronic hepatitis
compared to those with spontaneous HEV clearance [110,224]. The use of a potent
immunosuppressant has also been associated with chronic HEV infection [224]. Additionally,
HEV-specific T cell proliferative responses are impaired in transplant patients, particularly in
those with chronic infection [225]. Moreover, lower serum concentrations of IL-1 receptor
antagonist and IL-2 receptor during the acute phase of HEV infection were observed in
individuals who developed chronic HEV infection compared to patients with resolving
hepatitis [226]. Great quasispecies heterogeneity, a weak inflammatory response, and high
serum concentrations of the chemokines involved in leukocyte recruitment to the liver in the
acute phase were also associated with persistent HEV infection [226].
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2.6.3 Hepatitis E in pregnancy
Studies in developing countries reported high mortality rates in HEV infected pregnant
females. The mortality rate in hepatitis E patients ranges from 0.5% to 4.0% in immunecompetent individuals, and concurrent pregnancy attributed to increases in mortality up to
25% [218]. Pregnant women die of obstetric problems, including hemorrhage or eclampsia, or
develop fulminant hepatic failure. Miscarriage and premature birth have also been observed
[227]. Up to now, increased mortality in pregnancy has only been associated with HEVgt1
and gt2 [227-229]. The cause of increased maternal mortality in patients with HEV infection
is uncertain. During pregnancy the T cell activity is reduced, Th2 cell responses predominate
and the antigen presentation in the placenta is down-regulated [227]. Studies in pregnant
women with fulminant hepatic failure caused by hepatitis E have shown significant
differences in immunological responses [230-234]. Moreover, higher HEV loads were
observed in pregnant women compared to non-pregnant women [235,236].
2.6.4 Extrahepatic disorders
In addition to the classical hepatic manifestations, HEV can also cause extrahepatic disorders
including a range of neurological syndromes, renal injury, pancreatitis, and hematological
disorders. Neurological symptoms were described for HEVgt1 and gt3 infections [237]. HEV
RNA was detected in the cerebrospinal fluid of patients with chronic HEV infection and
neurological symptoms [109]. Evidence of quasispecies evolution associated with
neurological symptoms was shown in a kidney transplant recipient infected chronically with
HEV. This suggests that HEV-associated neurological injury might be linked to the
emergence of neurotropic variants [238]. More recently, cases of Guillain-Barré syndrome
associated with HEV infection were described [239,240]. Furthermore, impaired renal
function was noted in acute and chronic HEV infections [241,242]. Glomerular disease was
observed in immunocompetent [243] and organ transplant patients infected with HEV [242].
The pathophysiological mechanisms of HEV-associated renal injury are uncertain, but
cryoglobulinemia may play a role, as cryoglobulinemia has been documented for patients
with chronic infection [242]. Furthermore, acute pancreatitis was associated with HEV
infection, but only with the HEVgt1 [244-246]. In addition, thrombocytopenia and aplastic
anemia have been reported for acute HEV infection [247,248].
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Porcine HEV infection

2.7.1 Natural HEV infection in domestic pigs
In 1997, it was discovered that HEV could not only be found in humans, but also in domestic
pigs in farms in the USA [11]. Swines serve as a major reservoir for zoonotic HEVgt3 and gt4
[18], and infection is common and widespread in swine farms worldwide in both developing
and industrialized countries [249]. Serological and molecular prevalence studies of HEV in
swine revealed variable results in essentially all swine-producing countries. Irrespectively of
the human population, swine HEV infection is highly prevalent in pigs [250]. In a study in
Canada, HEV RNA was detected in 98.04% of fecal samples and 49.02% of plasma samples
[251], while the overall anti-HEV antibody prevalence in pigs was 88.8% in Quebec, 80.1%
in Ontario, and 25% in Prince Edward Island [252]. In a nationwide study of 3925 pigs of one
to six months of age in Japan, 93% of farms and 57% of swine were positive for anti-HEV
IgG, and 84% of pigs were seropositive by six months of age [253]. In The Netherlands, the
highest prevalence of HEV RNA in swine at 53% was found on farms housing pigs one to
seven months of age [254]. A study in Spain revealed that 98% of swine herds were
seropositive since 1985 [255].
Like in humans, the fecal-oral route is considered the main infection route, including direct
contact and environmental contaminations responsible for HEV transmission in pigs [256258]. Urine was identified as a possible source for oral HEV infection as well [259]. Virus
transmission via colostrum has been assumed, whereas transplacentar infection is
controversially discussed [260-262].
As demonstrated in naturally HEV infected domestic pigs, animals are typically infected at
two to four months of age with a transient viremia lasting one to two weeks, and fecal viral
shedding lasting three to seven weeks [261]. Effectively 86% of pigs are naturally infected by
eighteen weeks of age [251]. Following the decline of maternal antibodies piglets infect
themselves with HEV at about two months of age. Seroconversion to anti-HEV IgM, which is
associated with the peak of fecal virus shedding, is followed by seroconversion to anti-HEV
IgG peaking at four months of age with subsequent clearance of the virus from feces
[251,261]. Figure 2.8 depicts an approximation of the natural time course of HEV infection in
pigs. However, the age at HEV infection is not strictly dependent upon the proportion of
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piglets with maternal antibodies, but is also linked to farm-specific husbandry and hygiene
practices [263]. There are several reports on pigs at slaughterhouse carrying HEV [264-267].
Interestingly, the presence of antibodies does not always mean a virus elimination, as antiHEV antibodies and HEV RNA have been detected simultaneously in sows, suggesting that
they act as viral reservoirs [264].

Figure 2.8 Approximation of the natural time course of HEV infection in pigs.
Representation of the kinetics of seroconversion: maternal anti-HEV antibodies (dark blue), IgM anti-HEV
(green), IgG anti-HEV (light blue) and fecal excretion of HEV (red) in pigs infected naturally. Reprinted from
Pavio et al. 2010 [92].

Whether naturally acquired HEV infections have an effect on the histological status of the
liver remains unclear. Following a subclinical course of HEV infection, swines develop only
mild microscopic lesions in the liver and associated lymph nodes [11,79]. A prospective study
in four naturally HEV infected piglets, the virus of which originated in swine, did not show
any apparent gross lesions during necropsy, but characteristic microscopic lesions of hepatitis,
lymphoplasmacytic enteritis and interstitial nephritis, respectively [11]. In naturally HEV
infected pigs viral antigen was consistently detected in hepatocytes, either diffusely or
confined to foci, and positive immunohistochemical signals were also detected in small and
large intestine, lymph node, tonsil, spleen, and kidney [268]. However, the presence of HEV
RNA in relation to histological alterations of the liver could not be confirmed by another
study [264].
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2.7.2 Experimental HEV infection in domestic pigs
Experimentally infected domestic pigs effectively produce infection with HEVgt3 and gt4.
Therefore, this naturally occurring swine model is very useful for the investigation of several
aspects of HEV replication, pathogenesis, and cross-species infection [18]. In experimentally
HEV infected domestic pigs microscopic lesions include mild to moderate multifocal and
periportal lymphoplasmacytic hepatitis, and mild focal hepatocellular necrosis. Moreover,
HEV RNA was detectable in feces, liver tissues, and bile [269]. In contact-infected piglets,
HEV RNA was detected in feces by one week post infection, with the infectious period
estimated as approximately seven weeks [259]. No observable clinical disease or elevation of
liver enzyme levels were found in experimentally HEV infected domestic pigs, but viremia,
fecal virus shedding and seroconversion could be detected fairly quickly [17,79,269,270].
Comparable to natural conditions, pigs are not susceptible to experimental infections with
HEVgt1 or gt2 [17], but viremia and fecal shedding for eight weeks were shown in pigs
inoculated with a human HEVgt4 isolate [125]. Experimentally, swines are promptly infected
via intravenous inoculation, but the oral route of inoculation is relatively inefficient [93]. The
most effective transmission route in experimentally infected pigs has been shown by
intravenous inoculation of HEV containing material, such as serum, fecal suspensions, bile or
liver homogenate [17,79,259,269,271]. However, intravenously as well as orally infected pigs
were able to transmit HEV effectively to contact animals [259,272]. Anyhow, viral RNA in
feces and serum was detected earlier and longer in intravenously infected pigs compared to
contact-infected animals [259]. Moreover, a human HEV isolate seems to be more virulent in
experimentally infected pigs than HEV recovered from swine [269].
As seen in pigs naturally infected with HEV, viral RNA can be found in different tissues of
experimentally infected animals [259,270,273]. Moreover, HEV has been detected to a greater
extent in pigs infected with a human HEV isolate, and extrahepatic replication sites have been
demonstrated [273]. Hepatic lesions such as lymphoplasmacytic infiltration and focal
necrosis, however, support the assumption that the liver represents the primary target organ
for HEV in pigs [259,269]. Moreover, HEV RNA and viral antigen were mainly found in
hepatocytes, Kupffer cells and bile epithelial cells by in-situ-hybridization and
immunohistochemistry, whereas lymphatic tissue and the intestinal tract were less frequently
tested positive [270,274]. Recently, a study in HEV infected pigs demonstrated that both IFN-
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α and Mx protein expression are inversely correlated with the number of HEV infected cells
[275]. Thus, the number of HEV infected hepatocytes declined while lymphoplasmacytic
hepatitis increased significantly during the experiment [275]. Possibly, IFN-α-induced Mx
activity is part of the antiviral response, however, changes in IFN-α and Mx protein
expression might be also caused by the decrease of HEV-positive cells in the pigs recovered
from infection [275]. More recently, Dong et al. indicated that HEV has developed
mechanisms to suppress IFN-α signaling [276].
2.7.3 HEV infection in wild boar
In 1999, a first study found anti-HEV antibodies in 17% of investigated free living pigs [15].
Nowadays, the wild boar is assumed to be an important natural reservoir for HEVgt3 and gt4
[104,277-279]. Recent studies in Asia and Europe revealed high HEV seroprevalences and
molecular evidence for HEV infection in wild boar [280-287]. Descriptive studies on HEV
prevalence in wild boar in Japan vary from 4.5 to 34.3% in anti-HEV seropositivity and 1.1 to
13.3% in HEV RNA detection [253]. In Germany, wild boar is discussed as one of the main
sources of human autochthonous infections [288,289], and HEV RNA was reported in sera,
bile and liver of wild boar [287,289,290]. HEV isolates obtained from wild boar show great
genetic divergence, similar to HEV in humans and domestic pigs [287]. Nevertheless, strains
from Europe are all assigned as HEVgt3, and are genetically closely related to human strains
circulating in the respective area [291,292].
Severe human HEV infection after ingestion of uncooked liver from wild boar was reported in
Japan, whereas foodborne zoonotic transmissions in Europe have been primarily associated
with domestic pigs [89,116]. A wild boar derived-HEVgt4 isolate shared 98.6% identity over
the entire genome with a human HEV isolate obtained from a patient who developed acute
hepatitis after consuming undercooked wild boar meat [104]. Furthermore, individuals with
direct contact to pigs are at higher risk of HEV infection and as mentioned before, forestry
workers have a higher HEV seroprevalence rate compared to blood donors [163,293,294].
Phylogenetic analyses of Japanese HEV isolates indicated former transmission events from
domestic pig to wild boar [295]. Pathological lesions in wild boar have not yet been
investigated, but it can be assumed that clinical and pathological effects in HEV infected wild
boar are probably similar to those seen in domestic pigs [296].
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Detection of HEV

The commonly used tests for HEV infection in humans and animals include the detection of
IgM and IgG anti-HEV antibodies, less frequently anti-HEV IgA, and the detection of HEV
RNA. IgM anti-HEV antibodies can be detected during the first few months after HEV
infection, whereas IgG anti-HEV antibodies represent either recent or past exposure. HEV
infection is usually confirmed by (quantitative) RT-PCR. However, these assays should be
standardized to increase reliability. The presence of HEV RNA indicates current infection, be
it acute or chronic [297].
Laboratory diagnosis uses serum samples to detect anti-HEV antibodies with western blot
assays, indirect enzyme-linked immunosorbent assays (ELISAs) or line assays. For
serological tests in domestic pig, meat juice may be a feasible alternative to serum [298]. In
humans, anti-HEV IgM levels peak around the time of the ALT peak and may persist for up
to five months after the onset of disease [299]. Shortly after the appearance of IgM, IgG
antibodies develop and persist throughout the acute and the convalescent phases, remaining
high for at least one year after illness recovery. The presence of IgG antibodies is a marker of
previous exposure to HEV, but the exact duration of immunity to HEV is not clarified, since
reinfection with HEV has been documented [300]. IgA has a similar onset, but although
detectable in serum, it is not screened for in most studies [301]. Commercially available
immunoassays differ substantially in their sensitivity and specificity for the diagnosis of acute
HEV infections [302], with a sensitivity of around 90% and false-positive results varying
from 0.3% to 2.5% [302,303]. The variability in HEV genome leads to antigenic variations
with important impact on the construction of specific, sensitive and reliable immunoassays
[304]. HEVgt1 to gt4 is represented by one serotype, and HEV-specific antibodies appear to
be detectable with antigens of all four genotypes. In various assays different antigens were
used, even rat HEV antigen [154,305-307]. Broad performance variability among HEV strains
with poor sensitivity were seen in assays focusing on pORF3. Conversely, all HEV isolates
share some important cross-reactive antigens, especially within the pORF2 being an important
key antigen that stimulates the host immune response [100]. HEV recombinant proteins have
been used in different formats of diagnostic assays.
For the detection of antibodies against HEV in human serum specimens, a commercially
available immunoblot test recomBlot HEV IgG/IgM using overlapping recombinant proteins
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covering the entire ORF2, and one recombinant protein covering ORF3 was recently
developed (Mikrogen GmbH, Neuried, Germany). This test was adapted for detecting
antibodies in swine and used to show HEV-specific seroprevalence of 49.8% among domestic
pigs in Germany [114].
Different ELISAs for the detection of anti-HEV antibodies in serum specimens using E. coliexpressed HEV antigens and VLPs expressed in insect cells have been developed [308-314].
Most diagnostic formats are based on the use of host-specific detection reagents, such as antihuman or anti-swine antibody. A host-independent detection is the double-antigen sandwich
ELISA [299]. An assay based on this format was recently developed for the detection of antiHEV in human and animal specimens [315]. Two of the most widespread commercial tests
are the MP Diagnostics HEV ELISA kit (MP Biomedicals, Santa Ana, CA, USA; formerly
Genelabs Diagnostics, Singapore), utilizing short C-termini of pORF2 and pORF3 of HEVgt1
and gt2, and the Abbott HEV EIA (Abbott Diagnostics, Lake Forest, IL, USA), using the
complete pORF3 and a significant portion of pORF2 of gt1. In European surveys the HEV
Ab-ELISA kit (Axiom, Buerstadt, Germany) is often used, which is a double-antigen
sandwich ELISA based on pORF2 of gt1. The PrioCHECK HEV Ab porcine assay (Prionics,
Schlieren-Zurich, Switzerland) is an indirect ELISA for the detection of anti-HEV IgG in
domestic pig, and is based on pORF2 and pORF3 from both gt1 and gt3.
In addition, immunochromatographic methods for the detection of serological markers of
HEV infections have been developed. A rapid immunochromatographic assay ASSURE™
has been developed by Genelabs Diagnostics, Singapore (nowadays MP Biomedicals, Santa
Ana, CA, USA), and evaluated for the detection of IgM anti-HEV in serum specimens from
patients with acute hepatitis E infection [316].
To date, detection of HEV RNA by molecular genetic methods is considered the “gold
standard” [317]. Detection of RNA is performed by different RT-PCR methods, amplifying
genomic fragments in one of the three ORFs [151,287,318-320]. RT-PCR assays published so
far are in-house tests characterized by a high degree of performance variability [321]. HEV
RNA can be found in blood and feces of patients during the late prodromal phase, and is
detectable in the feces for another two weeks [92,322]. The time of viremia is very short;
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however, undetectable HEV RNA does not exclude HEV infection. Sequencing of the PCR
product allows further determination of the HEV strain.
In immunocompromised patients such as transplant recipients, HEV diagnosis is generally
based on the detection of HEV RNA, as testing for antibodies may give false-negative results
due to immunosuppression. In this setting, HEV RNA detection and quantification may also
have a role in monitoring the clinical response to antiviral therapy [300,323]. In different
tissue specimens negative sense HEV RNA, which is an indicator of active viral replication,
can be demonstrated by in-situ-hybridization as well [270,273,324].
Recently, the proof of the presence of HEV antigen was introduced as an additional early
diagnostic marker [317,325]. However, the application of HEV antigen screening is currently
inferior for the early detection of HEV infection due to the decreased sensitivity compared to
nucleic acid amplification technology methods [326]. The presence of HEV antigen in
different tissues using immunohistochemistry was recently demonstrated in swine [268].
More recently, an immunohistochemical method for the detection of HEV antigen in liver
tissue of hepatitis E patients was described representing a valuable tool for the detection of
HEV infection in biopsy, autopsy and explant liver tissues [327].
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Prevention and therapy of HEV infection

In contrast to hepatitis B and C, hepatitis E is mostly a self-limited infection, although it has a
high mortality in pregnant women and can develop a chronic form in immunocompromised
patients. Ribavirin and pegylated INF-α are the only achievable therapies, but both have side
effects which are not justifiable for prophylaxis or treatment of mild infections [2,328-330].
As recently shown, HEV inhibits type I interferon induction by ORF1 products in vitro [331].
Anyhow, these drugs are potentially contra-indicated for specific individuals, such as
pregnant women, patients with specific organ transplants or with co-morbidities [2].
As up to now only experimental antiviral therapies exist, only the prevention of HEV
infections is pivotal. In both industrialized and developing countries, sewage water has been
shown to contain infectious HEV strains that are closely related to circulating strains in
humans and animals [61,332]. In The Netherlands, HEV RNA of gt3 was detected in river
water which most likely originated from sewage [254]. Run-offs from animal facilities have
been implicated in human HEV infections with the detection of infectious HEVgt3 in the
animal manure and wastewater [254]. HEV infection can be prevented by providing clean
drinking water and improving the sanitary infrastructure, especially in developing countries
where general standards of hygiene are low, and the morbidity and mortality of HEV and
other water-related pathogens are elevated [333]. Inadequate disposal and treatment of sewage
and contamination of drinking and irrigation water can lead to epidemics in developing
countries [71,334]. Environmental catastrophes and annual flooding are also associated with
increased HEV infection rates especially in regions where river, pond, or well water use is
prevalent [335]. Recently, a HEV inactivation study indicated that the use of chlorine
disinfection is an effective strategy to control HEV waterborne transmission [336]. However,
as transmission route for HEVgt3 and gt4 is likely zoonotic other methods of prevention are
needed. The meat products from HEV-infected reservoir animal species are capable of
transmitting HEV to humans and are a public health concern [334]. Prevention of foodborne
HEV transmission relies on avoiding consumption of undercooked animal meat especially
when immunocompromised, following good hygiene practices, and being aware of increased
risks when traveling to endemic or hyper-endemic regions of the world [94,337]. For
example, three cases of hepatitis E in Japan were associated with the consumption of
undercooked or raw pork presumably from the same restaurant [117]. Boar meat consumption

Literature review

37

was positively associated with HEV infection in a case-control study in Germany [288]. It has
been shown that HEV is completely inactivated when heated above 70°C [49]. However, the
opinions differ considering lower temperatures for viral inactivation. Some studies revealed
that an incubation temperature of 56 to 60 °C for 30 to 60 min may be sufficient [49,338],
while others report remaining infectivity of virus incubated at 56°C [209,339]. Moreover,
attempts should also focus on the protection of risk groups, such as veterinarians and
slaughter house personnel [119,294]. Although rarely, HEV can be transmitted via blood
transfusion [340-342], suggesting that screening of donor blood may be warranted especially
in endemic areas. In addition, vertical transmission of HEV has been reported [343],
indicating that extra caution is required in pregnant women.
Vaccination would be an effective strategy to prevent HEV infection. Recently, such a HEV
vaccine based on a recombinant truncated capsid protein was approved in China (Hecolin®)
[344]. This vaccine, HEV 239, is a 26-kDa protein encoded by ORF2 of HEVgt1 [345]. The
vaccine is expressed in E. coli and occurs in solution as VLPs containing at least two T cell
epitopes [346]. In a phase II study conducted among seronegative adults, the vaccine was
found to be safe and immunogenic [347]. In a phase III trial the vaccine was well tolerated
and protected against hepatitis E, with an efficacy of 100% [344]. This vaccine has been
licensed for usage in China, but it is not certain if and when this vaccine will also be licensed
for human usage in other countries [214]. Another recombinant vaccine successfully
completed phase II clinical trials in Nepal [348], but further development was halted. This
vaccine is a recombinant protein encoded by ORF2 of a HEVgt1 strain, expressed in insect
cells. Vaccination was well tolerated and highly immunogenic, with efficacy against HEV
infection in 95.5% [348]. Such vaccines may be useful as a prophylactic measure in high-risk
patients such as immunocompromised patients and pregnant women as well. This would
require specific clinical trials to demonstrate protective efficacy of a HEV vaccine in these
populations, but such studies have not been reported yet [2].

38

Manuscript I

3. Manuscript I: Natural and experimental hepatitis E virus genotype 3 infection in European wild boar is transmissible to domestic pigs

Natural and experimental hepatitis E virus genotype 3 - infection in
European wild boar is transmissible to domestic pigs

Josephine Schlosser1, Martin Eiden1, Ariel Vina-Rodriguez1, Christine Fast1, Paul Dremsek1,
Elke Lange2, Rainer G Ulrich1, Martin H Groschup1*

* Corresponding author
Email: martin.groschup@fli.bund.de

1

Institute of Novel and Emerging Infectious Diseases, Friedrich-Loeffler-Institute, Suedufer
10, 17493 Greifswald-Insel Riems, Germany
2

Department of Experimental Animal Facilities and Biorisk Management, Friedrich-LoefflerInstitute, Suedufer 10, 17493 Greifswald-Insel Riems, Germany

This manuscript was published in Veterinary Research:
Schlosser J., Eiden M., Vina-Rodriguez A., Fast C., Dremsek P., Lange E., Ulrich R.G.,
Groschup M.H., Natural and experimental hepatitis E virus genotype 3 - infection in
European wild boar is transmissible to domestic pigs, Veterinary Research (2014) 45:121
(doi: 10.1186/s13567-014-0121-8).

Manuscript I

3.1

39

Abstract

Hepatitis E virus (HEV) is the causative agent of acute hepatitis E in humans in developing
countries, but sporadic and autochthonous cases do also occur in industrialized countries. In
Europe, food-borne zoonotic transmission of genotype 3 (gt3) has been associated with
domestic pig and wild boar. However, little is known about the course of HEV infection in
European wild boar and their role in HEV transmission to domestic pigs. To investigate the
transmissibility and pathogenesis of wild boar-derived HEVgt3, we inoculated four wild boar
and four miniature pigs intravenously. Using quantitative real-time RT-PCR viral RNA was
detected in serum, faces and in liver, spleen and lymph nodes. The antibody response evolved
after fourteen days post inoculation. Histopathological findings included mild to moderate
lymphoplasmacytic hepatitis which was more prominent in wild boar than in miniature pigs.
By immunohistochemical methods, viral antigens were detected mainly in Kupffer cells and
liver sinusoidal endothelial cells, partially associated with hepatic lesions, but also in spleen
and lymph nodes. While clinical symptoms were subtle and gross pathology was
inconspicuous, increased liver enzyme levels in serum indicated hepatocellular injury. As the
fecal-oral route is supposed to be the most likely transmission route, we included four contact
animals to prove horizontal transmission. Interestingly, HEVgt3-infection was also detected
in wild boar and miniature pigs kept in contact to intravenously inoculated wild boar. Given
the high virus loads and long duration of viral shedding, wild boar has to be considered as an
important HEV reservoir and transmission host in Europe.
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Abstract

As shown recently, wild boar-derived HEV genotype 3 (HEVgt3) is transmissible to domestic
pigs and causes a variable degree of hepatic lesions supporting the assumption that liver
damage in pigs might be immune-mediated. In swine, detailed studies of cellular immunity to
HEV infection are not available yet. Therefore, we have investigated the cellular immune
responses to HEVgt3 of intravenously inoculated wild boar and of horizontally infected
domestic pigs (contact animals exposed to infectious feces), and compared them to infected
wild boar and contact pigs which were immunosuppressed by dexamethasone. Non-infected
dexamethasone treated animals served as additional controls for the evaluation of
immunosuppressive effects. As determined by flow cytometry there is a strong cellular
immune response as revealed by the increases in the numbers of CD8+CD4- T cells,
CD4+CD8+ T cells and γδTCR+CD2+CD8+ T cells in the PBMCs in HEV infected wild
boar. This effect was less pronounced in the HEV-challenged animals, which had received
dexamethasone. However, irrespective of the immunosuppression, comparable liver lesions
were found in all infected animals and the dexamethasone treatment had no effect on the
viremia levels, humoral immune responses and virus shedding of the HEVgt3 infected
animals. Indeed, the infection was spread to all contact pigs independent on their immune
status. In conclusion, immunosuppressive effects of dexamethasone were proven, but did not
affect substantially the course of hepatitis E in wild and domestic swine.
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Introduction

Hepatitis E virus (HEV), the causative agent of hepatitis E in humans, is the sole member of
the genus Hepevirus in the family Hepeviridae. It is a small, non-enveloped virus with a
single-stranded, positive sense RNA genome of approximately 7.2 kb encoding three open
reading frames (ORF). In humans, the main transmission pathway of HEV is the fecal-oral
route, commonly through contaminated water supplies. Especially in developing countries
with poor sanitary conditions epidemics and small outbreaks of hepatitis E occur [59].
However, increasing cases of sporadic and autochthonous HEV infections are also found in
industrialized countries for which the source of infection remains enigmatic most of the times
[91,116]. Recently, several HEV-related viruses were identified in other species which
significantly broadened the host range and diversity of HEV. A consensus classification
system for the family Hepeviridae is currently unavailable, but a new taxonomic scheme in
which the family is divided into the genera Orthohepevirus (Orthohepevirus A with isolates
from human, pig, wild boar, deer, mongoose, rabbit and camel; Orthohepevirus B with
isolates from chicken; Orthohepevirus C with isolates from rat, greater bandicoot, Asian musk
shrew, ferret and mink; Orthohepevirus D with isolates from bat) and Piscihepevirus has been
proposed [19]. Within the mammalian HEV isolates, genotypes (gt) 1 and gt2 are restricted to
humans, whereas gt3 and gt4 contain also zoonotic strains. HEV gt3 and gt4 have been found
in domestic pigs, wild boar, deer, mongoose, monkeys and rats which therefore represent
potential natural reservoirs respectively [94]. In Europe and Asia, food-borne zoonotic
transmissions of HEV have been primarily associated with the consumption of contaminated
raw or undercooked meat from domestic pigs and wild boar [89,116,288]. Moreover, the
direct contact to pigs has been suggested as an additional risk factor for humans for
contracting an HEV infection [163,349]. In domestic pigs and wild boar HEVgt3 and 4
infections are fairly common. High antibody prevalence rates and molecular evidence for
HEV infection have been found recently, and phylogenetic studies indicate historic
transmission events from domestic pig to wild boar [289,295,350]. In consequence, hepatitis
E is an emerging zoonosis for which Suidae should be considered as main reservoir [21]. In
humans, the clinical course and pathogenesis of HEV infection can vary substantially. As
HEV is presumed to be a non-cytopathogenic virus, immunopathological mechanisms have
been proposed as reasons for the liver lesions [209,210]. While HEV gt1 and gt2 are causing
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acute hepatitis primarily, HEVgt3 can also induce a chronic hepatitis in immunocompromised
patients [110]. Both viral as well as host factors determine the course of the HEV infection,
but detailed mechanisms leading to different clinical outcomes are not really understood
[223]. As recently shown, HEV inhibits type I interferon induction by ORF1 products in-vitro
[331]. Moreover, natural and experimental HEVgt3 infection in European wild boar is
transmissible to domestic pigs and causes variable degree of hepatic lesions supporting the
assumption that liver damage in pigs might also be immune-mediated [351].
Data on the cellular immune response following an HEV infection in humans are sparse,
while data on pigs are missing completely. Therefore, we investigated this response following
a HEVgt3 infection in wild boar and domestic swine. Moreover, we have assessed whether a
dexamethasone treatment, which conveys potent immunosuppressive effects [352], affects the
clinical course and pathological outcome of this infection in wild boar. In order to prove
horizontal HEVgt3 transmission and determine differences in the susceptibility to HEVgt3
infection dependent on the immune status, dexamethasone treated and non-treated domestic
pigs were kept in contact to infectious feces derived from the intravenously inoculated wild
boar.
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Material and methods

4.3.1 Inoculum
The HEV gt3 strain used in this study originated from a liver sample of an experimentally
infected wild boar [351]. The liver was frozen immediately and stored at −70 °C. For
preparation of the inoculum, the liver was ground in phosphate-buffered saline (PBS) with a
mortar and pestle (10%, w/v). The suspension was transferred to a 15 mL tube and mixed for
1 min using a vortex mixer. After centrifugation (20 min at 4000 × g at 4 °C) the supernatant
was transferred to a new tube and filtered (0.22 µm MILLEX®GP filter unit, Millipore,
Ireland). The suspension was aliquoted in volumes of 2.5 mL and stored at −70 °C. The
inoculum contained about 2 × 104 HEV genome equivalents per µL RNA.
4.3.2 Study design
The experimental setup included 5 experimental groups overall containing 12 European wild
boar (Sus scrofa scrofa) of 6 month of age and 8 domestic pigs (S. scrofa domestica) of 2
months of age. In order to assemble similar weight categories (20 to 30 kg), animals were
chosen according to their body weights. Prior to the start of the study all animals were tested
to be negative for anti-HEV antibodies in serum and HEV RNA in feces, respectively. Groups
1A and 1B consisted of wild boar (n = 4 each) and were kept in two separated pens. To assess
the influence of the immune status on infection dynamics and shedding, animals of group 1B
were immunocompromised by dexamethasone injections 1.5 weeks prior and 1.5 weeks after
the infection (doses of 0.5 mg / kg dexamethasone per animal at 9 different time points). Wild
boar in these groups were inoculated intravenously (2.0 mL liver suspension per animal) via
the Vena cava cranialis. Uninfected, dexamethasone dosed wild boar (group 1C; n = 4)
constituted immunosuppression controls. Biochemical blood parameters, total white blood
cell and lymphocyte cell counts were determined in all animals throughout the experiment.
Groups 2A and 2B comprised four domestic pigs each, which were housed in two separate
pens. Animals in group 2B were immunocompromised with dexamethasone like the wild boar
in group 1B. Until necropsy of the wild boar (30 days post inoculation), feces were
transferred from group 1A to groups 2A and 2B to facilitate horizontal HEV transmission.
Blood and fecal samples were collected at time points 0, 1, 4, 6, 9, 13, 15, 18, 21, 24, 28, 30
days post inoculation (dpi) in group 1A and 1B, respectively at 0, 1, 4, 6, 9, 13, 15, 18, 21, 24,
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28, 31, 36, 41 dpi in group 2A and 2B. Aliquots of serum samples were stored at -20°C for
antibody detection and at -70°C for RNA extraction. Blood samples containing
ethylenediaminetetraacetic acid (EDTA) as anticoagulant were collected for blood cell count
and flow cytometry analyses. Fecal samples were diluted in isotonic saline solution (5%, w/v)
and stored at -70°C for RNA extraction. The study was terminated after 30 dpi for group 1A,
1B and 1C, and after 41 dpi for group 2A and 2B. For virological and immunohistochemical
investigations the following samples were taken at necropsy: liver (4 locations including the
right, left, caudate and quadrate lobe), bile and gall bladder, different lymph nodes (including
liver, mesenteric, colic, pulmonary, cervical and mandibular lymph nodes), thymus, pylorus,
small and large intestine, cecal ingesta, pancreas, kidney, spleen, tonsil, heart, brain, gonads,
uterus or prostate gland, vagina or bulbourethral gland, parotid and sublingual gland, tongue
and quadriceps femoris muscle. For histological examination one part of each tissue sample
was fixed immediately in 4% neutral buffered formalin and for RNA extraction the other part
was stored at -70°C. Bile samples and diluted cecal ingesta (5%, w/v in isotonic saline
solution) were stored at -70°C for RNA extraction.
All experiments were carried out under high containment conditions (biosafety level 3**)
taking into account animal welfare regulations and standards according to EU Directive
2010/63/EU and institutional guidelines. The experimental protocol was reviewed by an
independent animal welfare and ethics committee and was approved by the competent
authority (State Office for Agriculture, Food Safety and Fisheries of Mecklenburg-Western
Pomerania, Rostock, Germany, reference number LALLF M-V/TSD/7221.3-1.1-022/13).
4.3.3 Clinical chemistry
Serum samples were analyzed longitudinally by a spectrophotometric method in an automated
analyzer (VetScan Chemistry Analyzer, Abaxis, Union City, USA) using special rotors
(VetScan Mammalian Liver Profile reagent rotor, Abaxis) to provide quantitative results for
alanine aminotransferase (ALT), albumin (ALB), alkaline phosphatase (ALP), bile acids
(BA), total bilirubin (TBIL), total cholesterol (CHOL), gamma-glutamyl transferase (GGT)
and blood urea nitrogen (BUN) in serum. Normal enzymatic activity ranges of the
biochemical parameters were calculated on the basis of two independent samples taken from
the wild boar and domestic swine prior to the infection respectively (n = 24 for wild boar and
n = 16 for domestic pigs).
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4.3.4 Anti-HEV antibody ELISA
Sera were tested for the presence of anti-HEV IgG-antibodies with the PrioCHECK HEV Ab
porcine ELISA kit (Prionics AG, Schlieren-Zurich, Switzerland) according to the
manufacturer's instructions. ELISA uses recombinant HEV genotype 1 and 3 antigens for the
detection of anti-HEV antibodies (IgG) in porcine serum or meat juice.
4.3.5 RT-qPCR
From all serum samples, fecal and cecal ingesta suspensions, and bile samples a manual
extraction of viral RNA was performed using the QIAamp® Viral RNA Mini Kit (QIAGEN
GmbH, Hilden, Germany) according to manufacturer's recommendations. From all tissue
samples, viral RNA was extracted using the RNeasy Mini Kit (QIAGEN GmbH). An internal
control RNA was added for both extraction methods as described previously [353]. HEV
RNA was detected by a novel diagnostic quantitative real-time RT-PCR assay (RT-qPCR)
using the CFX96™ Real-Time System (Bio-Rad Laboratories GmbH, Munich, Germany). All
primer and probes used in this study are listed in Additional file 1. The RT-qPCR was
performed using the QuantiTec Probe RT-PCR kit (QIAGEN GmbH) in 25 µL reaction
volume with final concentrations of each primer with 0.8 µM, and of the probe with 0.1 µM.
A volume of 5 µL RNA was added. Reverse transcription (RT) was carried out at 50°C for 30
min, followed by denaturation/activation at 95°C for 15 min. DNA was amplified
immediately with 45 cycles at 95°C (10 sec), 55°C (25 sec) and 72°C (25 sec). The
determination of the number of HEV genome equivalents was carried out using a standard
curve according to a synthetic external calibrator encompassing the 81 bp sequence of the RTqPCR amplicon.
4.3.6 Histopathology and immunohistochemistry
For histopathological examinations formalin fixed tissue samples were stained with
hematoxylin and eosin (HE) according to standard protocols. For immunohistochemistry
(IHC) tissue sections were treated as described before [351]. Viral antigens were detected
using a rabbit anti-HEV gt3 serum (rHEVgt3-HIS) in a 1:1000 dilution. Therefore, rabbits
were immunized with an Escherichia coli expressed and purified His-tagged C-terminal
segment of HEV gt3 capsid protein [163]. A 1:200 diluted commercially available polyclonal
rabbit anti-human CD3 antibody (Dako Deutschland GmbH, Hamburg, Germany), which is
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also binding to porcine CD3 antigen, was used to characterize the inflammatory response in
the liver.
4.3.7 Differential cell count
To evaluate changes of cellular composition in the peripheral blood in the course of HEV
infection, 150 µL of whole blood were analyzed using an automated XT-2000iV hematology
analyzer (Sysmex Corporation, Hyogo, Japan) and the number of leukocytes (WBC),
lymphocytes (LYM), monocytes (MON) and neutrophils (NEU) were determined. Reference
value ranges for the tested blood parameters in wild boar were calculated for the evaluation of
the results. Therefore, blood samples of group 1A, 1B and 1C at 0 dpi (n = 12) and of
randomly taken HEV negative wild boar blood samples (n = 12) were subjected to differential
cell count for the determination of the mean values and standard deviation for each tested
parameter. Reference values for leukocyte distribution in domestic pigs were specified
elsewhere [354].
4.3.8 Flow cytometry
Peripheral blood mononuclear cells (PBMCs) were subjected to multicolor immunostaining
for flow cytometry analysis of porcine cell surface markers using a BD FACSCanto™ flow
cytometer (BD Biosciences, Heidelberg, Germany). An overview of primary and secondary
antibodies used for flow cytometry staining is given in the Additional file 2. Blood samples
containing EDTA as anticoagulant were stained with antibody mix 1. After incubation for 15
min in the dark at 4°C, cells were washed with fluorescence-activated cell sorting (FACS)
buffer (0.1% bovine serum albumin, 0.035% sodium bicarbonate and 0.02% sodium azide in
Hank's balanced salt solution) and centrifuged for 5 min at 300 × g. Then, antibody mix 2,
mix 3 or mix 4 were added and cells were washed and centrifuged. After the last wash step,
remaining erythrocytes were lysed by osmosis with erythrocyte lysis buffer (0.83%
ammonium

chloride,

0.1%

potassium

hydrogen

carbonate,

0.037%

tetrasodium

ethylenediaminetetraacetate in distilled water) and samples were analyzed. At necropsy liver,
spleen and mesenterial lymph node samples were collected for the isolation of mononuclear
cells. Harvested tissue samples were torn apart into single cell suspensions using 10 mL PBS
(pH 7.4) and were centrifuged at 300 × g for 10 min at 4°C. The pellet was resuspended in
FACS buffer and stained as described above. Results from flow cytometry were analyzed
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using FlowJo™ software (Treestar, Ashland, USA). Based on γδ T cell receptor (γδTCR),
CD3, CD4, CD8, CD2 and CD21 staining characteristics, each subpopulation was then further
grouped as follows: γδ T cells (γδTCR+); activated γδ T cells (γδTCR+CD8+); T helper cells
(CD4+), activated T helper cells (CD4+CD25high); cytotoxic T lymphocytes (CD8+); T
helper/memory cells (CD4+CD8+); naïve B-cells (CD2+CD21+); phenotype of B cells after
activation (CD2-CD21+); antibody-forming and/or memory B cells (CD2+CD21−). For
further details of tested lymphocyte phenotypes and their functional characteristics see Table
4.1.
4.3.9 Statistical analysis
Significant differences in the mean number of biochemical parameters, differential cell counts
and lymphocyte phenotypes were calculated by two way ANOVA with post-hoc-analysis
(Bonferroni t-test) using SigmaPlot 11.0 (SystatSoftware Inc., Chicago, USA). Significant
differences in the mean number of OD450 values, viral load in serum, feces, bile, cecum
ingesta and tissue samples were calculated by one way ANOVA with post-hoc-analysis
(Bonferroni t-test) using SigmaPlot 11.0. Significance was determined at P < 0.05. Measured
values are reported as mean ± SD.
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Results

To study the involvement of the cellular immune response to a HEV gt3 infection in wild boar
and domestic pigs we have conducted the following experiments: group 1A: four
intravenously challenged wild boar, group 1B: four immunosuppressed intravenously
challenged wild boar, group 1C: four immunosuppressed but unchallenged wild boar, group
2A: four domestic pigs challenged using feces of group 1A and group 2B: four domestic pigs
immunosuppressed and challenged using feces of group 1A.
All animals were assessed clinically. Blood and fecal samples were taken regularly in order to
determine the biochemical blood parameters, cellular immune cell and antibody responses to
HEV, and to reveal the viremia and virus shedding over time. The experiments were
eventually terminated by euthanasia after 30 days in wild boar and 41 days in domestic pigs
followed by necropsy of the animals. The following samples were tested for HEV RNA by
RT-qPCR: liver (4 localizations), gall bladder, bile, liver lymph node, spleen, pancreas
kidney, heart muscle, lung, pulmonary lymph node, pylorus, duodenum, proximal and distal
jejunum, ileum, ileocecal junction, caecum, cecal ingesta, colic lymph node, ascending and
descending colon, rectum, mesenteric lymph node, mandibular lymph node, tonsil, parotid
gland, sublingual gland, thymus, tongue, cervical lymph node, ovary / testicle, uterus /
bulbourethral gland, vagina / prostate gland, quadriceps femoris muscle and brain. HEVantigen detection was assessed by immunohistochemistry within the following post mortem
tissues: liver (different localizations), gall bladder, liver lymph node, spleen, pancreas,
kidney, heart muscle, lung, duodenum, jejunum, ileum, caecum, colic lymph node, colon,
rectum, mesenteric lymph node, mandibular lymph node, tonsil, parotid gland, thymus,
gonads, quadriceps femoris muscle and brain.

4.4.1 HEV infection in intravenously inoculated wild boar and in dexamethasonetreated wild boar
Biochemical parameters and serology
At the end of experiment elevated ALT and GGT levels in serum were observed in groups 1A
and 1B at 28 to 30 dpi (Figure 4.1 A). Other biochemical parameters remained within normal
limits. Anti-HEV antibodies were detected first time in group 1A at 6 dpi and in group 1B at 9
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dpi. In comparison to group 1A, mean OD450-values in group 1B were slightly increased at
28 to 30 dpi (Figure 4.1 B). In each group, 3 out of 4 wild boar had detectable antibodies at 13
dpi, but only 1 out of 4 in group 1A and 2 out of 4 animals in group 1B were still tested
positive at 30 dpi (Table 4.2). No significant influence of the immunosuppressive status
(without versus with dexamethasone treatment) on liver enzyme levels and the antibody
response to HEV inoculation was provable, but ALT and GGT levels in group 1A were
significantly increased compared to the reference value range (Figure 4.1).

Detection of HEV RNA
Viral RNA in serum was only found transiently in one wild boar group at 21 dpi (group 1B)
respectively at 28 dpi (group 1A), and in both at 30 dpi (Table 4.2). In fecal samples HEV
RNA was detected at first in group 1A at 4 dpi and in group 1B at 6 dpi. All wild boar in
group 1A shed viral RNA in feces within 28 to 30 dpi, whereas fecal shedding was detectable
in all animals of group 1B already at 21 dpi and lasted until the end of experiment (Table 4.3).
The time course of HEV RNA detection in serum and feces of wild boar was summarized in
Figure 4.1 C. Viral RNA was also detected in bile, small and large intestine, cecal ingesta,
liver and gall bladder of all wild boar, whereas in both groups 3 out of 4 liver lymph nodes, in
group 1A 3 out of 4 and in group 1B 2 out of 4 spleen samples were tested positive. An
overview of the mean HEV excretion including the proportion of positive tested specimens is
given in Figure 4.2 A, and the mean viral load in different tissues with the number of positive
tested tissue samples is shown in Figure 4.2 B. HEV RNAs were also found in other
lymphatic tissues and different intestinal locations of the wild boar (Additional file 3). No
significant differences concerning HEV RNA excretion and viral load in tested tissue samples
were present between group 1A and 1B (Figure 4.2).

Liver histopathology and distribution of viral antigens in different tissues
Mild lymphoplasmacytic infiltrates with single cell necrosis of hepatocytes and Kupffer cell
proliferations were found in the livers of all intravenously inoculated wild boar. Partially,
hepatic lesions were associated with mild infiltrates of CD3 positive cells, but without marked
differences between group 1A and 1B. By IHC, several tissue samples were analyzed for the
distribution of viral antigens (Figure 4.8). Detection of viral antigens in tissue samples of wild
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boar was not consistent with group allocation. In group 1A and 1B viral antigens were found
in liver (3/8), liver lymph nodes (4/7), spleen (1/8) and mesenteric lymph node (1/8). All IHC
results of viral antigen detection are summarized in the Additional file 4.

Cellular immune responses
Hematological analysis (Figure 4.3) revealed a transient decrease of WBC between 4 and 6
dpi in both wild boar groups which was significant in group 1A compared to the reference
value range. In both groups the decrease was followed by an increase of WBC after 13 dpi.
WBC counts were much more pronounced in group 1A and significantly distinct between
both groups at 13 dpi. Similarly, a slight decrease of LYM at 4 dpi was followed by an
increase after 13 dpi in both groups. Lymphocytosis persisted until 30 dpi and LYM counts
were significantly distinct between both groups at 13, 21, 28 and 30 dpi. A slight monocytosis
was seen in group 1A at 13 to 15 dpi and in group 1B at 9 to 15 dpi, respectively at 21 to 24
dpi. At 4 to 9 dpi a decrease of NEU was observed in both groups followed by an increase in
group 1A at 15 dpi.
Parameters indicative for the T cell populations in peripheral blood are summarized in Figure
4.4: All inoculated animals showed a marked elevation of the absolute number of cytotoxic T
lymphocytes (CD8+CD4-) starting from 6 dpi to 30 dpi. This increase was significant in
group 1A compared to 0 dpi and significantly distinct between both groups at 30 dpi. Only
slight changes were observed in both groups. Following the increase of cytotoxic T
lymphocytes (CD8+CD4-), an increase of T helper/memory cells (CD4+CD8+) was
detectable starting at 15 dpi. This increase was significant in group 1A compared to 0 dpi and
significantly distinct between both groups at 30 dpi. The percentage of activated γδ T cells
(γδTCR+CD8+) increased in all animals after 13 dpi with a peak level at 18 dpi. In the
numbers of γδ T cells (γδTCR+), T helper cells (CD4+CD8-) and activated T helper cells
(CD4+CD25high) only slight changes were seen in peripheral blood (data not shown). With
regard to the B cell population in peripheral blood (Figure 4.5) the percentage of naïve B cells
(CD2+CD21+) and of B cells after activation (CD2-CD21+) declined initially in all
inoculated wild boar. Cells representing the phenotype of antibody-forming and/or memory B
cells (CD2+CD21-) showed a percentage increase in all inoculated groups with highest
changes after 13 to 30 dpi (significant differences in group 1A compared to 0 dpi).
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Immune cell phenotypes of separated cells of liver, spleen and mesenterial lymph node were
examined after necropsy at 30 dpi (Figure 4.6). Dexamethasone controls (group 1C) were
included into the analyses as a comparison group. Lower percentages of T-cells were
observed in liver of group 1A and 1B with significant differences between both groups.
Moreover, decreased percentages of cytotoxic T lymphocytes (CD8+CD4-), T helper cells
(CD4+CD8-) and T helper/memory cells (CD4+CD8+) were observed in group 1A and 1B.
Conversely, marked increase in percentages of γδ T cells (γδTCR+) compared to group 1C
was seen, but no influence of dexamethasone treatment. In spleen, T cells in group 1B were
decreased compared to group 1A and 1C, and an influence of dexamethasone treatment in
group 1A and 1B was provable. In contrast to the liver, lower percentages of γδ T cells
(γδTCR+) compared to group 1C were seen in spleen, but no influence of dexamethasone
treatment. Cytotoxic T lymphocyte (CD8+CD4-) and T-helper/memory cell (CD4+CD8+)
percentages were slightly reduced in group 1A and 1B, whereas the percentage of T-helper
cells was significantly increased compared to group 1C. No remarkable changes in T cell
populations were observed in the mesenterial lymph node, except one significant difference in
the percentages of T-helper/memory cells (CD4+CD8+) between group 1B and 1C.

4.4.2 HEV transmission to non-treated domestic pigs and dexamethasone-treated
domestic pigs
Biochemical parameters and serology
In group 2A an elevated ALT serum level was observed in the course of experiment
significantly increased at 9 to 18, 24, 34 and 41 dpi compared to the reference value range and
to group 2B. No significant rise in the ALT serum level was observed in group 2B.
Independent on the immunosuppressive status both groups developed a marked elevation of
GGT serum levels at 41 dpi. Only 1 out of 4 pigs in group 2A developed anti-HEV antibodies
during the observation period, whereas no antibodies were detected in group 2B. Liver
enzyme levels and serological data are summarized in the Additional file 5.

Detection of HEV RNA
No viral RNA was detectable in serum samples of group 2A and 2B. HEV RNA in feces was
found the first time at 4 dpi in group 2B. In both groups 2 out of 4 animals shed viral RNA via
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feces at 41 dpi (Table 4.3). All livers of the domestic pigs were tested positive for HEV RNA,
but in group 2B all taken liver lobe samples contained detectable viral RNA. HEV RNA was
also detected in all bile samples and gall bladders of the domestic pigs. Intestine and cecal
ingesta were tested positive in group 2A and 2B, and spleen only in one animal of group 2B.
An overview of the mean HEV excretion including the proportion of positive tested
specimens is given in Figure 4.2 A, and the mean viral load in different tissues with the
number of positive tested tissue samples is shown in Figure 4.2 B. No significant differences
concerning HEV RNA excretion and viral load in tested tissue samples were present between
group 2A and 2B, but biliary HEV RNA excretion were slightly increased in group 2B
(Figure 4.2). The time course of HEV RNA detection in serum and feces of domestic pigs is
summarized in the Additional file 5.

Liver histopathology and distribution of viral antigens in different tissues
Neither histopathological changes specific for viral hepatitis nor an increase of CD3 positive
cell infiltrates were seen in the livers of the domestic pigs. By IHC no viral antigens were
detectable in domestic pigs, except one positive liver sample in group 2A. All IHC results of
viral antigen detection are summarized in the Additional file 4.

Cellular immune responses
Hematological analysis (Additional file 6) revealed no remarkable changes, except an
unrelated transient leukocytosis, monocytosis and neutrophilia initially.
Parameters indicative for the T cell populations in peripheral blood are summarized in the
Additional file 7: Only in group 2A an increase in the percentages of T helper cells
(CD4+CD8-) and γδ T cells (γδTCR+) was observed at 21 respectively 28 dpi to 41 dpi in
group 2A. Similar changes in the absolute numbers of T helper cells (CD4+CD8-) and γδ T
cells (γδTCR+) were observed, but less pronounced. The percentage of activated γδ T cells
(γδTCR+CD8+) decreased in group 2A at 24 to 41 dpi (data not shown). In the numbers of
cytotoxic T lymphocytes (CD8+CD4-), T helper/memory cells (CD4+CD8+) and activated T
helper cells (CD4+CD25high) animals showed no consistent changes (data not shown). With
regard to the B-cell population in peripheral blood (Additional file 8) the percentage of naïve
B-cells (CD2+CD21+) and of B-cells after activation (CD2-CD21+) declined in both groups
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after 24 dpi. In all inoculated groups, cells representing the phenotype of antibody-forming
and/or memory B cells (CD2+CD21-) showed an initial percentage increase from 13 to 18 dpi
and another at 28 to 41 dpi.
Immune cell phenotypes of separated cells of liver, spleen and mesenterial lymph node were
examined after necropsy at 41 dpi (Figure 4.7). Randomly selected HEV negative domestic
pigs (n = 6) served as negative controls. Compared to negative controls significantly higher
percentages of T cells and T cell subsets were observed in the liver of group 2A and 2B, but
only for T helper cells (CD4+CD8-) an influence of dexamethasone treatment was proven. No
remarkable changes in T cell populations were observed in spleen and mesenterial lymph
node, except for higher T-helper/memory cell (CD4+CD8+) and γδ T cell (γδTCR+)
percentages in the lymph node of group 2A and 1B compared with negative controls.

4.4.3 Monitoring of the immunosuppressive effects in dexamethasone-treated
uninfected wild boar
A significant immunosuppressive effect of dexamethasone-treatment was proven in
dexamethasone-treated, uninfected wild boar (group 1C). Animals had significant lower total
lymphocyte and monocyte counts in peripheral blood after treatment compared to 0 dpi
(Figure 4.3). Significant differences were also seen in different lymphocyte subsets in
peripheral blood (Figure 4.4 and Figure 4.5). Interestingly, percentages of different T cell
subsets in liver and spleen were mostly opposed to HEV inoculated wild boar. Compared to
determined reference values no significant changes were seen in serum liver enzyme levels
after treatment (Figure 4.1).
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Discussion

In the present study, we investigated the cellular immunity in HEV infected wild boar and
domestic pigs as detailed studies on cellular immune responses against HEV in swine are not
available yet. Moreover, the effects of immunosuppression induced by the systemic
administration of glucocorticoids on the HEVgt3 infection in swine are described. Therefore,
comparative analyses of cellular immune responses in peripheral blood and tissue samples,
viral loads in different excreta and organ materials, humoral immune responses to HEV
infection, histopathological changes and viral antigen distribution in different tissues were
performed. Additionally, the immunosuppressive effect of dexamethasone was monitored in
uninfected control pigs.
To date, food-borne zoonotic transmission of HEVgt3 in Europe and Asia is primarily
associated with domestic pigs and wild boar [89,116], while data on the pathogenesis and
transmission of wild boar-derived HEVgt3 in swine are scarce. Especially the role of host
factors in porcine HEV infection has not been studied in detail yet. Both human and animal
studies have suggested that immune responses, rather than a viral damage to hepatocytes,
drive the clinical manifestation of hepatitis E [111,351]. In immunocompromised humans,
like patients with a solid-organ transplant, hematologic disorders, and in those who are human
immunodeficiency virus-positive, HEV-infections can lead to viral persistence [215]. Multifaceted interactions between host immune responses and virus diversity seem to be
responsible, but the key mechanism leading to a chronic hepatitis E infection is largely
unknown. An association between a weak inflammatory response, poor T cell activation and
high serum concentrations of chemokines involved in leukocyte recruitment to the liver is
assumed to play a role in the development of chronic HEV infections in humans [215].
In the study presented here, we hypothesized that immunosuppression may enhance the
susceptibility of pigs to HEV, but also reduces the clinical manifestation due to diminished
inflammatory responses possibly leading to viral persistence at the same time. To mimic an
immunosuppressed condition, pigs were treated with dexamethasone, which decreases the
cytokine production and consequently impairs the immune systems’ activation [355].
Moreover, glucocorticoids have inhibitory effects on T cells and B cells and exert potent
suppressive effects on the effector functions of phagocytes [352].
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Although the majority of leukocytes will probably have left the blood stream following an
HEV infection, changes in the number of the different white blood cell populations can be
indicative for the immune response of individuals over time. Taken together, the
hematological analysis revealed a leukocytosis, lymphocytosis and monocytosis in all HEV
infected wild boar. Moreover, an initial neutropenia was seen. However, changes in
differential cell counts were less pronounced in the dexamethasone-treated wild boar group.
An increased white blood cell count and a lymphocytosis are frequently found in viral
hepatitis [356]. Furthermore, an immunosuppressive effect of dexamethasone-treatment was
proven in dexamethasone-treated control pigs as they developed a depletion of white blood
cells in peripheral blood. They had significantly lower counts in total lymphocytes and
lymphocyte subsets, and monocytes. No particular changes in differential cell populations,
apart from a commonly seen initial stress-induced increase in different parameters [354], were
observed in any of the domestic pigs after the HEV infection.
In this study, the blood compartment was chosen to investigate the changes of lymphocyte
subsets within the course of HEV infection. Of course, the majority of lymphocytes will
probably have left the blood stream following an HEV infection, but changes can be
indicative for the immune response over time. Porcine lymphocyte phenotypes are wellinvestigated, but functional analyses of subpopulations are currently not feasible. Lymphocyte
subpopulations of pigs have been investigated in a number of studies with the aim to identify
correlations between function and the phenotype of these cells. Nevertheless, defined roles of
different subsets in the porcine immune system and their functionality are not resolved yet. It
has to be taken adequately into account that animals used in this study were of different
genetic constitution including distinct haplotypes of swine leukocyte antigens (SLA). The
SLA genomic region is extremely polymorphic comprising high numbers of different alleles
and plays a crucial role in maintaining overall adaptive immunologic resistance to pathogens
[357]. Therefore, the biological diversity between individuals should be appropriately taken
into consideration. Using flow cytometry analysis significantly higher numbers of cytotoxic T
lymphocytes (CD8+CD4-) and helper/memory cells (CD4+CD8+) in the PBMCs were
detected in HEV infected wild boar, less pronounced in the dexamethasone-treated group. A
marked cytotoxic T cell response developed after one week post infection and persisted until
to the end of experiment. Following the increase of cytotoxic T lymphocytes, an increase of T
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helper/memory cells was detectable. In this study, no consistent changes in the percentages of
cytotoxic T lymphocytes and T helper/memory cells were observed in peripheral blood of the
domestic pigs. Anyhow, in the untreated HEV infected domestic pigs an increase in the
percentages of T-helper cells occurred after three weeks. It was speculated that increases in T
helper cells (CD4+CD8-) among patients with hepatitis E may reflect increases in the natural
killer cell population, which may in turn produce elevated levels of INF-γ [205]. Moreover,
only slight changes were seen in the number of T helper cells and γδ T cells (γδTCR+) in
PMBCs of HEV infected wild boar. Interestingly, the percentage of activated γδ T cells
(γδTCR+CD8+) increased in all HEV infected wild boar. Porcine cytotoxic αβ T cells are a
prominent T cell subset during antiviral responses, while porcine αβ T helper cell responses
predominantly occur in bacterial and parasitic infections, and γδ T cell responses to viruses
have not been reported as frequently as αβ T cell responses [358]. However, accumulating
evidence suggests that γδ T cells are components of both innate and adaptive immunity
against various viral and bacterial infections, and they are also important in early responses
against infections at epithelial surfaces [359-361]. In pigs, responding γδ T cells have been
reported in different viral infections [362-365], whereas the responding γδ T cells belonged
also to the γδTCR+CD8+ T cell subset [363,364]. Like αβ T cells, these γδ T cells can
express CD8α which in swine seems to be correlated with an activation status of T cells, as
γδTCR+CD8+ T cell subsets are normally found in the thymus and only after activation in the
periphery [366]. It has to be considered that γδ T cells in young animals form a major T cell
subpopulation within peripheral blood lymphocytes and the frequency of this population
decreases strongly with the age of pigs [367]. Interestingly, γδ T cells in swine are sources of
interleukin (IL-) 17 which is a pro-inflammatory cytokine being involved in immunity against
viruses [368]. Intrahepatic innate lymphoid cells secrete IL-17 and studies in immunodeficient
mice revealed that IL-17 signaling was critical for priming T cell responses in viral hepatitis
[369]. Further investigations on this would provide new insights in antiviral immunity during
porcine HEV infection. Recently shown, local immune responses by IL-17-secreting γδ T
cells serve to contain infections by pathogens to the gut while preventing pathogen
dissemination to systemic sites [370]. As HEV is normally fecal-orally transmitted it would
be also helpful to investigate intestinal immune responses to HEV infection further on as they
could play a critical role in early HEV pathogenesis and in disease’ outcome. Changes in T
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cell populations were observed in all HEV infected wild boar, which were much more
pronounced in untreated HEV infected wild boar. Therefore dexamethasone seems to inhibit
the cellular immune response in HEV infected wild boar, yet without shutting it down
completely. T cell mediated adaptive immune responses are important for the elimination of
viral infections [356]. In a previous study in humans with acute hepatitis E, patients showed
also increased numbers of CD8+CD4- and CD4+CD8+ cells compared to healthy controls
[206]. In humans, such double-positive T cells represent a minor subpopulation of T cells
with functional characteristics of both CD4+CD8- and CD8+CD4- cells, and carry markers of
memory phenotype [371]. Porcine CD4+CD8+ cells exhibit properties of mature antigenexperienced cells, and are inducible by stimulation with recall antigen [372]. The current
notion is that both activated and memory T helper cells in swine belong to the CD4+CD8+
population expressing also major histocompatibility complex (MHC) class II antigens, which
is not seen in human and murine CD4+CD8+ lymphocytes [373,374]. In many viral infections
of pigs CD8+CD4- T-cells are the predominant T cell subpopulation [375-379], but porcine
CD4+CD8+ T cell responses have been also reported [363,380-382]. It has been shown that
CD2 but not CD21 can be re-expressed on the surface of B cells so that CD21 can be
considered as a maturation marker. CD2 on the surface of B cells can be down-regulated by
cell-to-cell contact and once recovered, CD2 expression on B cells is re-established [383].
Upon infection, all animals showed a down regulation of CD2+CD21+ cells (phenotype of
naïve B-cells) and CD2-CD21+ cells (phenotype of primed and activated B-cells) indicative
for B-cell activation. Cells representing the phenotype of antibody-forming and/or memory B
cells (CD2+ CD21-) showed an increase in all HEV infected pigs. Changes in B lymphocyte
subsets were mostly independent on dexamethasone treatment. The increase of antibodyforming and/or memory B cells (CD2+ CD21-) probably reflects the chronological events in
anti-HEV antibody production as most of the wild boar and one domestic pig developed
measureable anti-HEV antibodies within the experiment. Anyhow, it has to be considered that
the phenotype CD2+CD21- of non-T cells also included natural killer (NK) cells, but in
negligible quantity as their frequency in peripheral blood is very low [366]. In liver and
spleen an influence of HEV infection and dexamethasone-treatment on immune cell
percentages was also detected. Interestingly, percentages of different T cell subsets in liver
and spleen of dexamethasone control group were mostly opposed to those of HEV infected
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wild boar groups. As no additional tissue material of HEV negative untreated wild boar was
available, results of lymphocyte subsets in tissue of HEV infected wild boar have to be
considered carefully and need further investigation. Interestingly, lower percentages of
cytotoxic T lymphocytes, T-helper cells and T-helper/memory cells were observed in HEV
infected wild boar compared to dexamethasone-treated, uninfected wild boar. Conversely,
higher percentages of T cell subsets were observed in the liver of domestic pigs, whereas
randomly selected HEV negative domestic pigs served as negative controls. Interestingly,
marked increase in the percentage of γδ T cells was observed in the liver of all HEV infected
pigs. In contrast to the liver, lower percentages of γδ T cells were seen in spleen of HEV
infected wild boar compared to dexamethasone-treated, uninfected wild boar. Additionally,
higher T helper/memory cell and γδ T cell percentages were found in mesenterial lymph
nodes of the HEV infected domestic pigs. Nevertheless, differences between lymphocyte
subsets in tissue and PBMCs of the wild boar and domestic pigs might be due to distinct
transmission routes of HEV and intraspecific varieties. Our findings might also imply that T
cells detectable in peripheral blood may home into the primary site of infection to function as
effector cells in the liver. However, HEV-specific T cell responses have only been studied in
hepatitis E patients, but not in pigs to date. In humans, proliferation and cytokine production
of CD4+CD8- and CD8+CD4- T cells were studied after stimulation with peptides encoded
by HEV-ORF2 and –ORF3 [225]. Nonetheless, studies on innate immune responses to HEV
infection are urgently required. Previously, intrahepatic transcriptome analysis in primates
indicated that HEV may be susceptible to innate immune responses [77]. Beyond that,
differences in the stage of HEV infection and in regulating immune responses cannot be
excluded in this study as an early stage of T cell activation in the liver of domestic pigs can be
assumed. The liver has unique immune regulatory functions which promote the induction of
tolerance rather than responses to antigens encountered locally. Thus, defense against viral
infection has to take place in a tolerogenic environment [384]. Presumably, regulating
immune responses are playing a particular role within the course of HEV infection as
increased frequencies of regulatory T cells (Tregs) have been described for other viral
hepatitides [385]. The elevation of CD4+CD25+Foxp3+ and CD4+CD25-Foxp3+ frequencies
and the rise in IL-10 suggest that Tregs might be playing an important role in HEV infection
associated with immunosuppressive immune responses [207]. Recently, the existence of
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Tregs in swine has been demonstrated and it could be shown that porcine Tregs suppress the
proliferation of different T cell subsets [386,387]. For a better understanding of HEV
pathogenesis in pigs, the functional characterization of porcine Tregs in HEV infection is
urgently needed. This would provide new insights into the balance between immunity and
tolerance in the liver and how this may influence viral clearance, persistence and virusinduced liver disease. Moreover, NK cells may play an important role in HEV infection and
IFN-γ productions by unstimulated PBMCs of hepatitis E patients suggest NK and NK T cells
as key players in HEV pathogenesis [111,205,208]. Porcine NK cells have the ability to lyse
virus-infected target cells and respond to various regulatory cytokines inducing INF-γ
production, as well as the up-regulation of effector/activation molecules [366]. Recently, a
novel marker (NKp46) has been described suitable for the discrimination of porcine NK cells
with different functional properties which is highly expressed in a subset of CD8 positive
liver lymphocytes [388]. Analysis of NK cells in HEV infected swine would provide further
information on HEV pathogenesis especially in respect to their potential ability in direct
killing of HEV infected cells.
In this study, HEVgt3 infection in pigs induced an elevation of different liver enzymes which
was concomitant with enhanced viral replication and anti-HEV immune responses. Moreover,
dexamethasone treatment did not significantly influence liver enzyme levels in serum of HEV
infected pigs. In dexamethasone-treated, uninfected wild boar no significant changes were
seen in serum liver enzyme levels after treatment. Hepatitis E in humans is also characterized
by elevated serum levels of ALT and GGT [197]. Clinical HEV infections in pigs based on
elevated GGT levels in serum have been reported previously [351]. Nevertheless, variable
ALT levels in pigs might be also stress-induced and sex-specific [389].
An efficient HEV replication was shown in all HEV infected wild boar. In both groups
comparable viral loads were detected in serum, feces, bile and different tissues. Horizontal
intraspecific HEV transmission was proven as fecal HEV RNA excretion was observed in
both domestic pig groups, perhaps slightly delayed in dexamethasone-treated animals. Liver
and bile samples of all wild boar and mostly all domestic pigs were tested positive for HEV
RNA. Mild lymphoplasmacytic and CD3 positive cell infiltrates, and Kupffer cell
proliferations were found in the livers of all infected wild boar, but none in domestic pigs. By
IHC, viral antigens were found in liver, liver lymph node, mesenteric lymph node and spleen
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of the wild boar, but not in domestic pigs. Results indicate that HEVgt3 infection in wild boar
is transmissible to domestic pigs and that the liver is the primary location for HEV replication.
This is in line with findings obtained by previous studies in intravenously infected pigs
[269,351] and naturally infected swine [295]. In contrast to another study [268], viral antigens
were not detected in small intestine, large intestine or kidney by immunohistochemical
analysis, despite positive signals in RT-qPCR. These findings might be because of differences
in the sensitivity between RT-qPCR and immunohistochemistry, but also because of detecting
different targets as in the first-mentioned assay viral RNA of HEV-ORF3, and in the latter
viral capsid protein encoded by HEV-ORF2 was detected. Nevertheless, contamination of
intestinal tissues through HEV-containing ingesta cannot be excluded completely. No
significant differences in HEV replication and viral antigen distribution dependent on the
immune status were noticed, despite a slight increase of viral loads in dexamethasone-treated
domestic pigs. Seroconversion occurred in both wild boar groups independent on their
immune status. Possibly, slightly increased antibody levels in dexamethasone-treated wild
boar at the end of experiment might be an effect of glucocorticoid administration, but random
effects cannot be excluded. Previous studies have indicated that dexamethasone is capable of
inducing a shift in the immune response from a T cell helper 1 towards a T cell helper 2
response by influencing the levels of cytokines produced by the lymphocytes [390]. Only one
untreated domestic pig developed measureable anti-HEV antibodies within the experiment. It
was shown recently that antibody responses in orally infected domestic pigs were less
efficient as compared to the intravenous inoculation route [273]. Probably, longer observation
periods would have been led to seroconversion in the majority of HEV infected pigs as
normally strong anti-HEV antibody responses have been seen during the early course of
infection [111].
Our results indicate that HEVgt3 infection in wild boar enhances the cellular and humoral
immune responses, surprisingly largely unaffected by a dexamethasone induced
immunosuppression. Notably, a significant immunosuppressive effect of dexamethasone was
proven in dexamethasone-dosed, uninfected wild boar serving as treatment control. Moreover,
HEVgt3 was successfully fecal-orally transmitted to domestic pigs irrespectively of their
immune status. Especially an increase of cytotoxic T lymphocytes followed by an increase of
T-helper/memory cells and activated γδ T cell subsets was shown in intravenously HEV
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infected wild boar. Anyhow, in PMBCs of domestic pigs dominated a T helper response.
Moreover, marked increase in percentages of γδ T cells were observed in the liver of all
HEVgt3 infected pigs. Additionally, higher T helper/memory cell and γδ T cell percentages
were found in mesenterial lymph nodes of the HEVgt3 infected domestic pigs. Of course,
differences in cellular immune responses between the wild boar and domestic pigs might be
due to distinct transmission routes, stages of infection, intraspecific and individual varieties.
No significant differences in viral replication or liver lesions were observed in the HEVgt3
infected groups. Hence, an association between immunosuppression and enhanced
susceptibility of pigs to HEVgt3 was not demonstrated. Additionally, no differences in
clinical manifestations of hepatitis E due to potentially diminished inflammatory responses in
dexamethasone-treated pigs were observed. Possibly, longer observation periods would have
indicated viral persistence also in swine. Our findings are in contrast to results obtained in
dexamethasone-treated Peste des Petits Ruminants virus (PPRV) infected goats and swine
influenza virus infected turkeys. Immunosuppression in turkeys revealed an increase of virus
replication, prolonged virus shedding and the possibility of enhancing virus transmission
[391]. Contrary to the study presented here, the extent and distribution of PPRV antigen were
increased in dexamethasone-treated goats [392]. Supposedly, further HEV infection studies
with higher animal numbers are required to define differences in HEV replication more
precisely and to exclude statistical outliers. Moreover, longer observation periods would
faciliate the possibility of developing viral persistence which may also lead to chronic HEV
infection in pigs. Studies in miniature pigs experimentally infected with Leptospira
interrogans revealed persistence until the chronic phase, and excretion of leptospires was
increased

under

immunosuppressive

conditions,

resulting

in

enhanced

horizontal

transmissions [393]. However, other methods for immunosuppression have to be tested as a
relative resistance to dexamethasone-induced immunosuppression has been shown in longterm treated domestic pigs previously [394]. CD8-depletion in hepatitis B virus infected
chimpanzees demonstrated that CD8 positive cells were the main effector cells responsible for
viral clearance and disease pathogenesis [395]. In consequence, targeted modifications of the
porcine immune system such as the ability to modulate in vivo T cell populations of pigs
[396] would provide deeper insights into the role of different immune cell subsets and
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immune regulation mechanisms in HEV pathogenesis. Exemplary, in vivo depletion of CD8
positive T lymphocytes abrogates protective immunity to African swine fever virus [375].
In conclusion, immunosuppressive effects of dexamethasone were proven, but did not affect
substantially the course of HEV infection in wild boar and domestic pigs. However, further
research is needed to understand immunopathological processes in porcine HEV infection
more precisely.
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Tables

Table 4.1 Overview of tested lymphocyte phenotypes and their predicted functionality in
swine.
Phenotype of tested
lymphocyte subpopulation

Shortened
nomenclature

Predicted functionality in swine
-

Literature

frequency within PBL: 5–50%, form a
major T cell subpopulation within PBLs in
Hirt et al. 1999
young animals (age-dependent decrease)
[397], Yang and
phenotypically heterogeneous
γδ T cells
Parkhouse et al.
CD3+γδTCR+
(γδTCR+)
act in innate and adaptive immune
1996 [367], Gerner
responses
et al. 2009 [366]
cytolytic activity and antigen presentation
source IL-17
scarce in porcine fetuses
Saalmueller et al.
peripheral γδ T cells subdivide into three
1990 [398], Yang
subsets based on expression of CD2 and
activated γδ T
and Parkhouse et al.
CD8 and differ in their homing
cells
1997 [399],
CD3+γδTCR+CD2+CD8+
characteristics
(γδTCR+CD8+)
Takamatsu et al.
acquire CD8 upon activation, potentially
2006 [364], Gerner
cytotoxic
et al. 2009 [366]
present antigen via MHC class II
T helper cells
Saalmueller et al.
MHC-class II-restricted
T helper cells
1987 [400],
up-regulation of CD8α and MHC-class II
CD3+CD4+CD8−
(CD4+CD8-)
Saalmueller et al.
upon activation
2002 [373], Kaser et
frequency within PBL: 19–60%
al. 2008 [386],
regulatory T helper cells
activated T helper Gerner et al. 2009
cells
down-regulate immune responses
CD3+CD4+CD8−CD25high
[366]
(CD4+CD25high) frequency within PBL: 1–3%
cytotoxic T
comprise MHC class-I restricted cytolytic
Saalmueller et al.
lymphocytes
T cells
1999 [401], Gerner
CD3+CD4−CD8+
(CD8+CD4-)
et al. 2009 [366]
frequency within PBL: 8–21%, up to 40%
both activated and memory T helper cells
Saalmueller et al.
in newborn piglets nearly absent, but
1987 [400],
T-helper/memory
increases with age
Zuckermann et al.
cells
1996 [372],
in vitro reactive in primary immune
CD3+CD4+CD8+
(CD4+CD8+)
Saalmueller et al.
responses and respond to recall antigen in
2002 [373], Gerner
secondary immune response
et al. 2009 [366],
express MHC class II antigens
naïve B cells
CD2 and CD21 molecules expressed
CD3−CD2+CD21+
(CD2+CD21+)
differentially in mature B cells (subdivided
into four subpopulations that include
B cells after
CD2+CD21+, CD2−CD21+, CD2+CD21−
Sinkora et al. 2009
activation
CD3−CD2-CD21+
and CD2−CD21− cells)
[402], Sinkora et al.
(CD2-CD21+)
2012 [403]
CD21 can be considered as a maturation
antibody-forming
marker
/ memory B cells
CD3−CD2+CD21−
CD2 is an adhesion molecule; down(CD2+CD21-)
regulated by cell-to-cell contact
Lymphocyte subpopulations of pigs have been investigated in a number of studies with the aim to identify correlations
between function and the phenotype of these cells. Nevertheless, defined roles of different subsets in the porcine immune
system are not resolved yet. MHC = major histocompatibility complex; PBL = peripheral blood lymphocytes; IL =
interleukin.
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Table 4.2 Detection of HEV RNA and anti-HEV IgG-antibodies in serum of wild boar.

Day post
inoculatio
n of wild
boar

0
4
6
9
13
15
18
21
24
28
30

Viral load in serum

Anti-HEV IgG-antibodies

> 10 HEV genome equivalents per µl RNA

Cut-off: OD450 > 0.6

Group 1A
(n=4)

Group 1B
(n=4)

Group 1A
(n=4)

Group 1B
(n=4)

Number of
RNApositive
animals

Viral load
in positive
samples*

Number of
RNApositive
animals

Viral load
in positive
samples*

Number of
seropositive
animals

OD450
values in
seropositive
animals

Number of
seropositive
animals

OD450
values in
seropositive
animals

0

-

0

-

0

-

0

-

0

-

0

-

0

-

0

-

0

-

0

-

1

0.6

0

-

0

-

0

-

2

0.6 / 0.7

2

0.6 / 0.6

0

-

0

-

3

0.6 / 1.2 / 0.7

3

0.7 / 0.6 / 0.6

0

-

0

-

3

0.6 / 1.1 / 0.7

2

0.7 / 0.6

0

-

0

-

3

0.6 / 1.0 / 0.7

2

0.7 / 0.6

0

-

1

11

3

0.6 / 0.8 / 0.6

2

0.8 / 0.6

0

-

0

-

0

-

2

0.6 / 0.8

1

14

0

-

1

0.7

2

1.2 / 0.9

2

11 / 823

1

22

1

0.8

2

1.8 / 0.9

* Viral load in HEV genome equivalents per µl RNA. Group 1A = non-treated wild boar; Group 1B = dexamethasone-treated wild boar.
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Table 4.3 Viral loads in fecal samples of wild boar and domestic pigs estimated by RTqPCR.
Wild boar
Group 1A

DPI

Domestic pigs
Group 1B

Group 2A

Group 2B

WB
47

WB
49

WB
50

WB
51

WB
44

WB
46

WB
48

WB
52

DP
52

DP
53

DP
59

DP
64

DP
65

DP
70

DP
75

DP
97

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

4

8

0

26

0

0

0

0

0

0

0

0

0

0

0

18

0

6

0

0

n.d.

0

0

12

0

0

0

0

0

0

0

0

0

0

9

0

0

0

0

0

0

0

n.d.

0

0

0

0

0

0

0

0

13

0

0

0

0

0

0

0

n.d.

0

0

0

0

0

0

n.d.

0

15

0

n.d.

0

0

0

0

0

88

0

0

0

0

0

0

0

0

18

23

29

96

0

21

47

0

n.d.

0

0

0

0

0

0

0

0

21

166

64

144

0

65

148

30

321

0

0

0

0

0

0

0

0

24

911

1444

9677

0

119

1572

45

29

0

0

0

0

0

0

0

0

28

141

9

884

n.d.

28

6068

98

70

0

0

0

0

0

0

0

0

30/31

439

2725

211

1270

1005

1177

889

7301

0

0

0

0

0

n.d.

n.d.

0

34

-

-

-

-

-

-

-

-

6

0

0

0

0

0

0

0

36

-

-

-

-

-

-

-

-

0

15

0

0

0

0

14

0

41

-

-

-

-

-

-

-

-

8

0

7

0

6

0

67

0

Viral copy numbers in fecal samples (1:5 diluted in isotonic saline) were calculated from Ct-values determined by RT-qPCR. Ct-values equal
to HEV genome equivalents per µl RNA: Ct 19 – 22 equal to 104, Ct 23 – 26 equal to 103, Ct 27 – 30 equal to 102, Ct 31 – 34 equal to 101, Ct
> 35 equal to 0; Group 1A and 2A = non-treated; group 1B and 2B = dexamethasone-treated; WB = wild boar; DP = domestic pig; n. d. =
viral load was not determined (no sample available); DPI = day post inoculation of wild boar.
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Figures

Figure 4.1 Mean values of liver enzyme levels, antibody responses and HEV RNA loads in serum and feces
of wild boar.
Error bars represent ±SD. A. Detection of alanine aminotransferase (ALT) and gamma-glutamyl transferase
(GGT) in serum of group 1A, 1B and 1C. Upper reference range limit = grey-dotted line. IU = international
units. Two way ANOVA (Bonferroni t-test; P<0.05). The difference in the mean values among group 1A and the
uninfected reference group “0 DPI” is greater than would be expected by chance: *c = significant with P<0.05.
B. Detection of anti-HEV IgG-antibodies in serum of group 1A and 1B with mean absorbance (OD450).
PrioCHECK® HEV Ab porcine. Cut-off (grey-dashed line): OD450 > 0.6. One way ANOVA (Bonferroni t-test;
P<0.05). C. HEV RNA in serum and feces of group 1A and 1B estimated by RT-qPCR. One way ANOVA
(Bonferroni t-test; P<0.05). DPI = day post inoculation of group 1A and 1B.
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Figure 4.2 Viral loads in different excreta and tissue samples of wild boar and domestic pigs.
A. Mean excreted HEV genome equivalents in bile, small and large intestine, ingesta (of cecum) and feces with
positive standard deviation (only reactive samples considered). The proportion of positive tissue samples is
included in each bar column (n positive sample / n total sample). One way ANOVA (Bonferroni t-test; P<0.05);
n.s. = not significant P>0.05. B. Mean HEV genome equivalents in liver, gall bladder, liver lymph node and
spleen with positive standard deviation (only reactive samples considered). The proportion of positive tissue
samples is included in each bar column (n positive sample / n total sample). One way ANOVA (Bonferroni ttest; P<0.05); n.s. = not significant P>0.05. DPI = day post inoculation of group 1A and 1B.
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Figure 4.3 Differential cell counts in peripheral blood of wild boar.
The mean number (in K/µL) of leukocytes (WBC), lymphocytes (LYM), monocytes (MON) and neutrophils
(NEU) were determined using an automated XT-2000iV hematology analyzer. Error bars represent ±SD.
Reference value ranges (grey-dotted line) for the tested blood parameters in wild boar were calculated for the
evaluation of the results. Two way ANOVA (Bonferroni t-test; P<0.05). The difference in the mean values
among group 1A and 1B is greater than would be expected by chance: *a = significant with P<0.05. The
difference in the mean values among group1C and the uninfected reference group “0 DPI” is greater than would
be expected by chance: *b = significant with P<0.05. The difference in the mean values among group1A and the
uninfected reference group “0 DPI” is greater than would be expected by chance: *c = significant with P<0.05.
DPI = day post inoculation of group 1A and 1B.
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Figure 4.4 T-cell related responses upon infection in blood lymphocytes of wild boar.
The number of T cell subpopulations of blood lymphocytes is given: cytotoxic T lymphocytes (CD8+CD4-), T
helper/memory cells (CD4+CD8+) and activated γδ T cells (γδTCR+CD8+). Two way ANOVA (Bonferroni ttest; P<0.05). The difference in the mean values among group 1A and 1B is greater than would be expected by
chance: *a = significant with P<0.05. The difference in the mean values among group 1C and the uninfected
reference group “0 DPI” is greater than would be expected by chance: *b = significant with P<0.05. The
difference in the mean values among group 1A and the uninfected reference group “0 DPI” is greater than would
be expected by chance: *c = significant with P<0.05. DPI = day post inoculation of group 1A and 1B.
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Figure 4.5 B-cell related responses upon infection in blood lymphocytes of wild boar.
Blood lymphocytes were immune-stained to determine the frequency of different B cell subpopulations by
FACS analysis: naïve B cells (CD2+CD21+), activated B cells upon antigen contact (CD2-CD21+) and
antibody-forming and/or memory B cells (CD2+CD21-). Two way ANOVA (Bonferroni t-test; P<0.05). The
difference in the mean values among group 1C and the uninfected reference group “0 DPI” is greater than would
be expected by chance: *b = significant with P<0.05. The difference in the mean values among group 1A and the
uninfected reference group “0 DPI” is greater than would be expected by chance: *c = significant with P<0.05.
DPI = day post inoculation of group 1A and 1B.
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Figure 4.6 T-cell related responses upon infection in liver, spleen and mesenterial lymph node of wild
boar.
Immune cell phenotypes of separated cells of liver, spleen and mesenterial lymph node were examined after
necropsy: T cells (CD3+), cytotoxic T lymphocytes (CD8+CD4-), T helper cells (CD4+CD8-), T helper/memory
cells (CD4+CD8+) and γδ T cells (γδTCR+). A. T cell related responses in wild boar. Two way ANOVA
(Bonferroni t-test; P<0.05). The difference in the mean values among group 1A and 1B is greater than would be
expected by chance: *AB = significant with P<0.05. The difference in the mean values among group 1A and 1C
is greater than would be expected by chance: *AC = significant with P<0.05. The difference in the mean values
among group 1B and 1C is greater than would be expected by chance: *BC = significant with P<0.05. The
difference in the mean values among group 1A, 1B and 1C is greater than would be expected by chance: *ABC
= significant with P<0.05.

Manuscript II

73

Figure 4.7 T-cell related responses upon infection in liver, spleen and mesenterial lymph node of domestic
pigs.
Immune cell phenotypes of separated cells of liver, spleen and mesenterial lymph node were examined after
necropsy: T cells (CD3+), cytotoxic T lymphocytes (CD8+CD4-), T helper cells (CD4+CD8-), T helper/memory
cells (CD4+CD8+) and γδ T cells (γδTCR+). A. T cell related responses in wild boar. Randomly selected HEV
negative domestic pigs (n = 6) served as negative controls. Two way ANOVA (Bonferroni t-test; P<0.05). The
difference in the mean values among group 2A and 2B is greater than would be expected by chance: *AB =
significant with P<0.05. The difference in the mean values among group 2A and 2C is greater than would be
expected by chance: *AC = significant with P<0.05. The difference in the mean values among group 2B and
control is greater than would be expected by chance: *BC = significant with P<0.05. The difference in the mean
values among group 2A, 2B and control is greater than would be expected by chance: *ABC = significant with
P<0.05. Control = negative controls.
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Figure 4.8 Detection of viral antigens in the liver, liver lymph node and spleen of wild boar by
immunohistochemistry.
A - C: Diffuse distribution of viral antigens within a liver lobule (group 1B). D - E: Viral antigens in the cortical
zone (central area of the node) and in secondary follicles of a liver lymph node (group 1A). F: Immunolabelling
of viral antigens in the germinal center of a lymphoid follicle in spleen (group 1B). All scale bars represent 100
µm.
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Abstract

Hepatitis E virus (HEV) causes acute hepatitis E in humans in developing countries, but
sporadic and autochthonous cases do also occur in industrialized nations. In Europe, foodborne zoonotic transmission of genotype 3 (gt3) have been associated with the consumption
of raw and undercooked products from domestic pig and wild boar. As shown recently,
naturally acquired HEVgt3 replicates efficiently in experimentally infected wild boar and is
transmissible from wild boar to domestic pigs. Generally, following an acute infection swine
suffer from a transient febrile illness and viremia in connection with fecal virus shedding.
However, little is known about sub-acute or persistent HEV infections in swine, and how and
where HEV survives the immune response. In this paper we describe the incidental finding of
a persistent HEVgt3 infection in two naturally infected European wild boar which were raised
and housed at FLI over years. The wild boar displayed fecal HEV RNA excretion and viremia
over nearly the whole observation period of more than five months. The animal had mounted
a substantial antibody response, yet without initial clearance of the virus by the immune
system. Further analysis indicated a subclinical course of HEV with no evidence of chronic
hepatitis. Additionally, we could demonstrate that this persistent wild boar infection was still
transmissible to domestic pigs, which were housed together with this animal. Sentinel pigs
developed fecal virus shedding accompanied by seroconversion. Wild boar should therefore
be considered as natural reservoir and transmission host for HEVgt3 in Europe.
.
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Introduction

Hepatitis E virus (HEV) is a non-enveloped, positive-stranded RNA virus, which is the
causative agent of hepatitis E in humans [8]. The virus is member of the genus Hepevirus in
the family Hepeviridae. The genome contains three open reading frames (ORF), whereas
ORF1 codes for a polyprotein that is post-translationally processed into non-structural
proteins including a methyltransferase, papain-like protease, helicase and RNA-dependent
RNA polymerase. ORF2 encodes the viral capsid protein, and ORF3 codes for a small
phosphoprotein [25]. HEV consists of four major mammalian genotypes (gt): while gt1 and
gt2 are exclusively found in humans, gt3 and gt4 are zoonotic and commonly infect both
humans as well as other mammalians like pigs, wild boar, deer and other. According to a new
taxonomic scheme human and porcine HEV are assigned to the species Orthohepevirus A.
Other genotypes were classified into species Orthohepevirus B with isolates from chicken,
Orthohepevirus C with isolates from rat, ferret, mink and others as well as Orthohepevirus D
with isolates from bat [19]. HEV is transmitted via the fecal-oral route, usually via the
consumption of contaminated water or food. Gt1 and gt2 are responsible for the majority of
HEV infections in humans in endemic areas of Asia, Africa and Mexico. In contrast, HEVgt3
and gt4 have been identified with increasing frequency in human sporadic and autochthonous
cases in Europe, the USA, China and Japan, and are associated with zoonotic transmissions
[21,192]. Sources were mainly contaminated raw or undercooked meat derived from domestic
pigs and wild boar, as well as deer [11,404,405]. This was confirmed by the molecular
characterization of HEV sequences recovered from food products and from affected patients
[116]. In Europe main reservoirs of HEV are pigs and wild boar as revealed by high anti-HEV
antibody seroprevalence rates in farmed pigs and wild boar populations [406]. Furthermore
phylogenetic studies also indicate HEV transmissions from domestic pig to wild boar
[289,295,350]. In humans HEV causes acute hepatitis including jaundice, fever, malaise,
abdominal pain and vomiting lasting 2 to 18 weeks (on average 4 weeks). Chronic infections
are observed in immunosuppressed patients as well as in patients co-infected with HIV [237].
In pigs, HEV infections induce a temporary viremia lasting 1–2 weeks which is accompanied
by virus shedding via feces for over 3–7 weeks. Subclinical infections have been associated
only with mild to moderate hepatitis [407]. As shown recently, experimental HEV infections
in wild boar can induce hepatic lesions [351]. Experimentally infected animals mounting
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early and robust anti-HEV antibody responses were able to clear the virus within one month,
while animals with insufficient antibody responses developed prolonged HEV infections
[351]. Both viral as well as host factors seem to determine the course of HEV infection, but
the details are only partially understood [223]. In summary, while acute HEV infections in
swine have been studied in more detail [259,269,351], little is known about persistent HEV
infections leading to chronic hepatitis E.
To shed light into the still unknown pathogenesis of chronic infected animals we studied here
naturally HEVgt3 infected European wild boar (Sus scrofa scrofa) over a time period of six
months. In doing so we also were able to demonstrate that excreted HEV easily infects
domestic pigs (S. scrofa domestica).
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Materials and methods

5.3.1 Experimental design
Two wild boar of nine months of age and two domestic pigs of four months of age were used
in the experiment. The animals utilized in the study were obtained from local farmers in
Mecklenburg-Western Pomerania, Germany. Animals were fed with commercial pig feed and
had access to water ad libitum. Measurement of the body weight and collection of blood and
fecal samples were done weekly, whereas rectal temperatures were determined daily. Fever
was defined as a body temperature ≥ 40.0 °C for at least two consecutive days. Aliquots of
serum samples were stored at −20 °C for antibody detection, and at −70 °C for RNA
extraction. Fecal samples were diluted in isotonic saline solution (10%, w/v) and stored at
−70 °C for RNA extraction. The experiment was finished after 25 weeks. At necropsy, tissue
samples (liver, liver lymph node, mesenteric and mandibular lymph nodes, gall bladder, small
and large intestine, pancreas, kidney, spleen, tonsil, heart, brain and quadriceps femoris
muscle) were collected for virological, histopathological and immunohistochemical
investigations. One part of each tissue sample was fixed immediately in 4% neutral buffered
formalin for histological examination and the other part was stored at −70 °C for RNA
extraction. All experiments were carried out under biosafety level 3** taking into account
animal welfare regulations and standards according to EU Directive 2010/63/EU and
institutional guidelines. The experimental protocol was reviewed by an independent animal
welfare and ethics committee and was approved by the competent authority of MecklenburgWestern Pomerania (State Office for Agriculture, Food Safety and Fisheries of MecklenburgWestern Pomerania, Rostock, Germany, reference number LALLF M-V/TSD/7221.3-1.1022/12).
5.3.2 RT-qPCR and phylogenetical analysis
Viral RNA from serum samples and fecal suspension was extracted using the QIAamp® Viral
RNA Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s instructions.
Viral RNA from tissue samples was extracted using the RNeasy Mini Kit (QIAGEN GmbH).
All samples to be tested by quantitative real-time reverse transcriptase PCR (qRT-PCR) were
spiked with an internal control RNA and analyzed with HEV-specific primers and a probe,
which targets the ORF3 region as described in elsewhere [351]. The assay was carried out
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using the Quantitect probe RT-PCR kit (QIAGEN GmbH). HEV copy number was calculated
using a standard curve based on a synthetic external calibrator encompassing the 81 bp
sequence of the RT-qPCR amplicon [351].
Phylogenetic analysis is based on a 349 nt sequence of the hypervariable region according to
Vina-Rodriguez et al. 2015 (submitted).
5.3.3 Anti-HEV antibody ELISA
Sera were tested for the presence of anti-HEV antibodies with a species independent HEV-Ab
ELISA kit (Axiom, Buerstadt, Germany) according to the manufacturer’s instructions. The
ELISA uses recombinant HEV antigens for the detection of total anti-HEV antibodies (IgA,
IgM, and IgG) in serum or plasma. Values of the optical density at 450 nm (OD450) equal to
or greater than 1 are prescribed as seropositive.
5.3.4 Histopathology and immunohistochemistry
For histopathological examinations formalin fixed liver samples were stained with
hematoxylin and eosin (HE) according to standard protocols. For immunohistochemistry
(IHC) tissue sections were treated as described elsewhere [351]. Therefore, 3 µm sections
were cut, de-paraffinised and rehydrated. The pretreatment included a blocking step for the
endogenous peroxidase using 3% H2O2/methanol for 30 min, followed by an antigen
retrieval step in the microwave for 10 min at 600 W. Viral antigens were detected using a
rabbit anti-HEVgt3 serum (rHEVgt3-HIS) in a 1:1000 dilution. Therefore, rabbits were
immunized with an Escherichia coli expressed and purified His-tagged C-terminal segment of
HEV gt3 capsid protein [163]. The slides were incubated with biotinylated goat anti-rabbit
immunoglobulin (Vector Laboratories,

LINARIS, Dossenheim, Germany) and an

avidin/biotinylated enzyme complex (VECTASTAIN®ABC Reagent, Vector Laboratories,
Burlingame, United States of America) followed by visualisation with 3,3-Diaminobenzidine
(DAB, Sigma-Aldrich Chemie GmbH, Steinheim, Germany.
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Results

Infection monitoring of animals from a wild boar colony kept in outdoor pens at the FLI
revealed two animals (WB05 and WB09) which were positive for HEV RNA in feces.
Surprisingly these animals were also viremic while simultaneously carrying anti-HEV
antibodies. Viral RNA levels in blood and feces as well as their antibody status were therefore
monitored over the next 6 months (Figure 5.1). Initially, viral loads in feces of both wild boar
exceeded 60000 copies per µl, while RNA genome copies in serum were at about 52 and 320
copies per µl. Phylogenetic analysis of partial sequences recovered from feces assigned the
isolates to genotype 3, subtype 3i, which is a common sub-genotype in the German swine
population (Figure 5.2, modified according to Vina-Rodriguez, 2015). In WB05, viral RNA
was concomitantly found in serum and feces for 14 weeks before penned up. Viral shedding
in feces lasted for about 16 weeks. Surprisingly, after an absence of detectable viral genome
copies for almost 8 weeks, HEV RNA in serum reappeared one single time 23 weeks post the
initial start of the analysis. In WB09, HEV RNA was detected until week 16 and stayed
negative until the end of the observation period. In both wild boar antibody titers remained at
high levels throughout the time independently from the presence or absence of virus
shedding/viremia. Antibody levels increased four weeks after HEV naïve domestic pigs were
housed together with the wild boar and started to shed virus themselves (see below).
A transmission experiment was initiated 14 weeks after first detection of HEV in wild boar:
two domestic pigs (DP17 and DP21) were stabled together with both HEV persistently
infected and virus shedding wild boar under high containment conditions. Prior to the start of
the transmission experiment domestic pigs were tested to be negative for anti-HEV antibodies
in serum and did not carry HEV RNA in feces and serum, respectively. Two weeks after the
co-housing of the animals HEV RNA was first time detected in feces of both domestic pigs,
which seroconverted another two weeks after the initial contact to the wild boar (Figure 5.1
A). Interestingly, anti-HEV antibodies persisted only in DP21 until to the end of experiment.
In contrast serum antibody levels of DP17 dropped back after four weeks post exposure
reaching eventually the base line again (Figure 5.1 B).
Neither wild boar nor domestic pigs showed any clinical symptoms indicative for viral
hepatitis or abnormalities regarding body temperature and body weight (see Additional file 9).
In liver tissues, clear histopathological alterations typical for acute or chronic viral hepatitis
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were not seen and no viral antigens were detectable (Figure 5.3).
None of the tissue samples taken at necropsy (liver, liver lymph node, mesenteric and
mandibular lymph nodes, gall bladder, small and large intestine, pancreas, kidney, spleen,
tonsil, heart, brain and quadriceps femoris muscle) were tested positive for HEV RNA.
.

Manuscript III

5.5

83

Discussion

In Europe, food-borne zoonotic transmission of HEVgt3 has been mainly associated with pigs
and wild boar [329]. As shown recently, naturally required HEVgt3 replicates efficiently in
experimentally infected wild boar and is transmissible from wild boar to domestic pigs [351].
In humans HEV gt1 and gt2 are known to cause acute hepatitis in contrast to gt3 that was
identified as a novel causative agent of chronic hepatitis in immunocompromised patients
only [223]. Chronic HEV infection in humans is characterized by elevated liver enzyme levels
and detectable HEV RNA in the serum and/or stool for at least six months [408]. While a
similar chronic liver pathology, including a chronic inflammatory cell infiltration, portal
fibrosis and HEV shedding can be induced in experimentally rabbit HEV infected rabbits as
well [149], such cases were never reported to date in swine.
In this study, we examined the naturally HEVgt3 infections in two European wild boar for up
to six months, and found that a persistent HEV infection, as characterized by long-term
viremia and fecal shedding, can prevail despite the presence of anti-HEV antibodies.
Moreover, we could show that wild boar transmitted the HEV infection to domestic pigs
which were co-housed with them. Normally, an enhancement of the adaptive cellular immune
response might prevent persistent HEV infections [225] and HEV should be cleared by high
titers of neutralizing anti-HEV antibodies [348]. However, growing evidence indicates that
particular non-enveloped viruses can survive in the blood stream when enveloped in hostderived cell membranes -- so-called “membrane-hijacking” mechanism [23]. Halac et al.
observed also in an immunosuppressed liver transplant recipient viremic episodes despite the
presence of anti-HEV IgG and IgM antibodies in serum [409]. Moreover, chronic hepatitis E
in humans can be associated with impaired HEV-specific T-cell responses [225]. In addition,
the activation of the interferon system and a viral evolution may be associated with severity or
chronicity of hepatitis E [223]. The reasons for the development of chronic HEV infections
are unclear, but host factors like the age at exposure and the presence of co-infections have
been discussed to modulate the clinical outcome of HEV infections [272,410]. To date,
chronic hepatitis E cases caused by HEVgt3 infections have been described in
immunosuppressed patients only [223].
As for humans the underlying cause of the HEV persistence in wild boar remains largely
unresolved. There may be HEV genotype effects as the here recovered HEVgt3 subtype 3i
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was also associated with chronic hepatitis in kidney transplant recipients in France [411]. In
humans, studies of circulating HEV subtypes have identified several variants with increased
or decreased virulence [412,413], but more detailed studies are lacking.
None of the collected tissue samples in this study were tested positive for HEV RNA or viral
antigens. Extra-hepatic replication sites have been reported [273], and HEV RNA was
detected in the brain of intravenously inoculated wild boar and SPF rabbits with prolonged
viral shedding [149,351]. In humans, neurological disorders are potential extra-hepatic
manifestations of HEV infections [109]. In fact it cannot be ruled out that an earlier time point
of necropsy of the wild boar would have resulted in positive HEV RNA in this tissue as well.
In this study, clinical and pathological examinations were unsuggestive of viral hepatitis and
no signs for chronic hepatitis were seen in the persistently infected wild boar livers. This is in
contrast to several studies in domestic pigs using intravenous or contact transmission of pigderived HEV and showing histopathological signs of acute or subacute hepatitis, but no
clinical symptoms [11,259,269,414].
The transmission of HEV from wild boar to two domestic was associated with virus shedding
two weeks after the first contact and subsequent seroconversion, which resembles the natural
course of HEV infection. These results supported earlier studies showing that the fecal-oral
transmission of HEV is considered to be the main transmission route among pigs [259,271].
Interestingly, anti-HEV antibodies persisted only in one domestic pig while in the second
animal a rapid decrease within five weeks was observed. The reason for this individual
variability remains unclear but similar results were described in humans as well. Humeral
antibody responses can vary also substantially among HEV infected patients as shown by
individuals displaying no or only transient IgM antibodies, despite of HEV viremia and RNA
shedding in their feces [203].
In conclusion, wild boar can be subclinically persistently HEV infected over months in the
presence of anti-HEV antibodies. However, although wild boar can develop a liver pathology
following experimental infection [415], no clear histopathological alterations and
immunohistochemical indications for chronic viral hepatitis were observed when the animals
were eventually sacrificed three months after the cessation of viremia and virus shedding,
respectively. Additionally it has been shown that HEV transmitted from these wild boar to
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domestic pigs via natural routes. Therefore wild boar should be considered as a steady
reservoir and transmission host of HEVgt3 in Europe. Pathomechanisms for the development
of persistent HEV infections in pigs should be further investigated as this may lead to a bona
fide animal model for chronic hepatitis E.
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Figures

Figure 5.1 (A) Course of HEV viral load in wild boar and domestic pigs. (B) Course of antibody response
to HEV in serum.
Viral amount was indicated as copies/µl RNA. Values of the optical density at 450 nm (OD450) equal to or
greater than 1 are prescribed as seropositive (cut-off). (+) indicate virus positive samples (serum/feces), (-)
indicates virus negative sample (serum/feces); wild boar (WB); domestic pig (DP); ↑= start of transmission
experiment (week 14).
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Figure 5.2 Phylogenetic analysis of HEV isolates obtained from naturally infected wild boar used in this
study based on a 349 nt sequence of the hypervariable region (HVR).
The sequences obtained in this study are indicated by filled circles. Genetic distances are calculated according to
the Maximum Likelihood method.
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Figure 5.3 Histopathology and immunohistochemistry of the liver.
(A - B) Hepatic lobules of a wild boar (left: WB05) and domestic pig (right: DP21) with mild hyperemia of the
sinusoids. (C - D) No detection of viral antigens within the liver lobules of a wild boar (left: WB09) and
domestic pig (right: DP17); wild boar (WB); domestic pig (DP); All scale bars represent 100 µm.
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Abstract

Hepatitis E virus (HEV) is the causative agent of acute hepatitis E in humans in developing
countries, but sporadic and autochthonous cases do also occur in industrialized countries. In
Europe, food-borne zoonotic transmission of genotype (gt) 3 has been associated with
domestic pig and wild boar. Potentially zoonotic strains have been also detected in rats and
genetic analyses of rabbit HEV indicate close relationship with HEVgt3 strains. Natural HEV
infection in mice has not been demonstrated yet, but gt4 was successfully transmitted to nude
mice. We have shown recently that HEVgt3 of wild boar origin (wbHEVgt3) is transmissible
to domestic pigs. Currently, experimental approaches on wbHEVgt3 infections in rodents and
rabbits are missing. Therefore, we experimentally inoculated C57BL/6, IFNRI -/-, CD4 -/-,
CD8 -/- and Balb/c nu/nu mice, Wistar rats and European rabbits with wbHEVgt3 and
monitored viral replication and humoral immune responses. These challenge experiments
revealed that even the immunocompromised mice were not susceptible to wbHEVgt3
infection. However, HEV RNA and anti-HEV antibodies were demonstrated in rats and
rabbits. Interestingly, dexamethasone treatment in rats did not enhance their susceptibility to
HEV infection. In rabbits, viral replication was more efficient and an immunization with
recombinant HEV capsid protein protected against viral shedding with feces. In conclusion,
the rabbit model for HEVgt3 infection may serve as a suitable alternative to the non-human
primate and swine models, and as an appropriate basis for vaccine evaluation studies.
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Introduction

Hepatitis E virus (HEV) is the causative agent of hepatitis E in humans and the sole member
of the genus Hepevirus in the family Hepeviridae. It is a small, non-enveloped virus with a
single-stranded RNA genome of positive polarity [8,59]. In many developing countries where
sanitary conditions are suboptimal, hepatitis E is an important public health problem, with the
virus being primarily transmitted via the fecal-oral route through contaminated food or water
[25]. However, emerging cases of sporadic and autochthonous hepatitis E also occur in
industrialized countries, including Japan and European countries [90,91,116]. Recently,
several HEV-related viruses were identified and significantly broadened the host range and
diversity of HEV. A consensus classification system for the family Hepeviridae is currently
unavailable, but a new taxonomic scheme in which the family is divided into the genera
Orthohepevirus (Orthohepevirus A with isolates from human, pig, wild boar, deer, mongoose,
rabbit and camel, Orthohepevirus B with isolates from chicken, Orthohepevirus C with
isolates from rat, greater bandicoot, Asian musk shrew, ferret and mink and Orthohepevirus D
with isolates from bat) and Piscihepevirus has been proposed [19]. Within the mammalian
HEV isolates infecting humans, genotypes (gt) 1 and gt2 are restricted to humans, whereas
gt3 and gt4 are zoonotic strains and have been molecularly detected in domestic pig, wild
boar, deer, mongoose, monkey and rat [94]. In Europe and Asia, food-borne zoonotic
transmissions of HEV have been primarily associated with domestic pigs and wild boar as one
of the main sources of human autochthonous infections [89,116,288]. Additionally to the
consumption of contaminated raw or undercooked meat, direct contact to pigs has to be
considered as an additional risk factor for HEV infection [163,349]. At first, HEV was known
to cause only acute hepatitis, but lately HEVgt3 was also identified as a novel causative agent
of chronic hepatitis in immunocompromised patients [110]. Pigs being the natural host
species for HEVgt3 and 4 can be used as a homologous animal model system for HEV studies
[416]. Laboratory mice and rats have been also explored as potential animal models for HEV.
Although an earlier study indicated susceptibility of laboratory rats to gt1 infection [80],
recent trials to infect laboratory rats with gt1 or 2 were unsuccessful [81,82]. Moreover,
experiments to infect laboratory rats with gt3 were also not successful [81,82,126]. Injection
of transcripts of a gt4 cDNA into the liver of rats led to transient seroconversion [127]. This
genotype was also shown to be infectious for Balb/c nude mice [128]. Another study in
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C57BL/6 mice demonstrated that animals intravenously inoculated with gt1, 3 and 4 were not
susceptible to HEV [83]. Newly developed swine HEV virus-like-particles have the capacity
to induce antigen-specific antibody and INF-γ production in immunized mice [417].
Furthermore, experimental infection of rabbits with gt3 and 4 strains resulted in
seroconversion, but virus shedding was dependent on the strain used [129]. Experimental
inoculation of rabbits with rabbit HEV led to seroconversion, fecal virus shedding, viremia
and elevated liver enzyme levels [129,148]. Pigs intravenously inoculated with rabbit HEV
strains developed transient viremia and sporadic virus shedding, thus indicating a zoonotic
potential of the virus [140].
Currently, experimental approaches studying wild boar-derived HEVgt3 (wbHEVgt3)
infection in rodents and rabbits are missing. Recently shown, natural and experimental
HEVgt3 infection in European wild boar is transmissible to domestic pigs causing a variable
degree of hepatic lesions [351]. As HEV has the ability to cross species barriers, it is
important to identify the possibility of cross-species transmission between wild boar and
rodents, respectively rabbits. Therefore, we experimentally inoculated Wistar rats, C57BL/6,
IFNRI -/-, CD4 -/-, CD8 -/- and Balb/c nu/nu mice, and European rabbits with wbHEVgt3. To
determine their susceptibility to HEV infection originated in European wild boar, viral
replication and humoral immune responses were monitored. In particular the availability of an
appropriate mouse model, like type I interferon receptor knock-out mice, would provide new
insights into HEV pathogenesis and in host’s defense mechanisms to viral infection.
Dexamethasone, like any typical glucocorticoid, is a potent immunosuppressive agent which
exerts multiple effects on immune cell functions [352]. Hence, we also assessed whether
dexamethasone treatment in rats has an effect upon the susceptibility to wbHEVgt3 infection.
Additionally, the protective ability of a HEV vaccine candidate in wbHEVgt3 inoculated
rabbits was evaluated exemplarily.
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Material and methods

6.3.1 Inocula
The HEVgt3 strain (wbHEVgt3) used in this study originated from a liver sample of a
naturally infected wild boar hunted in Northern Germany (Mecklenburg-Western Pomerania)
in 2010. The liver was frozen immediately at −20 °C and stored at −70 °C. For preparation of
the inoculum, the liver was ground in phosphate-buffered saline (PBS) with a mortar and
pestle (10%, w/v). The suspension was transferred to a 15 mL tube and mixed for 1 min using
a vortex mixer. After centrifugation (20 min at 4000 × g at 4 °C) the supernatant was
transferred to a new tube and filtered (0.22 µm MILLEX®GP filter unit, Millipore, Ireland).
The suspension was aliquoted in volumes of 2.5 mL and stored at −70 °C. The inoculum
contained about 2.0 × 104 HEV RNA copies per µL RNA. Previously, the infectivity of this
HEVgt3 strain was demonstrated in intravenously inoculated wild boar and domestic pigs
[351]. Additionally, bile and feces of aforementioned intravenously infected wild boar were
used for the inoculation of different mouse strains. Therefore, bile was diluted in PBS (20%,
w/v) and sterile-filtered (0.22 µm MILLEX®GP filter unit), and aliquoted in volumes of 2.5
mL and stored at −70 °C. The inoculum contained about 1.7 × 104 HEV RNA copies per µL
RNA. Feces were suspended in PBS at a proportion of 20% (w/v). The fecal suspension was
transferred to a 15 mL tube and mixed for 1 min using a vortex mixer. After centrifugation
(20 min at 4000 × g at 4 °C) the supernatant was transferred to a new tube and filtered (0.22
µm MILLEX®GP filter unit). The suspension was aliquoted in volumes of 2.5 mL and stored
at −70 °C. The inoculum contained about 1.0 × 101 HEV RNA copies per µL RNA. All
control animals received sterile-filtered PBS (0.22 µm MILLEX®GP filter unit).
6.3.2 Experimental design
The experiments were approved by the competent authority of the Federal State of
Mecklenburg-Western Pomerania, Germany, on the basis of national and European
legislation, namely the EU council directive 86/609/EEC for the protection of animals used
for experiments (LALLF M-V/TSD/7221.3-2.1.-014/10). Prior to the start of the experiments
all animals were tested to be negative for anti-HEV antibodies in serum and HEV RNA in
feces, respectively. Following an initial clinical examination all animals were allowed to get
accustomed to the new surroundings for approximately 1 to 2 weeks prior to the initiation of
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experiments. All animals, except the BALB/c nu/nu mice, were fed with commercial feed and
had access to water ad libitum. The experiments were carried out under biosafety level 3**
conditions. The isolator-maintained BALB/c nu/nu mice were kept in a specific-pathogen-free
(SPF) area including autoclaved feed and drinking water. All animals were checked for
clinical signs every day during the entire period of the experiment including the measurement
of the body weight. Additionally, rectal temperatures were measured in Wistar rats and
rabbits.
6.3.2.1 Inoculation of mice with wbHEVgt3
The C57BL/6, IFNRI -/-, CD4 -/- and CD8 -/- mice used in this study were bred in the SPF
breeding unit of the Friedrich-Loeffler-Institute, Insel Riems, Germany. The Balb/c nu/nu
mice (homozygous, inbred) were obtained from Charles River Laboratories, Sulzfeld,
Germany. Inoculations were performed either by the injection of material into the lateral tail
vein (Vena coccygea lateralis) and/or by receiving material orally by gavage. Mice receiving
PBS served as negative controls and mice co-habited with inoculated mice served as
indicators of contact infection. Blood and fecal samples were collected at different time points
within the experiment and at necropsy. Aliquots of serum samples were stored at −20 °C for
antibody detection. Fecal samples were diluted in isotonic saline solution (10%, w/v) and
stored at −70 °C for RNA extraction. Mice were euthanized by exsanguination under
anesthesia and samples were collected from their liver, gall bladder, small and large intestine,
kidney, spleen, heart, brain and quadriceps femoris muscle. Aliquots of all tissue samples
were also stored at −70 °C for RNA extraction. An overview of the experimental setup is
given in Table 6.1.
6.3.2.2 Inoculation of Wistar rats with wbHEVgt3
Trials were carried out in female Wistar rats (Wistar RccHan™, Harlan Laboratories, The
Netherlands). An overview of the animal experiments is shown in Table 6.2. In the first
experiment, 8 rats were inoculated intravenously into the lateral tail vein (Vena coccygea
lateralis) receiving 0.25 mL liver suspension containing wbHEVgt3 and accordingly, 8 rats
serving as negative controls received 0.25 mL PBS. One additional rat was co-habited with
the rats receiving wbHEVgt3. At days 4, 7, 14 and 21 post inoculation 2 rats of each
intravenously inoculated group were necropsied. The contact rat was euthanized at day 32. In
the second experiment, 8 rats received simultaneously 0.25 mL liver suspension intravenously
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and orally, respectively. Accordingly, 4 negative control rats received PBS. To assess the
influence of the immune status on infection dynamics and shedding within the second
experiment, all rats were pre-treated subcutaneously with dexamethasone (0.15 mg/kg,
Voren® Suspension®, Boehringer Ingelheim Vetmedica, Germany) at -7, -4 and -1 dpi. 2
intravenously inoculated rats and 1 control rat were necropsied at 4, 7, 14 and 21 dpi.
Collection of blood and fecal samples were done at different time points within the
experiment and at necropsy. Aliquots of serum samples were stored at −20 °C for antibody
detection. Fecal samples were diluted in isotonic saline solution (10%, w/v) and stored at −70
°C for RNA extraction. Rats were euthanized by exsanguination under anesthesia and samples
were collected from their liver, small and large intestine, pancreas, kidney, spleen, heart,
brain, thymus, ovaries, uterus, parotid gland, lung and quadriceps femoris muscle. Each tissue
sample was stored at −70 °C for RNA extraction.
6.3.2.3 Inoculation of European rabbits with wbHEVgt3
Trials were carried out in adult rabbits obtained from the quarantine and breeding facility of
the Friedrich-Loeffler-Institute, Insel Riems, Germany. An overview of the animal
experiments is given in Table 6.3. In the first experiment, 1 rabbit was inoculated
intravenously into the ear vein (Vena auricularis) receiving 1.0 mL liver suspension
containing wbHEVgt3 and accordingly, 1 rabbit received 1.0 mL PBS as negative control. In
the second experiment, 1 rabbit received also 1.0 mL liver suspension and 1 negative control
rabbit received 1.0 mL PBS. Additionally, 2 rabbits were immunized with an Escherichia coli
expressed and purified His-tagged C-terminal segment of HEVgt3 capsid protein prior to the
start of the experiment [163] and inoculated intravenously receiving 1.0 mL liver suspension
containing wbHEVgt3. Collection of blood and fecal samples were done at different time
points within the experiment and at necropsy (first experiment at 45 dpi and second
experiment at 46 dpi). Aliquots of serum samples were stored at −20 °C for antibody
detection. Fecal samples were diluted in isotonic saline solution (10%, w/v) and stored at −70
°C for RNA extraction. Rabbits were euthanized by exsanguination under anesthesia and
samples were collected from their liver, gall bladder, small and large intestine, mesenterial
and mandibular lymph nodes, thymus, kidney, spleen, heart, lung, brain, parotid gland and
quadriceps femoris muscle. Each tissue sample was stored at −70 °C for RNA extraction.
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6.3.3 Anti-HEV antibody ELISA
Sera were tested for the presence of total anti-HEV antibodies with a species independent
HEV-Ab ELISA kit (Axiom, Buerstadt, Germany) according to the manufacturer’s
instructions. The ELISA uses recombinant HEV gt1 antigens for the detection of anti-HEV
antibodies in serum or plasma. Values of the optical density at 450 nm (OD450) equal to or
greater than 1 are prescribed as seropositive.
6.3.4 RNA detection
Manual extraction of viral RNA from all serum samples and fecal suspensions was performed
using the QIAamp® Viral RNA Mini Kit (QIAGEN GmbH, Hilden, Germany) according to
manufacturer’s recommendations. From all tissue samples, viral RNA was extracted using the
RNeasy Mini Kit (QIAGEN GmbH). For both extraction methods, an internal control RNA
(IC2) was added as described previously [353]. HEV RNA was detected by a novel diagnostic
quantitative real-time RT-PCR assay (RT-qPCR) using the CFX96™ Real-Time System
(Bio-Rad Laboratories GmbH, Munich, Germany). All primer and probes used in this study
are listed in the Additional file 1. The RT-qPCR was performed using the QuantiTec Probe
RT-PCR kit (QIAGEN GmbH) in 25 µL reaction volume with final concentrations of each
primer with 0.8 µM, and of the probe with 0.1 µM. A volume of 5 µL RNA was added.
Reverse transcription (RT) was carried out at 50 °C for 30 min, followed by
denaturation/activation at 95 °C for 15 min. DNA was amplified immediately with 45 cycles
at 95 °C (10 s), 55 °C (25 s) and 72 °C (25 s). The determination of the HEV copy number
was carried out using a standard curve according to a synthetic external calibrator
encompassing the 81 bp sequence of the RT-qPCR amplicon.
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Results

Wild-type and genetically immunocompromised mice, Wistar rats and European rabbits were
inoculated experimentally with wbHEVgt3 to determine their susceptibility to HEV infection.
Animals were checked for clinical parameters, humoral immune responses and viral
replication in blood and fecal samples collected at different time points within the experiment
and in tissue samples taken at necropsy.
6.4.1 WbHEVgt3 in mice
Challenge experiments were carried out with C57BL/6 (n = 6), IFNRI -/- (n = 8), CD4 -/- (n =
6) and CD8 -/- (n = 6) and Balb/c nu/nu mice (n=20; homozygous, inbred) either by
intravenous and/or peroral inoculation. For contact-exposure mice were co-habited with
inoculated mice. Surprisingly there was no evidence of a clinical disease in any of the
wbHEVgt3 challenged wild-type or immunocompromised mouse lines. The body weights
remained within normal limits. In none of the mouse strains HEV RNA was detected in feces
or tissue samples. Moreover, no seroconversion was observed in any of the animals. An
overview of the results is shown in Table 6.1.
6.4.2 WbHEVgt3 in Wistar rats
Two different trials were carried out in Wistar rats. In a first experiment, 8 rats were
challenged with wbHEVgt3 intravenously, while another 8 rats were mock controls and one
co-habited rat was a contact exposure control. In a second experiment 8 dexamethasonetreated rats (plus 4 mock controls) were simultaneously inoculated intravenously and orally to
assess the influence of the immune status on infection dynamics and shedding. Again in none
of the challenged rats clinical symptoms were observed, and their body weights and rectal
temperatures remained within normal limits. It should be mentioned that slight initial body
weights decreases were observed in the dexamethasone-treated rats prior to the inoculation,
which normalized during the challenge experiment. In the first experiment anti-HEV
antibodies were seen in 2 out of 8 intravenously inoculated rats after 17 respectively 21 dpi
and HEV RNA was detectable in 1 out of 8 rats at 7 dpi. No viral RNA was found in tissue of
intravenously inoculated rats. The contact animal did not seroconvert within the experiment
and viral RNA was only found in the liver. In the second experiment both feces nor tissue
samples were tested positive for HEV RNA, and none of the animals showed detectable anti-
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HEV antibodies in serum. Moreover, negative controls remained seronegative within the
experiment and viral RNA was not detected in any of the tissues and feces of the negative
controls. An overview of all results is shown in Table 6.2.
6.4.3 WbHEVgt3 in European rabbits
Two different approaches were followed with rabbits. In the first experiment, 1 rabbit was
inoculated intravenously with wbHEVgt3 and another rabbit served as negative control. The
same experimental setup was used in the second experiment, i.e. 1 rabbit was challenged
intravenously and 1 rabbit served as mock control. However, 2 more rabbits were immunized
with a recombinant C-terminal fragment of HEVgt3 capsid protein prior to the wbHEVgt3
challenge. As for the mice and rats there was no evidence of clinical disease detected in any
of the rabbits. The body weights and rectal temperatures remained within normal limits. In the
first experiment, the intravenously inoculated rabbit seroconverted within 28 dpi. Viral RNA
was detected in feces from 3 to 14 dpi, but not in tissue samples. In the second experiment,
anti-HEV antibodies were seen in the intravenously inoculated rabbit after 39 dpi and a
booster effect was observed in the immunized inoculated rabbits at 14 to 25 dpi. In the
intravenously inoculated rabbit, fecal RNA excretion was detected from 5 to 39 dpi, but not in
the immunized rabbits (Figure 6.1). Moreover, HEV RNA was found in liver and gall bladder
of the intravenously inoculated rabbit. In the immunized rabbits no viral RNA was detectable
in any tissue sample. The mock controls were negative for anti-HEV antibodies or HEV RNA
respectively. An overview of the results is given in Table 6.3.
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Discussion

Up to date experimental studies on a wbHEVgt3 infection in rodents and rabbits have not
been carried out. Therefore, we experimentally inoculated C57BL/6, IFNRI -/-, CD4 -/-, CD8
-/- and Balb/c nu/nu mice, Wistar rats and European rabbits with wbHEVgt3 and monitored
the viral replication and humoral immune responses. We tested also, whether a
dexamethasone treatment in rats has an effect on their wbHEVgt3 susceptibility. Additionally,
the protective ability of a HEV vaccine candidate in HEV inoculated rabbits was assessed in a
proof of principle approach.
Several types of animal models for HEV infection have been described previously [416]. In
general, non-human-primates are the best known model animals as they can be infected with a
variety of HEV genotypes. Pigs have been successfully infected with HEVgt3 and 4. As
shown recently a wbHEVgt3 infection in European wild boar is transmissible to domestic
pigs causing a variable degree of hepatic lesions [351]. However, primate and swine HEV
infection models are quite complex and expensive so that a small animal model for HEVgt3
infection would be desirable. Moreover, a productive infection of immunodeficient mice, like
type I interferon receptor or CD8-molecule knock-out mice would also provide new insights
into host’s defense mechanisms to HEV infection. T-cell mediated adaptive immune
responses are important for the elimination of viral infections [356]. In a previous study in
humans with hepatitis E, patients showed increased numbers of CD8+ and CD4+CD8+ cells
compared to healthy controls [206]. As recently shown, HEV inhibits type I interferon
induction by ORF1 products in-vitro [331]. Laboratory mice and rats, and European rabbits
have been explored as potential animal models for HEV [80,82,128,129,148], but it remained
to be determined whether this also applies for wbHEVgt3 infections.
In the study presented here, none of the mouse lines were susceptible to wbHEVgt3 infection,
but HEV RNA and anti-HEV antibodies were demonstrated in rats and rabbits. It has been
reported that male Balb/c nude mice can be infected and produce anti-HEV IgG when
challenged with a HEVgt4 isolate derived from a domestic pig [128]. Unfortunately, it
remains unclear which kind of zygosity the Balb/c nude mice in the aforementioned study
had, as we used homozygous mice. Contrary to heterozygotes, homozygous Balb/c nude mice
lack a functional thymus and are unable to produce T cells. The nude allele on chromosome
11 is an autosomal recessive mutation and the heterozygotes do not show partial expression of
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the nude phenotype [418]. Generally, IgG responses to viruses are assumed to be T-cell
dependent, but polyomavirus infection of T-cell-deficient mice was also shown to elicit
protective T-cell-independent antiviral IgM and IgG responses [419]. Although it is quite
improbable, the discrepancy in the nude mice results in this (resistant) and the former
(susceptible) study may have arisen from gender effects (female versus male). In accordance
with the here described results Li et al. also failed to infect C57BL/6 mice with HEVgt3, as
well as with gt1 and gt4 isolates [83].
Recently, HEVgt3 strains were obtained from different species of wild-caught rats in the
United States [123]. In experimental challenge studies, controversial data have been obtained
for the susceptibility of rats to primate- and suid-derived HEV isolates. Wistar rats could be
experimentally infected with a human HEV isolate (genotype not known) in earlier studies
[80]. Contrary, Wistar rats were resistant to intravenously inoculated HEVgt1 originated from
a cynomolgus monkey, HEVgt3 collected from a domestic pig, and to a wild boar-derived
HEVgt4 isolate in a more recent study [82]. Similar to homologous challenge studies in rats
using rat HEV [82], we were also able to detect HEV RNA and anti-HEV antibodies in
intravenously inoculated rats, but inconsistently. Interestingly, dexamethasone treatment in
rats did not enhance the susceptibility to HEV infection, to the contrary; neither
seroconversion nor viral RNA was detectable in the treated rats. Similarly, Li et al. found no
evidence that nude rats are susceptible to infection with HEVgt3 [126], albeit enhanced viral
replication of rat HEV was seen in nude rats [82].
Intravenously infected rabbits seroconverted within 4 to 5 weeks and a booster effect was
seen in immunized animals 2 weeks post inoculation indicative for antigen-specific memory
B cells. In rabbits, viral replication was therefore more efficient and immunization with a
recombinant capsid protein derivative protected against viral shedding with feces. Our
findings are in accordance to another study in HEVgt3 infected rabbits [129]; beside the
protective ability of recombinant HEV proteins and the detection of seroconversion, we were
also able to demonstrate fecal viral shedding and HEV RNA in liver and gall bladder. As a
human HEVgt3 strain was used in the study mentioned before, it cannot be excluded that
rabbits might be more susceptible to HEVgt3 of wild boar origin. Nevertheless, rabbits could
be experimentally infected with human HEVgt4 originated from patients with acute hepatitis
E [129,148]. Interestingly, HEV sequences of a human strain in France and rabbit strains were
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closely related sharing a 93-nucleotide insertion [139]. Recently shown, rabbit HEV is able to
infect domestic pigs, but rat HEV failed to infect pigs [140]. A study in China found no
evidence of natural cross-species infection with rabbit HEV [136]. Rabbit HEV is a distant
member of HEVgt3 and studies indicated that rabbit HEV belongs to the same serotype as
human HEV [147], but the antigenically relationship between rabbit and wbHEVgt3 is
unclear. Therefore, it would be also interesting to determine whether immunization with
recombinant HEVgt3 capsid protein protects rabbits against rabbit HEV infection. Moreover,
further studies including histopathological and immunological analyses, and the determination
of liver enzyme levels would provide more information on viral pathogenesis and clinical
significance of wbHEVgt3 infection in rabbits.
In conclusion, no signs of viral replication were seen in different mouse strains inoculated
with wbHEVgt3 and resistance to HEVgt3 in mice can be assumed. Accordingly, natural
HEV infection in mice has not been demonstrated yet. In contrast, HEV RNA and anti-HEV
antibodies were demonstrated in rats and rabbits. Interestingly, wbHEVgt3 infection was not
demonstrated in dexamethasone treated rats. In rabbits, viral replication was more efficient
and immunization protected against viral shedding with feces. The rabbit model for
wbHEVgt3 infection may serve as a suitable alternative to the non-human primate and swine
models, and as an appropriate basis for vaccine evaluation studies.
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Tables

Table 6.1 WbHEVgt3 challenge of wild-type and immunocompromised mouse lines.

BALB/c nu/nu

CD8 -/-

CD4 -/-

IFNRI -/(exp2)

IFNRI -/(exp1)

C57BL/6

Mouse
line

Age
and sex

8
weeks,
male

8-12
weeks

8-12
weeks

10
weeks,
male

8
weeks,
male

6
weeks,
female

Inoculum

Inoculation route

Animal
number

wbHEVgt3
(liver)

oral (250 µl) and
intravenous (250 µl)

2

wbHEVgt3
(feces)

oral (250 µl) and
intravenous (250 µl)

2

PBS

oral (250 µl) and
intravenous (250 µl)

2

wbHEVgt3
(liver)

oral (250 µl)

3

PBS

oral (250 µl)

1

wbHEVgt3
(liver)

intravenous (250 µl)

3

PBS

intravenous (250 µl)

1

wbHEVgt3
(liver)

oral (250 µl) and
intravenous (250 µl)

2

wbHEVgt3
(feces)

oral (250 µl) and
intravenous (250 µl)

2

PBS

oral (250 µl) and
intravenous (250 µl)

2

wbHEVgt3
(liver)

oral (250 µl) and
intravenous (250 µl)

2

wbHEVgt3
(feces)

oral (250 µl) and
intravenous (250 µl)

2

PBS

oral (250 µl) and
intravenous (250 µl)

2

wbHEVgt3
(liver)

intravenous (80 µl)

4+1
contact
animal

wbHEVgt3
(feces)

intravenous (80 µl)

4+1
contact
animal

wbHEVgt3
(bile)

intravenous (80 µl)

4+1
contact
animal

PBS

intravenous (80 µl)

4+1
contact
animal

dpi = day post inoculation; exp = experiment.

Observation
period

Sampling
time points

21 days
(necropsy at
21 dpi)

feces at 0, 1,
4, 7, 10, 12,
14, 17, 19, 21
dpi and
serum at 0, 4,
7, 10, 17, 21
dpi

14 days
(necropsy at
7 and 14 dpi)

feces and
serum at 0, 3,
7, 14 dpi

9 days
(necropsy at
9 dpi)

feces and
serum at 0, 2,
6, 9 dpi

21 days
(necropsy at
21 dpi)

feces at 0, 1,
4, 7, 10, 12,
14, 17, 19, 21
dpi and
serum at 0, 4,
7, 10, 17, 21
dpi

21 days
(necropsy at
21 dpi)

28 days
(necropsy at
7, 14, 21 and
28 dpi)

feces at 0, 1,
4, 7, 10, 12,
14, 17, 19, 21
dpi and
serum at 0, 4,
7, 10, 17, 21
dpi

feces at 0, 1,
2, 4, 7, 10,
12, 14, 16,
18, 21, 23,
25, 28 dpi
and serum at
7, 14, 21, 28
dpi

Anti-HEV
antibodies
OD450 ≥ 1.0

RNA in
feces
Ct < 34

RNA in
liver
Ct < 34

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/3

0/3

0/3

0/1

0/1

0/1

0/3

0/3

0/3

0/1

0/1

0/1

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/2

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5

0/5
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Table 6.2 WbHEVgt3 challenge of Wistar rats.
Exp.

1

2

a

Age
and sex

8-12
weeks,
female

8-12
weeks,
female

Inoculum

Inoculation
route

Pretreatment

No.

wbHEVgt3
(liver)

intravenous
(250 µl)

none

8

PBS

intravenous
(250 µl)

none

8

wbHEVgt3
(liver)

contact

none

1

wbHEVgt3
(liver)

oral (250 µl)
and intravenous
(250 µl)

dexametha
sone s.c.

8

PBS

oral (250 µl)
and intravenous
(250 µl)

dexametha
sone s.c.

4

Observation
period

Sampling
time points

32 days
(2 animals
each per
group per
necropsy at
4, 7, 14, 21
dpi and 1
contact
animal at 32
dpi)

feces at 0,
2, 4, 7, 10,
14, 17,
21,25, 28,
32 dpi and
serum at 0,
4, 7, 14, 21,
32 dpi

21 days
(2+1 animals
per necropsy
at 4, 7, 14
and 21 dpi)

feces at 0,
2, 4, 7, 14,
17, 21 and
serum at 0,
4, 7, 14, 21
dpi

Anti-HEV
antibodies
OD450 ≥ 1.0
2/8

a

RNA in
feces
Ct < 34
1/8

b

RNA in
liver
Ct < 34
0/ 8

0/8

0/8

0/8

0/1

0/1

1/1

0/8

0/8

0/8

0/8

0/8

0/8

at 17 dpi and 21 dpi; b at 7 dpi; Exp. = experiment; No. = animal number; s.c. = subcutaneously; dpi = day post inoculation.

Table 6.3 WbHEVgt3 challenge of rabbits.
Exp.

1

2

a

Age in
months

Inoculum

Inoculation
route

No.

Pretreatment

wbHEVgt3
(liver)

intravenous
(1000 µl)

1

none

PBS

intravenous
(1000 µl)

1

none

wbHEVgt3
(liver)

intravenous
(1000 µl)

1

none

wbHEVgt3
(liver)

intravenous
(1000 µl)

2

immunized

PBS

intravenous
(1000 µl)

1

none

6

6

a

Observation
period

Sampling
time points

45 days
(necropsy at
45 dpi)

feces and
serum at 0,
1, 3, 5, 7, 11,
14, 18, 21,
25, 28, 32,
35, 39, 42,
45 dpi

46 days
(necropsy at
46 dpi)

feces and
serum at 0,
1, 3, 5, 7, 11,
14, 18, 21,
25, 28, 31,
34, 39, 42,
45, 46 dpi

Anti-HEV
antibodies
OD450 ≥ 1.0

RNA in
feces
Ct < 34

RNA in
tissue
Ct < 34

28 – 45 dpi

3 - 14 dpi

None

none

none

None

39 - 46 dpi

5 - 39 dpi

liver, gall
bladder

none

None

none

None

2/2

b

none

immunization with a C-terminal segment of HEVgt3 capsid protein; b with booster effect at 14 - 25 dpi; Exp. = experiment;
No. = animal number; dpi = day post inoculation.
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Figures

Figure 6.1 Serology and HEV RNA detection in feces of rabbits.
Antibody responses to HEV in serum of inoculated rabbits measured by a double-antigen sandwich ELISA and
fecal excretion of viral RNA quantified by RT-qPCR. wbHEVgt3 = one rabbit inoculated with HEVgt3 obtained
from a wild boar liver; wbHEVgt3_immun = two rabbits immunized with a C-terminal segment of HEVgt3
capsid protein and inoculated with HEVgt3 obtained from a wild boar liver; control = one rabbit inoculated with
PBS. OD450-values ≥ 1 are prescribed as seropositive. DPI = day post inoculation.
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7. General discussion
Severe human HEV infection after ingestion of uncooked liver from wild boar was reported in
Japan, whereas foodborne zoonotic transmissions in Europe were primarily associated with
domestic pigs [89,116]. Individuals with direct contact to pigs are at higher risk of HEV
infection and forestry workers have a higher HEV seroprevalence rate compared to blood
donors [163,293,294]. Recent studies in Asia and Europe revealed high HEV seroprevalences
and molecular evidence for HEV infection in wild boar [280-287]. In Germany, the wild boar
is considered as one of the main sources of human autochthonous infections [288,289].
Moreover, phylogenetic analyses of Japanese HEV isolates indicated former transmission
events from domestic pig to wild boar [295]. Until now several studies in domestic pigs were
performed by intravenous or contact transmission of domestic pig-derived HEV
[79,259,260,269,271,272]. Thereby, histopathological signs of hepatitis, but no clinical
symptoms were described [11,269,414]. Conversely, to date little is known about the course
of HEV infection in European wild boar and their role in HEV transmission to domestic pigs.
Experimental challenge studies have not yet been carried out. Moreover, data on the cellular
immune response following an HEV infection in humans are sparse, while data on pigs are
completely missing. Until now several studies focused on acute HEV infections in swine
[259,269], but little is known about persistent HEV infections in swine potentially leading to
chronic hepatitis E. As HEV has the ability to cross species barriers, it is important to identify
the possibility of cross-species transmission between wild boar and rodents, respectively
rabbits. Laboratory mice, rats and rabbits were explored as potential animal models for HEV
[80,82,128,129,148], but it remains to be determined whether they can be used as a suitable
model for wild boar-derived HEVgt3 infection studies. Understanding HEV interspecies
transmission is needed to implement effective prevention and control measures.
Therefore, the aim of this thesis was to investigate the pathogenesis of a wild boar-derived
HEVgt3 strain in European wild boar and to assess possible horizontal transmissions among
wild boar and to domestic pigs. We investigated cellular immune responses following a
HEVgt3 infection in wild boar and domestic pigs. Additionally we assessed, whether a
dexamethasone treatment, which leads to potent immunosuppressive effects, affects the
clinical course and pathological outcome of HEV infection in experimentally infected wild
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boar. To determine differences in the susceptibility to HEVgt3 infection depending on the
immune status, dexamethasone treated and non-treated domestic pigs were kept in contact to
infectious feces derived from the intravenously inoculated wild boar. We also examined the
course of hepatitis E in naturally gt3 infected European wild boar up to six months to obtain
an initial impression of the potential existence of porcine chronic hepatitis E. In addition, the
possibility of HEV transmission from naturally infected wild boar to domestic pigs when they
were kept in direct contact was investigated. To determine the susceptibility of different small
mammalian species to HEV infection originated in European wild boar, viral replication and
humoral immune responses were studied in several mouse strains, Wistar rats and European
rabbits. Moreover we hypothesize that immunosuppression may lead to viral persistence in
swines as well, but simultaneously reduces the manifestation of liver disease due to
diminished inflammatory responses.
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Pathogenesis of HEV in European wild boar

To date, the foodborne zoonotic transmission of HEVgt3 in Europe is primarily associated
with domestic pigs [116], while data on the pathogenicity of HEV in wild boar and their role
in HEV transmission to domestic pigs are missing. HEV prevalence studies in hunted wild
boar and serological studies in humans with documented contact with wild boar suggest
zoonotic transmissions [163,283,285-287,293]. Until now several studies in experimentally
HEV infected domestic pigs were performed [79,259,260,269,271,272], but none involving
the wild boar. Manuscript I presents an infection experiment of wild boar inoculated with a
HEVgt3 strain originated from a wild boar hunted in Mecklenburg Western-Pomerania,
Germany. To obtain an initial impression of horizontal HEV transmission among wild boar, a
contact animal was included into the study. Detailed studies of cellular immunity to HEV
infection in wild boar are not yet available. Therefore, manuscript II addresses cellular
immune responses to HEVgt3 and the effect of dexamethasone treatment on HEV replication
in experimentally infected wild boar. Non-infected dexamethasone treated wild boar served as
controls for the evaluation of immunosuppressive effects. Until now several studies focused
on acute HEV infections in the swine [259,269]. Manuscript I and II deal with the early
course of HEV infection in wild boar as well, but little is known about persistent HEV
infections in swines which could potentially lead to chronic hepatitis E. Therefore, manuscript
III addresses the course of hepatitis E in naturally gt3 infected European wild boar up to six
months. Additionally, the possibility of HEV transmission from persistently HEV infected
wild boar to domestic pigs was investigated.
The results presented in manuscript I and II demonstrate that the experimental inoculation of
wild boar leads to an effective HEV replication with substantial virus shedding. HEV RNA
was detected in serum, feces and different tissues of all intravenously inoculated wild boar.
Following intravenous challenge of wild boar, HEV infection was successfully transmitted to
the contact wild boar. This contact animal infection resembled the natural course of the
disease and confirmed that HEV rapidly spreads to other pigs. The fecal-oral transmission of
HEV is considered to be the main transmission route among pigs [420]. Studies in contact
infected pigs estimated a basic reproduction ratio for HEV transmission among pigs at 8.8,
showing the potential of HEV to cause epidemics in pig populations [256].
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As presented in manuscript I and II, seroconversion occurred in the experimentally infected
wild boar, but not consistently. In intravenously inoculated wild boar anti-HEV antibodies
were detected at the earliest point two weeks post inoculation which is in line with previously
performed infection studies in domestic pigs [17,269]. The observation of slightly increased
antibody levels in dexamethasone-treated wild boar at the end of experiment might be an
effect of glucocorticoid administration, but random effects cannot be excluded. Previous
studies indicated that dexamethasone is capable of inducing a shift in the immune response
from a Th1 towards a Th2 cell response by influencing the levels of cytokines produced by
the lymphocytes [390]. In humans, the clinical course of HEV infection can vary substantially
between different individuals, and chronic cases of hepatitis E were described in
immunosuppressed patients [223]. Our results indicated different patterns within the course of
HEV infection in wild boar as well. Animals with early anti-HEV seroconversion were able to
clear the virus, while animals with lacking antibody responses suffered from prolonged HEV
persistence until the end of the experiment. Our findings support the hypothesis that adaptive
immune responses are essential to control HEV infection [225].
In humans, hepatitis E is characterized by symptoms such as fever, anorexia, vomiting and
jaundice which correlate with rising serum liver enzyme levels [421]. The studies presented in
manuscript I and II addressed also the clinical outcome of HEV infection in wild boar. A
clinical course of HEV infection was proven in experimentally HEV infected wild boar based
on elevated serum levels of GGT, ALT and BA. The elevation of different liver enzymes
was associated with enhanced viral replication and anti-HEV immune responses. Former
studies in domestic pigs described only subclinical HEV infections [259,269,272]. Increased
GGT levels have also been reported for experimentally HEV infected non-human primates
[422], but not described for pigs before. Our results support laboratory findings in humans
with HEV infection which are similar to other forms of viral hepatitis, and characterized by
elevated serum levels of ALT and GGT as well [197]. Moreover, dexamethasone treatment
did not significantly influence liver enzyme levels in serum.
Our histopathological findings for hepatic lesions varied for wild boar ranging from diffuse
moderate lesions with swelling, vacuolation and single cell necrosis of hepatocytes, to
multifocal more severe hepatocellular degenerations. In previous studies microscopic liver
lesions with multifocal lymphoplasmacytic viral hepatitis were observed in both
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experimentally [259,269] and naturally [11] HEV infected domestic pigs. Swelling of
hepatocytes with vacuolation of the cytoplasm was also seen in acute liver injury of HEV
infected domestic pigs [259]. Possibly, a weak cytotoxic response leads to viral persistence,
yet without obvious liver damage, whereas a sufficient immune response may cause an
effective HEV clearance that is, however, accompanied by a variable degree of hepatic
damage. As presented in manuscript II, the degree of detected liver lesions in intravenously
inoculated wild boar was not influenced by the dexamethasone treatment.
Viral antigens and highest viral loads were mainly found in liver samples confirming that the
liver is the primary location of HEV replication also in wild boar. Extra-hepatic replication
sites have previously been reported [273] and in this study, HEV RNA and viral antigens
were observed in spleen and different lymph nodes. In humans, neurotropic HEVgt3 variants
are under discussion and HEV RNA was recently detected in the cerebrospinal fluid of
chronic HEV infected patients with neurological symptoms [109]. Interestingly, HEV RNA
was also detected in the brain of two intravenously inoculated wild boar. In HEV infected
animals and humans only few immunohistochemical investigations on viral antigen
distribution have as yet been published [268,274,327,423]. We demonstrate here the first
immunohistochemical studies in HEV infected wild boar. We were able to detect viral
antigens mainly in Kupffer cells and LSEC, partially associated with hepatic lesions and
infiltrates of CD3 positive cells. It was shown that HEV replicates in hepatocytes and in extrahepatic tissues such as small intestine, colon, spleen, bile duct and lymph nodes [273,324]. A
virus proliferation in Kupffer cells and liver sinusoidal endothelial cells is possible, if not
essential. Since these cells have antigen presenting functions [424], they may also play a role
in the host defense mechanisms and immunopathogenesis of HEV infection. In wild boar
livers, we observed different patterns of hepatic lesions and HEV antigen distribution. HEV
antigens were either diffusely distributed without association to liver lesions or associated
with hepatocellular degeneration. Previous immunohistochemical studies in the liver of acute
HEV infected humans revealed that infiltrates consisted mainly of CD3 positive T cells
containing predominantly cytotoxic CD8 positive cells [425]. Interestingly, CD3 positive T
cell infiltrations within liver lesions were also observed in this study. As viral antigens were
found in the spleen, and hepatic and mandibular lymph nodes as well, lymphatic tissues might
represent extra-hepatic HEV replication sites. Contrary to reports in previously described
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HEV infected gerbils [130], no viral antigens were detected by immunohistochemistry in the
intestine of wild boar. These findings might be explained by differences in the sensitivity
between RT-qPCR and immunohistochemistry. Otherwise, these discrepancies in both assays
might also be due to the fact that different targets were detected, namely in the formerly
mentioned assay viral RNA targeting HEV-ORF3, and in the latter viral capsid protein
encoded by HEV-ORF2.
Cellular immune responses and the role of host factors in porcine HEV infection have not yet
been studied in detail. Both human and animal studies have suggested that immune responses,
rather than viral damage to hepatocytes, drive the clinical manifestation of hepatitis E
[111,351]. In immunocompromised humans, such as patients with a solid-organ transplant,
hematologic tumors, or in those who are human immunodeficiency virus-positive, HEV
infections can lead to viral persistence [215]. Multi-faceted interactions between host immune
responses and virus diversity seem to be responsible, but the key mechanism leading to a
chronic hepatitis E infection is largely unknown. Hence, manuscript II addresses on the one
hand the cellular immunity in HEV infected wild boar, and on the other hand the effects of
immunosuppression induced by systemic administration of glucocorticoids on the
pathogenesis of HEVgt3 infection. Dexamethasone, a potent glucocorticoid, decreases the
cytokine production and consequently impairs the immune systems’ activation [355].
Moreover, glucocorticoids have inhibitory effects on T and B cells, and exert potent
suppressive effects on the effector functions of phagocytes [352]. We hypothesized that
immunosuppression may enhance the susceptibility of wild boar to HEV, but also reduces the
clinical manifestation due to diminished inflammatory responses possibly leading to viral
persistence at the same time. In this study, the blood compartment was chosen to investigate
the changes of leukocytes during the course of HEV infection. Of course, the majority of
immune cells will probably have left the blood stream following an HEV infection, but
changes of the blood cells can still be indicative for the immune response over time.
Lymphocyte subpopulations of pigs have been investigated in a number of studies with the
aim to identify correlations between function and the phenotype of these cells. Anyhow,
detailed functional analyses of subpopulations are currently not feasible. Therefore, defined
roles of different subsets in the porcine immune system and their functionality are not yet
resolved. It has to be taken into account that animals used in this study were of different
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genetic constitution including distinct SLA haplotypes. The SLA genomic region is extremely
polymorphic comprising high numbers of different alleles and plays a crucial role in
maintaining overall adaptive immunologic resistance to pathogens [357]. Therefore, the
potential biological diversity between individuals should be taken into consideration.
Differential cell counts revealed a leukocytosis, lymphocytosis and monocytosis in all HEV
infected wild boar. However, changes in differential cell counts were less pronounced in the
dexamethasone-treated wild boar group. Our findings are in accordance with other studies
investigating viral hepatitis in which increased white blood cell counts and a lymphocytosis
were frequently found [356]. Furthermore, an immunosuppressive effect of dexamethasonetreatment was proven in dexamethasone-treated control pigs as they developed a depletion of
white blood cells in the peripheral blood. Changes in T cell populations were observed in all
HEV infected wild boar, which were much more pronounced in the non-treated HEV infected
wild boar. Therefore dexamethasone seems to weaken cellular immune responses in HEV
infected wild boar, yet without shutting it down completely. T cell mediated adaptive immune
responses are important for the elimination of viral infections [356]. Significantly higher
numbers of cytotoxic T lymphocytes (CD8+CD4-) and helper/memory cells (CD4+CD8+) in
the PBMCs were detected in HEV infected wild boar, less pronounced in the dexamethasonetreated group. A marked cytotoxic T cell response developed one week post infection and
persisted until to the end of the experiment. Following the increase of cytotoxic T
lymphocytes, an increase of T helper/memory cells was detectable. In a previous study in
humans with acute hepatitis E, patients showed also increased numbers of CD8+CD4- and
CD4+CD8+ cells compared to healthy controls [206]. In many viral infections of pigs
CD8+CD4- T cells are the predominant T cell subpopulation [375-379], but porcine
CD4+CD8+ T cell responses have also been reported [363,380-382]. Moreover, the
percentage of activated γδ T cells (γδTCR+CD8+) increased in all HEV infected wild boar.
Accumulating evidence suggests that γδ T cells are components of both innate and adaptive
immunity against various viral and bacterial infections, and they are also important in early
responses against infections at epithelial surfaces [359-361]. In pigs, responding γδ T cells
have been reported in different viral infections [362-365], whereas the responding γδ T cells
belonged also to the γδTCR+CD8+ T cell subset [363,364]. Like αβ T cells, these γδ T cells
can express CD8α which in swine seems to be correlated with an activation status of T cells,
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as γδTCR+CD8+ T cell subsets are normally found in the thymus and only after activation in
the periphery [366]. It was shown that CD2 but not CD21 can be re-expressed on the surface
of B cells so that CD21 can be considered as a maturation marker. CD2 on the surface of B
cells can be down-regulated by cell-to-cell contact and once recovered, CD2 expression on B
cells is re-established [383]. Upon infection, all wild boar showed a down regulation of
CD2+CD21+ cells (phenotype of naïve B cells) and CD2-CD21+ cells (phenotype of primed
and activated B cells) indicative for B cell activation. Cells representing the phenotype of
antibody-forming and/or memory B cells (CD2+ CD21-) showed an increase in all HEV
infected pigs. Changes in B lymphocyte subsets were mostly not affected by dexamethasone
treatment. The increase of antibody-forming and/or memory B cells (CD2+ CD21-) probably
reflects the chronological events in anti-HEV antibody production. Anyhow, it has to be
considered that the phenotype CD2+CD21- of non-T cells also included NK cells, but in
negligible quantity as their frequency in peripheral blood is very low [366]. In the liver and
spleen an influence of HEV infection and dexamethasone-treatment on immune cell
percentages was also detected. Interestingly, percentages of different T cell subsets in the liver
and spleen of the dexamethasone control group were mostly on the other end of the scale
compared to those of HEV infected wild boar groups. As no additional tissue material of HEV
negative untreated wild boar was available, the results of lymphocyte subsets in the tissue of
HEV infected wild boar should be interpreted with care and need further investigation.
Interestingly, a marked increase in the percentage of γδ T cells was observed in the liver of all
HEV infected wild boar. In contrast to the liver, lower percentages of γδ T cells were seen in
the spleen of HEV infected wild boar compared to dexamethasone-treated, uninfected wild
boar. Our findings might also suggest that T cells detectable in peripheral blood may migrate
into the primary site of infection to function as effector cells in the liver. However, HEVspecific T cell responses have up to now only been studied in hepatitis E patients, but not in
pigs. In humans, proliferation and cytokine production of CD4+CD8- and CD8+CD4- T cells
were studied after stimulation with peptides encoded by HEV-ORF2 and –ORF3 [225].
In the beginning, HEV was known to cause only acute hepatitis, but lately HEVgt3 was also
identified as a novel causative agent of chronic hepatitis in immunocompromised patients
[223]. Recent studies in humans were able to associate the activation of the interferon system
and viral evolution with severity or chronicity of hepatitis E [223]. As recently shown, HEV
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inhibits type I interferon induction by ORF1 products in-vitro [331]. Studies in humans also
revealed that chronic hepatitis E might be associated with impaired HEV-specific T cell
responses and enhancing adaptive cellular immunity against HEV might prevent persistent
HEV infections [225]. In swine and other animals, various factors have been discussed as
possible modulaters of the clinical outcome of HEV infection [272,410], such as virus titer,
ratio of infectious to defective particles, route of infection and host factors like the immune
status, age of exposure and the presence of co-infections.
As shown in manuscript I and II, naturally required HEVgt3 replicates effectively in
experimentally infected wild boar and is transmissible from wild boar to domestic pigs. To
obtain an initial impression of the potential existence of chronic hepatitis E in swine,
manuscript III addresses the course of hepatitis E in naturally gt3 infected European wild boar
up to six months. Chronic HEV infection in humans was defined as the presence of
persistently elevated liver enzyme levels and detectable HEV RNA in the serum and/or stool
for at least six months [408]. Evidence of a chronic course was also observed in
experimentally rabbit HEV infected SPF rabbits, as persistent fecal shedding and elevated
liver enzymes were noted for more than six months after infection [149]. However, persistent
HEV infections in swine were not yet documented. Our results indicate persistent HEV
infection also in wild boar which showed intermittent fecal HEV RNA excretion and viremia
over 4 months. Moreover, infectivity was proven, as natural gt3 infection in wild boar was
transmissible to domestic pigs three months after the first detection of viral RNA. In our
study, the infectious dose of the contact animals remained unknown, but fecal HEV RNA
excretion of the wild boar was very low compared to the results in transmission studies
described in manuscript I and II. Interestingly, naturally infected wild boar were positive for
both HEV RNA and anti-HEV antibodies in serum. Persistent fecal virus shedding together
with high anti-HEV antibody levels was also observed in experimentally infected rabbits
[149]. Usually, HEV should be cleared by high titers of neutralizing anti-HEV antibodies
[348]. However, growing evidence indicates that some non-enveloped viruses, like the HAV,
circulate in the blood of infected individuals and are enveloped in host-derived membranes
that provide protection from neutralizing antibodies [23]. Potentially, this membranehijacking contributes to the persistence of HEV in its hosts as well. Viremic episodes in an
immunosuppressed liver transplant recipient was recently shown [409] in spite of the presence
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of anti-HEV antibodies in the serum. In contrast to the results presented in manuscript I and
II, none of the collected tissue samples in naturally infected wild boar were tested positive for
HEV RNA or viral antigens. In fact, it could be that an earlier time point of necropsy would
have resulted in positive RNA or antigen detection in tissue. Possibly, high viral loads
initially detected in serum samples of naturally infected wild boar were indicative of an
extrahepatic manifestation of HEV infection. In contrast to histopathological findings
presented in manuscript I and II, no signs of hepatitis were seen in livers of naturally infected
wild boar. In persistently HEV infected SPF rabbits chronic inflammatory cell infiltrations
and portal fibrosis were observed in the liver tissue [149]. A clinical course of hepatitis E
based on elevated liver enzyme levels in serum was proven in experimentally infected wild
boar as described in manuscript I and II. Possibly, retrospective analysis on this issue would
provide further information on clinical parameters also in naturally infected wild boar.
However, as liver enzyme activities decrease within extended storage periods, respective
laboratory results have to be interpreted with caution. In accordance to the findings presented
in manuscript I and II, clinical investigations based on the measurements of body weight and
rectal temperature were also inconspicuous in naturally infected wild boar. However, the
underlying cause of this chronic trend in naturally HEV infected wild boar remained unclear.
Phylogenetic analysis of HEV isolates obtained from the naturally infected wild boar revealed
an infection with HEVgt3 subtype 3i (HEVgt3i). Interestingly, HEVgt3 subtype 3i was also
associated with chronic hepatitis in kidney transplant recipients in France [411]. There is
evidence that differences in circulating virus isolates may influence the pattern and severity of
illness. Studies of different HEV strains identified several variants with altered virulence
[412,413]. Recently, an integration of a nucleotide sequence from human host RNA into the
HEV genome of a patient with chronic hepatitis E was shown [426]. Moreover, this gt3 strain
has replicated more effectively in cell culture than other tested HEV isolates [55].
Taken together, our data underline the importance of wild boar as HEV reservoir hosts and
their relevance in the transmission of HEVgt3 to domestic pigs. Histopathological analyses in
wild boar showed mild to moderate intralobular lymphoplasmacytic or lymphohistiocytic
infiltrates with variable degree of hepatocellular degeneration. Furthermore, in our studies we
found Kupffer cells, liver sinusoidal endothelial cells and extra-hepatic lymphatic cells as
potential virus replication sites. Some of the wild boar used in our studies carried also
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nematodes and showed mild gastrointestinal symptoms possibly caused by other swineaffecting infectious agents or also by stress or a modified feeding regime. Anyhow, clinical
and pathological examinations showed no indication of other infections and liver
homogenates given to the experimental animals were sterile filtered to prevent parasitic and
bacterial superinfections. However, future studies should clarify the impact of co-infections
on the HEV pathogenesis. Our results indicate that HEVgt3 infection in wild boar enhances
the cellular and humoral immune responses, surprisingly largely unaffected by a
dexamethasone induced immunosuppression. Especially an increase of cytotoxic T
lymphocytes followed by an increase of T helper/memory cells and activated γδ T cell subsets
was shown in intravenously HEV infected wild boar. Moreover, marked increase in
percentages of γδ T cells were observed in the liver. Anyhow, no significant differences in
clinical manifestations, viral replication, and liver lesions were observed between
dexamethasone-treated and untreated wild boar. Our findings are in contrast to results
obtained in dexamethasone-treated Peste des Petits Ruminants virus (PPRV)-infected goats
and swine influenza virus-infected turkeys. Immunosuppression in turkeys revealed an
increase of virus replication, prolonged virus shedding and the possibility of enhancing virus
transmission [391]. In contrast to the study presented here, the extent and distribution of
PPRV antigen were increased in dexamethasone-treated goats [392]. Supposedly, further
HEV infection studies with higher animal numbers are required to define differences in HEV
replication more precisely and to exclude statistical outliers. Moreover, longer observation
periods would faciliate the possibility of developing viral persistence which may also lead to
chronic HEV infection in pigs. Studies in miniature pigs experimentally infected with
Leptospira interrogans revealed persistence until the chronic phase, and excretion of
leptospires was increased under immunosuppressive conditions, resulting in enhanced
horizontal transmissions [393]. However, other methods for immunosuppression have to be
tested, because a relative resistance to dexamethasone-induced immunosuppression was
previously demonstrated [394] in domestic pigs treated over a prolonged time. CD8-depletion
in HBV infected chimpanzees demonstrated that CD8 positive cells were the main effector
cells responsible for viral clearance and disease pathogenesis [395]. Targeted modifications of
the porcine immune system such as the ability to modulate in vivo T cell populations of pigs
[396] would provide deeper insights into the role of different immune cell subsets and
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immune regulation mechanisms in HEV pathogenesis. For example, in vivo depletion of CD8
positive T lymphocytes abrogates protective immunity to African swine fever virus [375]. In
conclusion, immunosuppressive effects of dexamethasone were proven, but did not affect
substantially the course of HEV infection in wild boar. However, further research is needed to
understand immunopathological processes in porcine HEV infection more precisely.
Interestingly, our results indicate persistent HEV infection in naturally infected wild boar
despite the presence of anti-HEV antibodies, but histopathology revealed no evidence of
chronic active hepatitis in wild boar. Infectivity was also proven, because natural HEVgt3
infection in wild boar was transmissible to domestic pigs. Pathomechanisms for the
development of persistent HEV infections in wild boar should further be assessed, as this may
provide an animal model for the chronic HEV infection in humans. Possibly, profound
phylogenetic analyses of circulating subtypes in swine will also identify HEV variants with
increased virulence in pigs. Based on the observation of the long duration of viral shedding,
especially in persistently infected animals, wild boar has to be considered as an important
reservoir and transmission host of HEVgt3 in Europe. Since large amounts of virus particles
were excreted in feces of wild boar, droppings can contaminate the environment and pose a
particular risk to susceptible species.
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Transmission of wild boar-derived HEV to domestic pigs

Several HEV transmission studies in domestic pigs were performed [79,259,271,272].
Conversely, little is known about HEV transmission from European wild boar to domestic
pigs to date. Phylogenetic analyses of Japanese HEV isolates indicated past transmission
events from domestic pig to wild boar [295]. The study presented in manuscript I addresses
the transmission and pathogenesis of wild boar-derived HEVgt3 in intravenously and contactinfected miniature pigs, whereas manuscripts II and III deal with horizontal transmission
experiments in common domestic pig breeds. Miniature pigs have been used in several fields
of biomedical research [427], but HEV infection studies have never been carried out in this
pig breed. Compared to common domesticated swine breeds, the miniature pig offers several
breeding and handling advantages. Manuscript II addresses the cellular immunity in fecalorally HEV infected domestic pigs. Moreover, the effects of immunosuppression induced by
the administration of glucocorticoids on HEVgt3 infection are described. We hypothesized
that immunosuppression may enhance the susceptibility of domestic pigs to HEV. Therefore,
comparative analyses of cellular immune responses in peripheral blood and tissue samples,
viral loads in different excreta and organ materials, humoral immune responses to HEV
infection, histopathological changes and viral antigen distribution in different tissues were
performed. Contrary to the studies presented in manuscripts I and II, manuscript III addresses
the horizontal transmission of HEV from naturally HEVgt3 infected wild boar to domestic
pigs via direct contact.
The experimental inoculation of miniature pigs presented in manuscript I revealed an
effective HEV replication with substantial virus shedding as shown by the detection of HEV
RNA in serum, feces and different tissues. Following an intravenous challenge of wild boar,
HEV infection was successfully fecal-orally transmitted to miniature pigs. As presented in
manuscript II, horizontal HEV transmission between intravenously inoculated wild boar and
domestic pigs was proven as well, as fecal HEV RNA excretion was observed, somewhat
delayed in dexamethasone-treated animals. No significant differences in HEV replication
depending on the immune status were noticed, despite a slight increase of viral loads in
dexamethasone-treated domestic pigs. Moreover, an early virus replication was observed in
the liver of one miniature pig already one day post inoculation. Our findings confirm that the
liver is the primary location of HEV replication. The duration of fecal HEV shedding in most
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intravenously inoculated miniature pigs was similar, but higher viral loads were found in
feces of wild boar. Seroconversion occurred in intravenously inoculated miniature pigs after
two weeks which is in line with previous studies in domestic pigs [17,269]. The reason for the
lack of an antibody response in two contact miniature pigs, despite elevated liver enzyme
levels and fecal virus shedding, remains unclear. Most probably the duration of the
experiment was not long enough or the HEV infection was not systemic, as described before
[271]. In the study presented in manuscript II, only one untreated domestic pig developed
measureable anti-HEV antibodies within the experiment. Probably, longer observation
periods would have led to seroconversion in the majority of HEV infected pigs, as normally
strong anti-HEV antibody responses were seen during the early course of infection [111]. It
was demonstrated previously that domestic pigs could be infected orally. Nevertheless, not
each contact pig was infected and the antibody response was less effective as compared to the
intravenous inoculation route [273]. Single doses given by the intravenous route were
demonstrated to cause HEV infection in pigs more reliably [118,420]. The oral route of
infection is effective only when HEV is given in multiple doses, what implies a greater
efficiency of transmission by a repeated ingestion of inoculum [271]. In the experiments
described in manuscripts I and II, the domestic pigs were only exposed to collected feces of
HEV infected wild boar and the infectious dose of the contact animals remains unknown. As
HEV RNA was detected in urine of experimentally infected domestic pigs [259], HEV might
have been also transmitted via urine. Therefore, it can be assumed that animals with direct
contact to intravenously inoculated wild boar might be exposed to a higher infectious dose
because of permanent contact to excreta. As described in manuscript III, seroconversion in
domestic pigs occurred two weeks after the first detection of fecal RNA excretion which is in
line with other HEV transmission studies in pigs [259]. Anyhow, none of the collected tissue
samples were tested positive for HEV RNA or viral antigens. Interestingly, anti-HEV
antibodies persisted only in one domestic pig until the end of the experiment. In agreement
with the results presented in manuscript I and II, anti-HEV responses in contact infected
domestic pigs were less marked than in intravenously inoculated pigs. Certainly, the
exposition to infectious HEV particles was lower in this study, as fecal shedding in naturally
infected wild boar was less effective compared to intravenously inoculated wild boar as
described in manuscript I and II. Bouwknegt et al. suggested recently also a dose-dependent
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response in HEV infected pigs [428]. Our findings support the hypothesis that adaptive
immune responses are important to control HEV infection [225], even if not consistently.
Finally, the persistence of high anti-HEV antibody levels in domestic pigs seemed not to be
essential for the control of HEV infection. Based on a study in non-human primates, HEV
seems to be more susceptible to innate immunity than HCV [77], even though HEV has also
developed mechanisms to suppress IFN-α signaling [276]. Furthermore, recombinant HEV
antigens corresponding to the capsid protein of the native virus were used in this study to
detect all classes of antibodies to HEV in serum. The role of detecting the anti-HEV IgA in
conjunction with anti-HEV IgM in the diagnosis of acute HEV infection was explored in
several studies [314,429]. Probably, the time course of antibody levels observed in the current
experiment was also influenced by HEV-specific IgA in serum, as IgA could be detected in
the serum of patients with hepatitis E [301,430]. In pigs, the intestinal wall contains the
majority of all IgA secreting plasma cells of the body [431], and the intestine is the major
source of the IgA present in the porcine blood [432]. Nevertheless, variability in the
sensitivity and specificity of HEV assays often complicates the interpretation of serological
data [299].
In domestic pigs, only subclinical HEV infections were described [259,269,272] and no
deviations in the levels of liver enzymes could be detected in the serum of experimentally
infected animals [17,79,269]. In the studies described in manuscript I and II, a clinical course
of HEV infection could be proven in domestic pigs, based on elevated GGT levels in serum.
Increased GGT levels have also been reported for experimentally HEV infected non-human
primates [422], but not for domestic pigs before. As presented in manuscript II,
dexamethasone treatment did not significantly influence liver enzyme levels in serum of
fecal-orally HEV infected domestic pigs. The course of HEV infection in domestic pigs,
which were in direct contact with naturally HEV infected wild boar, was asymptomatic, but
biochemical analyses of serum liver enzyme levels have not yet been performed.
Multifocal lymphoplasmacytic viral hepatitis was previously observed in both experimentally
[259,269] and naturally [11] HEV infected domestic pigs. Moreover, swelling of hepatocytes
with vacuolation of the cytoplasm was seen in acute HEV infection of domestic pigs [259].
Our histopathological findings for hepatic lesions in the intravenously infected miniature pigs
were in concordance with the above mentioned published data. All contact animals showed a
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randomly distributed multifocal mild lymphohistiocytic infiltration in the liver associated with
single cell necrosis. Only two immunohistochemical studies in HEV infected domestic pigs
have been published by Chinese researchers before [268,274]. In our study, viral antigens
were only found in the liver of intravenously inoculated miniature pigs, but not in contact
miniature pigs. In the contact miniature pigs, viral antigens were demonstrated exclusively in
the follicles of the mandibular lymph nodes. Previous studies in domestic pigs suggested that
HEV replicates in hepatocytes and in extra-hepatic tissues such as small intestine, colon,
spleen, bile duct and lymph nodes [273,324]. As described in manuscript II, no liver lesions
indicative for viral hepatitis were seen in fecal-orally infected domestic pigs, despite the
presence of viral RNA in liver tissue. Viral antigens were detected solely in one domestic pig.
Pathohistological analyses were also inconspicuous in domestic pigs as presented in
manuscript III. Increased susceptibility of miniature pigs for wild boar-derived HEVgt3
cannot be excluded.
No particular changes in differential blood cell populations, apart from a commonly seen
initial stress-induced increase in different parameters [354], were observed in any of the
domestic pigs presented in manuscript II. Contrary to changes observed in wild boar, no
consistent changes in the percentages of cytotoxic T lymphocytes and T helper/memory cells
were observed in peripheral blood of the domestic pigs. Anyhow, in the untreated HEV
infected domestic pigs an increase in the percentages of T helper cells occurred after three
weeks. It was speculated that increases in T helper cells (CD4+CD8-) among patients with
hepatitis E may reflect increases in the natural killer cell population, which may in turn
produce elevated levels of INF-γ [39]. Upon infection, all animals showed a down regulation
of CD2+CD21+ cells (phenotype of naïve B cells) and CD2-CD21+ cells (phenotype of
primed and activated B cells) indicative for B cell activation.

Cells representing the

phenotype of antibody-forming and/or memory B cells (CD2+ CD21-) showed an increase in
all HEV infected domestic pigs. Changes in B lymphocyte subsets were mostly independent
from dexamethasone treatment. Conversely to intravenously inoculated wild boar and
negative control pigs, higher percentages of all tested T cell subsets were observed in the liver
of domestic pigs, especially marked in the percentage of γδ T cells. Additionally, higher T
helper/memory cell and γδ T cell percentages were found in mesenterial lymph nodes of the
HEV infected domestic pigs. Differences in cellular immune responses between the wild boar
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and domestic pigs might be due to distinct transmission routes, and intraspecific and
individual varieties. Beyond that, differences in the stage of HEV infection and in regulating
immune responses cannot be excluded in this study, as an early stage of T cell activation in
the liver of domestic pigs can be assumed.
Taken together, our data demonstrated that miniature pigs are susceptible to wild boar-derived
HEVgt3 transmission, either by direct contact or the intravenous route, and confirmed that the
miniature pig is a suitable model for HEV infection. Moreover, HEVgt3 was successfully
fecal-orally transmitted to common domestic pigs irrespectively of their immune status.
Hence, an association between immunosuppression and enhanced susceptibility of pigs to
HEVgt3 could not yet be proven. Marked increase in percentages of γδ T cells were observed
in the liver of fecal-orally infected domestic pigs. Additionally, higher T helper/memory cell
and γδ T cell percentages were found in the mesenterial lymph nodes. Anyhow, in PMBCs of
domestic pigs dominated a T helper response. Infectivity was also proven as natural HEVgt3
infection in wild boar was transmissible to domestic pigs, but less effective compared to
horizontal HEV transmission from experimentally infected wild boar. Actually, in most
industrialized countries the HEV infected population of domestic swine is far larger than
those of the wild boar. Accordingly, wild boar and other wildlife can be at infection risk either
indirectly by using pig manure as fertilizer on agricultural land or directly by contact to
domestic pigs kept on open land.
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Immunopathogenesis of HEV also in swine?

Following virus infections host cell injury may be mediated either by a direct effect of the
infectious agent or indirectly through the antiviral host response, or a combination of both.
There is a general consensus that virus-specific CD8 positive T cells most likely play an
important role in viral clearance by noncytolytic and cytotoxic effector functions as soon as
viral antigens are presented by MHC class I alleles. The dominant role of virus-specific CD8
positive T cells is supported by experimental depletion studies of CD8 positive T cells that
delay viral clearance of hepatotropic viruses in non-human primates [395,433]. Anyhow, help
from CD4 positive T cells is required to prime and maintain strong and protective CD8
positive T cell responses. Nevertheless, the mechanism which contributes to the failure of
virus-specific CD8 positive T cell responses and to the persistence of hepatotropic infections
is still not clearly understood. Possible mechanisms discussed as reasons for virus-specific T
cell failure include the emergence of viral escape mutants, insufficient help of CD4 positive T
cells, or direct suppression by cytokines or Tregs [385]. Recently, innate immune responses
involving NK cells which account for the majority of innate immune cells in the liver, and
nonconventional T cells were also brought up as potential mechanism. Moreover, liver cell
populations such as LSECs and Kupffer cells have scavenger functions and are crucial in the
uptake of blood-borne molecules and transcytosis to hepatocytes, probably facilitating liver
cell targeting of hepatotropic viruses [434]. The hepatic sinusoids are the main place where
immune cells from peripheral blood first interact with liver cell populations. Immune cells
from peripheral blood function directly as effector cells, or migrate into the liver parenchyma
[435]. In HBV infected chimpanzees the onset of viral clearance is closely related with the
appearance of IFN-γ-producing CD8 positive T cells in the liver that precedes the peak of
liver damage [436]. Interestingly, non-cytolytic antiviral effects have been also described
primarily mediated by IFN-γ. During the acute phase of HCV infection in non-human
primates, viral clearance occurred in the absence of elevated liver enzyme levels with only
mild histopathologically verifiable liver cell damage, but with detectable IFN-γ messenger
RNA in hepatic tissue [437].
As HEV itself appears to be non-cytopathic [218], an immunopathogenesis is assumed for
hepatitis E in humans [223]. Both human and animal studies have suggested that immune
responses, rather than viral damage to hepatocytes, drive the clinical manifestation of hepatitis
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E [111,351]. Multi-faceted interactions between host immune responses and virus diversity
seem to be responsible, but the key mechanism leading to a chronic hepatitis E infection is
largely unknown. An association between a weak inflammatory response, poor T cell
activation and high serum concentrations of chemokines involved in leukocyte recruitment to
the liver is assumed to play a key role in the development of chronic HEV infections in
humans [215]. Interestingly, our results indicate the presence of persistent HEV infections
also in swine, but the underlying pathomechanisms which may lead to chronic hepatitis E in
pigs has still to be elucidated. Especially the role of host and viral factors in porcine HEV
infection has not been examined in depth yet. Bearing in mind that the porcine immune
system

has

several

distinctive

properties

in

its

structure

and

physiology,

immunopathogenetical events in porcine HEV infection can be assumed to be somehow
similar to known mechanisms in human hepatitis E. For the usage as a model for research in
humans, the fact that the pig is a monogastric omnivorous animal represents an advantage,
although the porcine ileum Peyer's patch has no direct anatomical equivalent in man [438].
Contrary to human lymph nodes, the pig lymph nodes, both peripheral and mucosaassociated, have a specific structure that is called inverted. As it is usual in many species, the
immigration of lymphocytes into the lymph node tissue takes place either by afferent lymph
vessels or by high endothelial venules [439]. After travelling through the parenchyma of the
lymph node, the porcine lymphocytes exit the node again via the high endothelial venules,
and not via efferent lymph vessels, as seen in most other species [440]. Porcine lymphocyte
phenotypes are well-investigated, but detailed functional analyses of subpopulations are
currently not available. Therefore, the definite roles of different subsets in the porcine
immune system and their functionality are not yet resolved. We hypothesize that
immunosuppression may lead to viral persistence in the swine as well, but simultaneously
reduces the manifestation of liver disease due to diminished inflammatory responses. A weak
cytotoxic response possibly leads to viral persistence, yet without obvious liver damage,
whereas a sufficient immune response may cause an effective HEV clearance that is,
however, accompanied by a variable degree of hepatic damage. Based on our findings, and
other published studies in HEV infected humans and animals, the predicted courses of either
acute self-limited or persistent HEV infection in the swine are compiled in Figure 7.1.
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Figure 7.1 The predicted course of HEV infection in swine.
A. Predicted course of acute self-limited HEV infection in swine. B. Predicted course of persistent HEV
infection in swine. “+” = positive for HEV RNA; “-“ = negative for HEV RNA.
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Our studies confirmed that the liver is the primary location for viral replication also in the
swine, but extrahepatic antigens were detected in lymphatic tissue as well. In the studies
presented here, two different patterns within the course of HEV infection were observed in
experimentally infected pigs: animals with early anti-HEV seroconversion were able to clear
the virus, while animals with lacking antibody responses suffered from prolonged HEV
persistence until the end of the experiment. Moreover, HEV antigens were either diffusely
distributed without obvious association with liver lesions or associated with hepatocellular
degeneration. Our findings support the hypothesis that adaptive immune responses are
essential to control HEV infection [225]. In addition, we found persistent HEV infections in
naturally infected wild boar despite the presence of anti-HEV antibodies suggesting chronic
hepatitis E also in pigs, but histopathology revealed no evidence of an active chronic hepatitis.
In humans, the course of HEV infection can vary substantially between different individuals
and chronic hepatitis E cases have been described in immunosuppressed patients [223].
Previous immunohistochemical studies in the liver of acute HEV infected humans revealed
that infiltrates consisted mainly of CD3 positive T cells. These infiltrates contained
predominantly cytotoxic CD8 positive cells probably playing an important role in HEV
induced liver injury [425]. Interestingly, CD3 positive T cell infiltrations within liver lesions
were also observed in our studies. The consistent coincidence of inflammatory infiltrates,
hepatocellular degenerations and viral antigens supports the assumption that liver damage in
pigs might be immune-mediated as well. The hepatic microenvironment and certain liver cell
populations actively modulate local immune responses in the liver and thus determine the
outcome of hepatic immune responses. Interestingly, we were able to detect viral antigens
mainly in Kupffer cells and LSECs, partially associated with hepatic lesions and infiltrates of
CD3 positive cells. Since Kupffer cells and LSECs have antigen presenting functions [424],
they may also play a role in the host defense mechanisms and immunopathogenesis of HEV
infection. LSECs induce regulatory CD4 positive T cells [441], and cross-present soluble
antigens to CD8 positive T cells [442]. Such cross-presentation recruits naïve T cells in an
antigen-specific manner to the liver [443]. Antiviral CD8 positive T cell immunity has been
shown to be improved by cross-priming through LSECs that circumvents viral immune
escape at the level of MHC I-restricted antigen presentation during the initial phase of
immune response [444]. CD8 positive T cells activated by cross-presentation, also known as
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non-canonical CD8 positive T cell effector function, release large amounts of TNF which
induce cell death selectively in virus-infected cells [445]. In chronic infections, the benefit of
attenuated virus-specific immune response may result in the prevention of liver
immunopathology. In humans infected with HBV and HCV, virus-specific CD8 positive cells
fail to clear viruses from the liver and viral persistence occurs, but the mechanisms are not
completely understood [385]. Several studies have shown that virus-specific CD8 positive T
cells derived from the liver and peripheral blood exhibit reduced ability to proliferate or
secrete antiviral cytokines such as INF-γ [446-448]. It can be assumed that the exhaustion of
CD8 positive T cell functions in the liver play a crucial role in the development of HEV
persistence as well. Ongoing antigen recognition, lack of CD4 positive T cell help, direct
suppression by Tregs or inhibitory cytokines such as IL-10 or TGF-β potentially contribute to
virus-specific CD8 positive T cell exhaustion [385]. Additionally, nonconventional T cells in
the liver have been reported being involved in liver pathology. At the site of infection in the
liver, a large proportion of infiltrating CD8 positive T cells may not be antigen specific [385].
Furthermore, NKT cells, CD161 positive CD8 positive T cells and γδ T cells are also enriched
in the liver and may also contribute to antiviral activity [449-451]. A central role of CD4
positive T cells in viral hepatitis was proven in depletion studies. For HBV infection it could
be shown, that depletion of CD4 positive T cells before inoculation of a normally rapidly
controlled inoculum precluded T cell priming, and that this caused persistent infection with
minimal immunopathology [452]. Furthermore, Gerlach et al. suggested that a virus-specific
CD4 positive/Th1 T cell response which eliminates the virus during the acute phase of disease
has to be maintained permanently to achieve long-term control of the virus [453]. It was
speculated that increases in T helper cells among patients with hepatitis E may reflect
increases in the natural killer cell population, which may in turn produce elevated levels of
INF-γ [205].
Porcine cytotoxic αβ T cells are a prominent T cell subset during antiviral responses, while
porcine αβ T helper cell responses predominantly occur in bacterial and parasitic infections.
Responses of γδ T cells to viruses have not been reported as frequently as αβ T cell responses
[358]. However, accumulating evidence suggests that γδ T cells are components of both
innate and adaptive immunity against various viral and bacterial infections, and they are also
important in early responses against infections at epithelial surfaces [359-361]. Our findings
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in HEV infected pigs support the hypothesis that adaptive immune responses are important to
control HEV infection as well [225]. Differential cell counts revealed a leukocytosis,
lymphocytosis and monocytosis in peripheral blood of HEV infected wild boar. Moreover
marked CD3 positive T cell responses, including especially CD8 positive T cells (CD8+CD4),
developed one week post infection and persisted until to the end of the experiment. Following
the increase of CD8 positive T cells, an increase of T helper/memory cells (CD4+CD8+) was
detectable. Contrary, T helper cell (CD4+CD8-) responses dominated in peripheral blood of
fecal-orally infected domestic pigs. However, differences between wild boar and domestic
pigs might be primarily due to distinct transmission routes of HEV. Interestingly, the
percentage of activated γδ T cells (γδTCR+CD8+) increased in all HEV infected wild boar. In
pigs, responding γδ T cells were reported in different viral infections [362-365], whereas the
responding γδ T cells belonged also to the γδTCR+CD8+ T cell subset [363,364]. Like αβ T
cells, these γδ T cells can express CD8α which in swine seems to be correlated with an
activation status of T cells, as γδTCR+CD8+ T cell subsets are normally found in the thymus
and only after activation in the periphery [366]. It has to be considered that γδ T cells in
young animals form a major T cell subpopulation within peripheral blood lymphocytes and
the frequency of this population decreases strongly with the age of pigs [367]. Interestingly,
γδ T cells in swine are sources of IL-17 which is a pro-inflammatory cytokine being involved
in immunity against viruses [368]. Intrahepatic innate lymphoid cells secrete IL-17 and
studies in immunodeficient mice revealed that IL-17 signaling was critical for priming T cell
responses in viral hepatitis [369]. Further investigations on this could provide new insights in
antiviral immunity during porcine HEV infection. Recently it was shown that local immune
responses by IL-17-secreting γδ T cells can serve to contain infections by pathogens to the gut
while preventing pathogen dissemination to systemic sites [370]. In a previous study in
humans with acute hepatitis E, patients showed also increased numbers of CD8+CD4- and
CD4+CD8+ cells compared to healthy controls [206]. In humans, such double-positive T cells
represent a minor subpopulation of T cells with functional characteristics of both CD4+CD8and CD8+CD4- cells, and carry markers of memory phenotype [371]. Porcine CD4+CD8+
cells exhibit properties of mature antigen-experienced cells, and are inducible by stimulation
with recall antigens [372]. The current notion is that both activated and memory T helper cells
in swine belong to the CD4+CD8+ population expressing also MHC II antigens, which is not
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seen in human and murine CD4+CD8+ lymphocytes [373,374]. Interestingly, marked
increase in the percentage of γδ T cells was observed in the liver of all HEV infected pigs. In
contrast to the liver, lower percentages of γδ T cells were seen in spleen. Our findings might
also suggest that T cells detectable in peripheral blood may migrate into the primary site of
infection to function as effector cells in the liver. However, to date HEV-specific T cell
responses have only been studied in hepatitis E patients, but not in pigs. In humans,
proliferation and cytokine production of CD4+CD8- and CD8+CD4- T cells were studied
after stimulation with peptides encoded by HEV-ORF2 and –ORF3 [225]. Nonetheless,
studies on innate immune responses to HEV infection are urgently required. Recently, a study
in HEV infected pigs demonstrated that both IFN-α and Mx protein expression are inversely
correlated with the number of HEV-infected cells [275]. Thus, the number of HEV infected
hepatocytes declined while lymphoplasmacytic hepatitis increased significantly during the
experiment [275]. Possibly, IFN-α-induced Mx activity is part of the antiviral response,
however, changes in IFN-α and Mx protein expression might be also caused by the decrease
of HEV-positive cells in the pigs recovered from infection [275]. Based on a study in nonhuman primates, HEV seems to be more susceptible to innate immunity than HCV [77], even
though HEV has also developed mechanisms to suppress IFN-α signaling [276]. Kakimi et al.
suggested analogously that, if activated, the innate immune response like the adaptive
immune response has the potential to control viral replication during natural HBV infection
[451].
The liver has unique immune regulatory functions, which promote the induction of tolerance
rather than responses to antigens which are encountered locally. Thus, defense against viral
infection has to take place in a tolerogenic environment [384]. Presumably, regulating
immune responses are playing a particular role within the course of HEV infection, as
increased frequencies of Tregs have been described for other viral hepatitides [385]. As Tregs
can suppress the activation, proliferation, differentiation, and effector functions of many cell
types, including CD4 and CD8 positive T cells, B cells, NK cells, NKT cells and dendritic
cells, they might be critical in the outcome of hepatitis virus infections [454]. The elevation of
CD4+CD25+Foxp3+ and CD4+CD25-Foxp3+ frequencies and the rise in IL-10 suggest that
Tregs might play an important role in HEV infection associated with immunosuppressive
immune responses [207]. Manigold et al. suggested as well, that Treg cell responses may be
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both either beneficial or baneful to cells infected with HBV and HCV, by either limiting liver
immunopathology or suppressing protective T cell responses [454]. Recently, marked Treg
cell activity was present in patients with chronic HCV infection, which may also contribute to
weak HCV-specific CD8 positive T cell responses and viral persistence [455]. Knolle et al.
indicated, that a major role of Tregs may be to limit liver immunopathology in the chronic
phase of infection [385]. Recently, the existence of Tregs in swine has been demonstrated and
it could be shown that porcine Tregs suppress the proliferation of different T cell subsets
[386,387]. For a better understanding of HEV pathogenesis in pigs, the functional
characterization of porcine Tregs in HEV infection is needed. This would provide new
insights into the balance between immunity and tolerance in the liver, and how this may
influence viral clearance, persistence and virus-induced liver disease.
Furthermore, NK cells play an important role in the control of viral infections, as they have
direct cytolytic or noncytolytic, and regulatory effects [385]. In human livers, they present the
majority of innate immune cells [456]. Interestingly, the IFN-γ production by unstimulated
PBMCs of hepatitis E patients suggests NK and NKT cells as key players in HEV
pathogenesis [111,205,208]. Porcine NK cells have the ability to lyse virus-infected target
cells and respond to various regulatory cytokines inducing INF-γ production, as well as the
up-regulation of effector/activation molecules [366]. Recently, a novel marker (NKp46) has
been described as suitable for the discrimination of porcine NK cells with different functional
properties, which is highly expressed in a subset of CD8 positive liver lymphocytes [388].
Analysis of NK cells in HEV infected swine would provide further information on HEV
pathogenesis especially in respect to their potential ability in direct killing of HEV infected
cells.
Host neutralizing humoral immune responses play also a relevant role in the outcome of viral
hepatitis [457,458]. Upon infection, all pigs showed a down regulation of CD2+CD21+ cells
(phenotype of naïve B cells) and CD2-CD21+ cells (phenotype of primed and activated B
cells) indicative for B cell activation. Cells representing the phenotype of antibody-forming
and/or memory B cells (CD2+ CD21-) showed an increase in all HEV infected pigs. The
increase of antibody-forming and/or memory B cells (CD2+ CD21-) probably reflects the
chronological events in anti-HEV antibody production. Anyhow, it has to be considered that
the phenotype CD2+CD21- of non-T cells also includes NK cells, but in negligible quantity in
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the peripheral blood [366]. Nevertheless, the persistence of high anti-HEV antibody levels in
domestic pigs seemed not to be essential for the control of HEV infection in our studies. In
human hepatitis E, not all HEV infected patients had detectable anti-HEV IgM in the first
week following the onset of symptoms, and the proportion of IgM-positive cases declined
monotonically over the time. Interestingly, most of the initially IgM-negative patients had
detectable HEV RNA in feces or serum [203]. In a small cohort study, only six of ten
hepatitis E patients with anti-HEV IgM during the acute phase of illness developed detectable
anti-HEV IgG [204]. Our data suggest that antibody titers can vary substantially among HEV
infected pigs as well.
In swine factors like virus titer, ratio of infectious to defective particles, route of infection and
host factors like the immune status, age of exposure and the presence of co-infections were
discussed to modulate the outcome of HEV infection [283,284]. Some of the pigs used in our
studies carried also nematodes (Ascaris suum). The modulation of the host immune system,
including cells of the innate immune system and different T cell subsets, by nematode
infection has recently been shown [459,460]. Therefore, a focus of current scientific interest is
the question which cells, receptors and signaling pathways of the immune system are targeted.
Interestingly, very effective regulatory T cells were induced in the development of a
nematode infection, and consequently strong Th2 cell responses and immunopathology in the
host were suppressed [461,462]. However, future studies should clarify the impact of coinfections with nematodes on the HEV pathogenesis.
In recent years, knowledge about the pathogenesis in human and porcine hepatitis E has
rapidly increased, but little information is available about the specific role of different liver
cell and immune cell populations, and molecular mechanisms in liver damage. Complex hostvirus interactions are taking place in a virus-infected liver microenvironment, and thus
different cell types and soluble factors contribute to the elimination of viral infections in the
liver. Some similarities can be drawn between human and porcine hepatitis E, but considering
immunopathogenetical events in swine, particularities of the porcine immune system have to
be taken into account. Based on our results and other published studies in HEV infected
individuals, the predicted course of hepatitis E in pigs and the role of porcine immune
responses in HEV pathogenesis are depicted in Figure 7.2. In experimentally and naturally
infected swine subclinical HEV infections accompanied by mild alterations of the liver were
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most often described. In this study, a clinical course of hepatitis E in pigs has been also
demonstrated based on changes in liver enzyme levels and lymphocyte populations, especially
pronounced in intravenously infected wild boar. Different patterns within the course of HEV
infection were observed in experimentally infected pigs, as animals with early anti-HEV
seroconversion were able to clear the virus, while animals with lacking antibody responses
suffered from prolonged HEV persistence. Interestingly, our results indicate persistent HEV
infection in naturally infected wild boar as well, but histopathology revealed no evidence of
chronic active hepatitis in wild boar. Presumably, acute HEV infections in pigs may also lead
to viral persistence under certain conditions. Histopathological analyses revealed mild to
moderate intralobular lymphoplasmacytic or lymphohistiocytic infiltrates, predominantly
consisting of CD3 positive cells, with variable degree of hepatocellular degeneration.
Furthermore, our studies revealed Kupffer cells, LSECs and extra-hepatic lymphatic cells as
important cell populations possibly being involved in HEV pathogenesis. Anyhow, a role as
potential virus replication sites cannot be excluded. Taken together, our findings support the
hypothesis that adaptive immune responses are essential to control HEV infection also in
swine, but innate immune responses might be critical likewise. The consistent coincidence of
inflammatory infiltrates, hepatocellular degenerations and viral antigens supports the
assumption that liver damage in pigs might be immune-mediated as well. Possibly, targeted
modifications of the porcine immune system such as the ability to modulate in vivo T cell
populations of pigs would provide deeper insights into the role of different immune cell
subsets and immune regulation mechanisms in porcine HEV pathogenesis.
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Figure 7.2 The predicted course of hepatitis E in swine and the potential role of porcine immune responses
in HEV pathogenesis.
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Small animal models for wild boar-derived HEV infection

Manuscript I and II present an efficient viral replication of a wild boar-derived HEVgt3 strain
in experimentally HEV infected wild boar and domestic pigs. The availability of a suitable
small animal for hepatitis E would provide considerable advantages in studying HEV biology,
especially in respect to the investigation of immunopathogenetical mechanisms, and to
evaluate novel therapeutics and vaccines. The ideal model would be one that adequately
represents most aspects of human and porcine hepatitis E, is affordable, easily available, and
reproducible. The availability of many different lines of mice and rats is a big advantage of
the rodent models in biomedical research. In addition, the genetically modified mouse lines
can be used to study a specific molecule in the organism using gene knock-out approaches. In
contrast to rodents where the animals are kept under highly standardized conditions, many pig
experiments are carried out in outbred pigs reared in conventional farms. Anyhow, wild boar
are extremely limited in their availability and proper handling is difficult. Moreover, infection
studies in pigs under high containment conditions are expensive. As a consequence, many
results have to be generated in experiments with low numbers of animals. Aside from that, the
biological diversity in domestic pigs and wild boar should be appropriately taken into
consideration. Pigs used in our studies were of different genetic constitution including distinct
SLA haplotypes. In outbred pigs, the SLA genomic region is extremely polymorphic
comprising high numbers of different alleles. Different strains of miniature pigs, each
homozygous for a different allele of the MHC locus, have been developed [463], but their
availability is limited. Porcine lymphocyte phenotypes are well-investigated, but detailed
functional analyses of subpopulations are currently not available. Contrarily, functional
analyses in common laboratory animals such as mice, rats or rabbits are well-established.
Experimental studies investigating wild boar-derived HEVgt3 infection in rodents and rabbits
were missing. Therefore, manuscript IV addresses HEV infection studies in C57BL/6, IFNRI
-/-, CD4 -/-, CD8 -/- and Balb/c nu/nu mice, Wistar rats and European rabbits. Viral
replication and humoral immune responses were monitored to investigate their susceptibility
to wild boar-derived HEVgt3. We tested also if dexamethasone treatment in rats increases the
susceptibility to HEVgt3. Additionally, the protective ability of a HEV vaccine candidate in
HEVgt3 inoculated rabbits was examined in a proof of principle approach. Several types of
animal models for HEV infection were described previously [416]. In general, non-human
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primates are the best known models as they can be infected with a variety of HEV genotypes.
Moreover, pigs have also been successfully infected with HEVgt3 and gt4. However, primate
and swine HEV infection models are quite complex and expensive, so that a small animal
model for HEVgt3 infection would be desirable. Moreover, a productive infection of
immunodeficient mice, like type I interferon receptor or CD8-molecule knock-out mice,
would also provide new insights into host’s defense mechanisms to HEV infection.
Laboratory mice and rats, and European rabbits have been explored as potential animal
models for HEV [80,82,128,129,148], but it remains to be determined whether they can be
used as a reproducible HEV infection model for HEVgt3 obtained from European wild boar.
As presented in manuscript IV, none of the mouse strains were susceptible to wild boarderived HEVgt3 infection, but HEV RNA and anti-HEV antibodies were demonstrated in rats
and rabbits. It has been reported that male Balb/c nude mice were infected with a HEVgt4
strain collected from a domestic pig and were tested positive for anti-HEV IgG [128].
Unfortunately, it remains unclear which kind of zygosity the Balb/c nude mice in the
aforementioned study had, as we used homozygous mice. Contrary to heterozygotes,
homozygous Balb/c nude mice lack a functional thymus and are unable to produce T cells.
The nude allele on chromosome 11 is an autosomal recessive mutation and the heterozygotes
do not show partial expression of the nude phenotype [418]. Generally, IgG responses to
viruses are assumed to be T cell dependent, but polyomavirus infection of T cell deficient
mice was shown to elicit protective, T cell-independent antiviral IgM and IgG responses
[419]. Although it is quite improbable, the discrepancy in the nude mice results in our and the
former study, resistant versus susceptible to HEV, may have arisen from gender effects. In
accordance with the here described results Li et al. also failed to infect C57BL/6 mice with
HEVgt3, as well as with gt1 and gt4 isolates [83].
Recently, strains of HEVgt3 were obtained from different species of wild-caught rats in the
United States [123]. In a former study, rats were infectable with a human HEV isolate, but the
genotype was not reported [80]. A more recent study demonstrated that Wistar rats were not
susceptible to intravenously inoculated HEVgt1 (originated from a cynomolgus monkey),
HEVgt3 (collected from a domestic pig), and HEVgt4 (wild boar-derived isolate) [82]. In our
study, HEV RNA and anti-HEV antibodies were detectable in Wistar rats, but not
consistently. Similar to a homologous challenge study in rats using rat HEV [82], we were
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able to detect HEV RNA and anti-HEV antibodies in intravenously inoculated rats, but
inconsistently. Interestingly, dexamethasone treatment in rats did not enhance the
susceptibility to HEV infection, on the contrary; neither seroconversion nor viral RNA was
detectable in the treated rats. Accordingly, Li et al. found no evidence that nude rats are
susceptible to infection with HEVgt3 [126]. In a homologous challenge study using rat HEV,
enhanced viral replication was seen in nude rats [82].
Intravenously infected rabbits seroconverted within four to five weeks and a booster effect
was seen in immunized animals two weeks post inoculation indicative for antigen-specific
memory B cells. In rabbits, viral replication was therefore more efficient and immunization
with a recombinant capsid protein derivative protected against viral shedding with feces. Our
findings are in agreement with another study in HEVgt3 infected rabbits [129]. However,
aside from the protective ability of recombinant HEV proteins and the detection of
seroconversion, we were also able to demonstrate fecal viral shedding and HEV RNA in liver
and gall bladder in non-vaccinated animals. As a human HEVgt3 isolate was used in the study
mentioned before, it cannot be excluded that rabbits might be more susceptible to HEVgt3 of
wild boar origin. Nevertheless, rabbits could be experimentally infected with human HEVgt4
which originated from patients with acute hepatitis E [129,148]. Interestingly, HEV sequences
of a human isolate in France and rabbit strains were closely related sharing a 93-nucleotide
insertion [139]. As recently shown, rabbit HEV is able to infect domestic pigs, but rat HEV
failed to infect pigs [140]. In a study in China, no evidence of natural cross-species infection
with rabbit HEV was found [136]. Rabbit HEV is a distant member of HEVgt3 and studies
indicated that rabbit HEV belongs to the same serotype as human HEV [147], but the
antigenically relationship between rabbit and wild boar-derived HEVgt3 is unclear. Therefore,
it would be interesting to determine whether immunization with recombinant HEVgt3 capsid
protein protects rabbits against rabbit HEV infection. Moreover, further studies including
histopathological and immunological analyses, and the determination of liver enzyme levels
would provide more information on viral pathogenesis and clinical significance of wild boarderived HEVgt3 infection in rabbits, and their suitability as an infection model for HEV.
Taken together, our data underline the importance of wild boar as HEV reservoir hosts and
their relevance in the transmission of HEVgt3 to domestic pigs. Because of the limited
availability of suitable in vitro models for HEV infection and high costs when using porcine
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HEV infection models, the establishment of an appropriate small animal model would provide
an exceptional advantage in studying HEV pathogenesis. Especially the availability of a
molecularly defined mouse model would facilitate profound studies of pathophysiological
mechanism in HEV infection. We present here a promising small animal model for HEVgt3
in European rabbits, whereas viral replication in Wistar rats was less effective. Unfortunately,
the different mouse lines tested were not susceptible to wild boar-derived HEVgt3, and
resistance to HEVgt3 can be assumed. Accordingly, natural HEV infection in mice has not
been demonstrated yet. In contrast, HEV RNA and anti-HEV antibodies were demonstrated in
rats and rabbits. Interestingly, wild boar-derived HEVgt3 infection was not demonstrated in
dexamethasone treated rats. In rabbits, viral replication was more efficient and immunization
protected against viral shedding with feces. The rabbit model for wild boar-derived HEVgt3
infection may serve as a suitable alternative to the non-human primate and swine models, and
as an appropriate basis for vaccine evaluation studies. Possibly, the establishment of a
transgenic animal model would be also useful to examine potential pathogenic effects of HEV
structural proteins on liver cells. One disadvantage of using transgenic models to study the
potential pathogenesis of HEV proteins is the fact that the animals are tolerant to the
transgenic protein, and thus, the role of the immune response to HEV proteins cannot be
evaluated. To determine the role of the cellular immune response in the development of
hepatitis, other potentially HEV susceptible knock-out mouse lines, nude rats or T cell
depleted rabbits would be useful. However, xenograft models potentially display an
appropriate small animal model for HEV as well. Xenograft models for studying HCV have
been developed and are now being used to evaluate HCV biology and anti-HCV therapies
[464]. Those models rely on transplantation of human hepatocytes into mice and subsequent
repopulation of the mouse liver. Probably, xenograft models can also be applied
correspondingly using porcine hepatocytes.
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8. Summary
Josephine Schlosser
Transmission and pathogenesis of hepatitis E virus infection in European wild boar and
domestic pigs, and the establishment of a small animal model for hepatitis E
Hepatitis E virus (HEV) is the causative agent of acute hepatitis E in humans, which occurs
mostly in developing countries, but sporadic and autochthonous cases do also occur in
industrialized countries. To date, four major mammalian genotypes (HEVgt1 to gt4) have
been identified. While HEVgt1 and gt2 are exclusively found in humans, HEVgt3 and gt4 are
zoonotic. Sources are mainly contaminated raw or undercooked meat derived from domestic
pigs and wild boar, representing the main HEV reservoir hosts. Cross-species infections with
HEVgt3 were demonstrated experimentally. However, not all sources of human infections
were identified thus far and in many cases, the origin of HEV infection remains unknown.
Understanding HEV interspecies and intraspecies transmission is needed to implement
efficient prevention and control measures. In Europe, foodborne zoonotic transmission of
HEVgt3 is primarily associated with domestic pigs, but the wild boar is also discussed as one
of the main source of human autochthonous infections. However, little is known about the
course of HEVgt3 infection in European wild boar and their role in HEV transmission to
domestic pigs, and other species.
Therefore, one objective of this thesis was to provide insights into the HEV pathogenesis in
European wild boar and to characterize the transmissibility of wild boar-derived HEVgt3
infection to domestic pigs. Furthermore, the following questions were also addressed: The
cellular and humoral immune responses following a HEVgt3 infection were determined. It
was assessed, whether a dexamethasone treatment, which causes potent immunosuppressive
effects, affects the course of HEV infection in experimentally infected swine. To obtain an
initial impression of the potential existence of porcine chronic hepatitis E, the course of HEV
infection in naturally infected European wild boar was investigated up to six months. The
infectivity of naturally acquired persistent HEV infection in wild boar was assessed in
domestic pigs. Suitable small animal models for porcine HEV infection were investigated.
In this study, the clinical course of porcine HEV infection was examined based on changes in
liver enzyme levels. Different patterns within the course of HEV infection were observed in
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experimentally infected pigs, as animals with early anti-HEV seroconversion were able to
clear the virus, while animals lacking antibody responses showed prolonged HEV replication.
In experimentally infected pigs, liver histopathology was characterized by mild to moderate
inflammatory infiltrates, predominantly consisting of CD3 positive cells, with variable degree
of hepatocellular degeneration. Furthermore, studies showed that Kupffer cells, liver
sinusoidal endothelial cells and extra-hepatic lymphatic cells are important cell populations
possibly involved in HEV pathogenesis. Following up on this, their role as potential virus
replication sites cannot be excluded. Our results indicate that experimental HEV infection
enhances cellular immune responses in swine, surprisingly largely unaffected by a
dexamethasone induced immunosuppression. An increase of CD8+CD4- and CD4+CD8+ T
cells, and activated γδ T cell subsets was shown in PMBCs of intravenously HEV infected
wild boar. Anyhow, in PMBCs of domestic pigs dominated a CD4+CD8- T cell response.
Moreover, marked increase in the percentages of γδ T cells were observed in the liver of HEV
infected wild and domestic swine. Interestingly, the results indicate persistent HEV infection
also in naturally infected wild boar despite the presence of anti-HEV antibodies. Furthermore,
the present study showed that European rabbits seem to be a promising small animal model
for wild boar-derived HEVgt3, whereas viral replication in Wistar rats was less effective. The
protective ability of a HEV vaccine candidate in HEVgt3 inoculated rabbits was shown.
Different tested mouse lines were not susceptible to wild boar-derived HEVgt3, and
resistance to HEVgt3 could be assumed.
Taken together, the present study underlines the importance of European wild boar (Sus
scrofa scrofa) as HEV reservoir hosts and their relevance in the transmission of HEVgt3 to
domestic pigs (S. scrofa domestica), European rabbits (Oryctolagus cuniculus) and rats of the
species Rattus norvegicus. Since large amounts of virus particles are excreted in feces of wild
boar, droppings can contaminate the environment and pose a particular risk to susceptible
species. The rabbit model for wild boar-derived HEVgt3 infection may serve as a suitable
alternative to the non-human primate and swine models, and as an appropriate basis for the
development and evaluation of novel vaccines.
With respect to HEV perpetuation in its reservoirs and possible public health risk, especially
regarding swine as a main source of human autochthonous infection, this study contributes to
understand the dynamics and biology of this zoonotic disease.
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9. Zusammenfassung
Josephine Schlosser
Übertragung und Pathogenese der Hepatitis E Virus-Infektion in Wild- und Hausschweinen,
sowie die Etablierung eines geeigneten Kleintiermodells für Hepatitis E
Das Hepatitis E Virus (HEV) verursacht vor allem in Entwicklungsländern eine akute
Hepatitis E im Menschen. Sporadische und autochthone Fälle einer HEV-Infektion treten
auch in industrialisierten Ländern auf. Bisher sind vier bedeutende Genotypen (HEVgt1 bis
gt4) im Säugetier bekannt. HEVgt1 und gt2 werden nur im Menschen gefunden, während
HEVgt3 und gt4 zoonotische Erreger sind. Ansteckungsquellen sind hauptsächlich
kontaminiertes rohes oder unzureichend gegartes Fleisch von Haus- und Wildschweinen,
welche die wichtigsten HEV-Reservoirwirte darstellen. In Europa ist die Übertragung des
HEVgt3 über Lebensmittel vor allem mit Hausschweinen assoziiert, wobei auch das
Wildschwein als eine der bedeutendsten Quellen humaner autochthoner Infektionen diskutiert
wird. Allerdings ist wenig über den Verlauf einer HEV-Infektion im Wildschwein und die
Bedeutung des Wildschweines als Überträger des HEV auf das Hausschwein, sowie weitere
Spezies bekannt.
Ziel der vorliegenden Doktorarbeit war es, die HEVgt3-Infektion im Wildschwein und deren
Übertragbarkeit auf das Hausschwein näher zu charakterisieren. Weiterhin sollten die
zellulären und humoralen Immunantworten in Folge einer Infektion mit dem HEVgt3
bestimmt werden. Zusätzlich sollte beurteilt werden, ob eine durch Dexamethason induzierte
Immunsuppression Auswirkungen auf den Verlauf einer experimentellen HEV-Infektion im
Schwein hat. Um einen ersten Eindruck über die mögliche Existenz einer chronischen HEVInfektion im Schwein zu erlangen, wurden natürlich HEV-infizierte Wildschweine über sechs
Monate untersucht. Die Übertragbarkeit einer natürlich erworbenen persistenten HEVInfektion im Wildschwein wurde außerdem im Hausschwein überprüft. Darüber hinaus sollte
ein geeignetes Kleintiermodell für die porzine HEV-Infektion etabliert werden.
Anhand veränderter Leberenzymwerte konnte ein klinischer Verlauf der HEV-Infektion im
Wildschwein nachgewiesen werden. Dies gelang ebenfalls nach experimenteller Übertragung
einer HEVgt3-Infektion vom Wildschwein auf das Hausschwein. Außerdem zeigten sich
verschiedene Verlaufsformen der HEV-Infektion in experimentell infizierten Schweinen:
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Tiere mit einer frühen Antikörperantwort gegen das HEV waren in der Lage die Infektion zu
überstehen, wobei eine fehlende Serokonversion dazu führte, dass diese Tiere eine längere
Virusreplikation zeigten. Histopathologisch konnten in den Lebergeweben der experimentell
infizierten Schweine milde bis moderate Entzündungsinfiltrate, welche vor allem aus CD3
positiven Zellen bestanden, und variable hepatozelluläre Degenerationen nachgewiesen
werden. Die Untersuchungen ergaben außerdem, dass Kupffer Zellen, Leber-sinusoidaleEndothelzellen und extrahepatische Zellen des Lymphsystems als wichtige Zellpopulationen
an der Pathogenese der porzinen HEV-Infektion beteiligt sein können. Eine Bedeutung dieser
Zellpopulationen als Orte der Virusreplikation kann ebenfalls nicht ausgeschlossen werden.
Weiterhin weisen die Untersuchungen darauf hin, dass eine experimentelle HEV-Infektion im
Schwein die zelluläre Immunantwort steigert. Dies konnte ebenfalls in den durch eine
Dexamethasonbehandlung immunsupprimierten Schweinen nachgewiesen werden. Ein
Anstieg der CD8+CD4- und CD4+CD8+ T-Zellen, sowie aktivierter γδ T-Zellen konnte in
den mononukleären Zellen des peripheren Blutes (PMBCs) der intravenös infizierten
Wildschweine gezeigt werden. In den PMBCs der Hausschweine dominierte eine Antwort der
CD4+CD8- T-Zellen. Weiterhin konnte ein deutlicher prozentualer Anstieg der γδ T-Zellen
im Lebergewebe der HEV-infizierten Haus- und Wildschweine nachgewiesen werden. Die
Ergebnisse deuten auch darauf hin, dass in natürlich infizierten Wildschweinen persistierende
HEV-Infektionen auftreten können, obwohl Antikörper gegen das HEV vorhanden sind.
Diese

Studie

ergab

außerdem,

dass

das

Hauskaninchen

ein

vielversprechendes

Kleintiermodell für die vom Wildschwein stammende HEVgt3-Infektion darstellt. Im
Gegensatz dazu war die Virusreplikation in Wistar-Ratten ineffizient. Außerdem gelang
exemplarisch der Nachweis, dass eine potentielle HEV-Vakzine protektive Wirkung in
HEVgt3-inokulierten Hauskaninchen entfalten kann. Verschiedene getestete Mauslinien
waren nicht empfänglich für eine vom Wildschwein stammende HEVgt3-Infektion.
Die vorliegende Arbeit zeigt damit erstmalig, dass HEVgt3-infizierte Wildschweine (Sus
scrofa scrofa) als Überträger des Erregers auf Hausschweine (S. scrofa domestica),
Hauskaninchen (Oryctolagus cuniculus) und Ratten der Spezies Rattus norvegicus in Frage
kommen. Aufgrund der möglichen Ausscheidung großer Mengen viraler Partikel über den
Kot, stellt das Wildschwein ein bedeutendes natürliches Reservoir für das HEV und somit
auch ein Ansteckungsrisiko für andere empfängliche Spezies dar. Als Alternative für HEV-
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Infektionsmodelle in Primaten und Schweinen könnte ebenfalls das Hauskaninchen-Modell
für eine vom Wildschwein stammende HEVgt3-Infektion in Frage kommen, und zukünftig als
geeignete Basis für die Entwicklung und Evaluierung von Vakzinen dienen. Hinsichtlich des
Fortbestehens der HEV-Infektionen in seinen Wirten und den damit verbundenen Risiken für
die öffentliche Gesundheit, insbesondere bezüglich des Schweines als Hauptquelle
autochthoner Infektionen, trägt diese Studie dazu bei, die Dynamiken und Biologie dieses
zoonotischen Erregers besser zu verstehen.

142

Bibliography

10. Bibliography
1

Johne R, Dremsek P, Reetz J, Heckel G, Hess M, Ulrich RG: Hepeviridae: An expanding family of
vertebrate viruses. Infect Genet Evol 2014;27:212-229.

2

Debing Y, Neyts J: Antiviral strategies for hepatitis e virus. Antiviral Res 2014;102:106-118.

3

Khuroo MS: Study of an epidemic of non-a, non-b hepatitis. Possibility of another human hepatitis virus
distinct from post-transfusion non-a, non-b type. Am J Med 1980;68:818-824.

4

Wong DC, Purcell RH, Sreenivasan MA, Prasad SR, Pavri KM: Epidemic and endemic hepatitis in
india: Evidence for a non-a, non-b hepatitis virus aetiology. Lancet 1980;2:876-879.

5

Teo CG: Fatal outbreaks of jaundice in pregnancy and the epidemic history of hepatitis e. Epidemiol
Infect 2012;140:767-787.

6

Balayan MS, Andjaparidze AG, Savinskaya SS, Ketiladze ES, Braginsky DM, Savinov AP, Poleschuk
VF: Evidence for a virus in non-a, non-b hepatitis transmitted via the fecal-oral route. Intervirol
1983;20:23-31.

7

Reyes GR, Purdy MA, Kim JP, Luk KC, Young LM, Fry KE, Bradley DW: Isolation of a cdna from the
virus responsible for enterically transmitted non-a, non-b hepatitis. Science 1990;247:1335-1339.

8

Tam AW, Smith MM, Guerra ME, Huang CC, Bradley DW, Fry KE, Reyes GR: Hepatitis e virus (hev):
Molecular cloning and sequencing of the full-length viral genome. Virology 1991;185:120-131.

9

Yarbough PO, Tam AW, Fry KE, Krawczynski K, McCaustland KA, Bradley DW, Reyes GR:
Hepatitis e virus: Identification of type-common epitopes. J Virol 1991;65:5790-5797.

10

Dawson GJ, Chau KH, Cabal CM, Yarbough PO, Reyes GR, Mushahwar IK: Solid-phase enzymelinked immunosorbent assay for hepatitis e virus igg and igm antibodies utilizing recombinant antigens
and synthetic peptides. J Virol Methods 1992;38:175-186.

11

Meng XJ, Purcell RH, Halbur PG, Lehman JR, Webb DM, Tsareva TS, Haynes JS, Thacker BJ,
Emerson SU: A novel virus in swine is closely related to the human hepatitis e virus. Proc Natl Acad
Sci U S A 1997;94:9860-9865.

12

Schlauder GG, Dawson GJ, Erker JC, Kwo PY, Knigge MF, Smalley DL, Rosenblatt JE, Desai SM,
Mushahwar IK: The sequence and phylogenetic analysis of a novel hepatitis e virus isolated from a
patient with acute hepatitis reported in the united states. J Gen Virol 1998;79 ( Pt 3):447-456.

13

Kwo PY, Schlauder GG, Carpenter HA, Murphy PJ, Rosenblatt JE, Dawson GJ, Mast EE, Krawczynski
K, Balan V: Acute hepatitis e by a new isolate acquired in the united states. Mayo Clinic Proceedings
1997;72:1133-1136.

14

Erker JC, Desai SM, Schlauder GG, Dawson GJ, Mushahwar IK: A hepatitis e virus variant from the
united states: Molecular characterization and transmission in cynomolgus macaques. J Gen Virol
1999;80 ( Pt 3):681-690.

15

Chandler JD, Riddell MA, Li F, Love RJ, Anderson DA: Serological evidence for swine hepatitis e
virus infection in australian pig herds. Vet Microbiol 1999;68:95-105.

16

Payne CJ, Ellis TM, Plant SL, Gregory AR, Wilcox GE: Sequence data suggests big liver and spleen
disease virus (blsv) is genetically related to hepatitis e virus. Vet Microbiol 1999;68:119-125.

17

Meng XJ, Halbur PG, Shapiro MS, Govindarajan S, Bruna JD, Mushahwar IK, Purcell RH, Emerson
SU: Genetic and experimental evidence for cross-species infection by swine hepatitis e virus. J Virol
1998;72:9714-9721.

18

Meng XJ: Hepatitis e virus: Animal reservoirs and zoonotic risk. Vet Microbiol 2010;140:256-265.

19

Smith DB, Simmonds P, Jameel S, Emerson SU, Harrison TJ, Meng XJ, Okamoto H, Van der Poel WH,
Purdy MA: Consensus proposals for classification of the family hepeviridae. J Gen Virol 2014.

Bibliography

143

20

Meng XJ, Anderson DA, Arankalle VA, Emerson SU, Harrison TJ, Jameel S: Hepeviridae. AMQ King,
MJ Adams, EB Carstens, EJ Lefkowitz (Eds), Virus Taxonomy, Academic Press Elsevier, Amsterdam
2012:1021-1028.

21

Pavio N, Meng X-J, Doceul V: Zoonotic origin of hepatitis e. Curr Opin Virol 2015;10:34-41.

22

Okamoto H: Culture systems for hepatitis e virus. J Gastroenterol 2013;48:147-158.

23

Feng Z, Lemon SM: Peek-a-boo: Membrane hijacking and the pathogenesis of viral hepatitis. Trends
Microbiol 2014;22:59-64.

24

Kabrane-Lazizi Y, Meng XJ, Purcell RH, Emerson SU: Evidence that the genomic rna of hepatitis e
virus is capped. J Virol 1999;73:8848-8850.

25

Emerson SU, Purcell RH: Hepatitis e virus. Fields Virology 2013;2:2242-2258.

26

Agrawal S, Gupta D, Panda SK: The 3' end of hepatitis e virus (hev) genome binds specifically to the
viral rna-dependent rna polymerase (rdrp). Virology 2001;282:87-101.

27

Koonin EV, Gorbalenya AE, Purdy MA, Rozanov MN, Reyes GR, Bradley DW: Computer-assisted
assignment of functional domains in the nonstructural polyprotein of hepatitis e virus: Delineation of an
additional group of positive-strand rna plant and animal viruses. Proc Natl Acad Sci U S A
1992;89:8259-8263.

28

Smith DB, Vanek J, Ramalingam S, Johannessen I, Templeton K, Simmonds P: Evolution of the
hepatitis e virus hypervariable region. J Gen Virol 2012;93:2408-2418.

29

Graff J, Torian U, Nguyen H, Emerson SU: A bicistronic subgenomic mrna encodes both the orf2 and
orf3 proteins of hepatitis e virus. J Virol 2006;80:5919-5926.

30

Ichiyama K, Yamada K, Tanaka T, Nagashima S, Jirintai, Takahashi M, Okamoto H: Determination of
the 5'-terminal sequence of subgenomic rna of hepatitis e virus strains in cultured cells. Arch Virol
2009;154:1945-1951.

31

Li TC, Yamakawa Y, Suzuki K, Tatsumi M, Razak MA, Uchida T, Takeda N, Miyamura T: Expression
and self-assembly of empty virus-like particles of hepatitis e virus. J Virol 1997;71:7207-7213.

32

He S, Miao J, Zheng Z, Wu T, Xie M, Tang M, Zhang J, Ng MH, Xia N: Putative receptor-binding sites
of hepatitis e virus. J Gen Virol 2008;89:245-249.

33

Kalia M, Chandra V, Rahman SA, Sehgal D, Jameel S: Heparan sulfate proteoglycans are required for
cellular binding of the hepatitis e virus orf2 capsid protein and for viral infection. J Virol
2009;83:12714-12724.

34

Xing L, Wang JC, Li TC, Yasutomi Y, Lara J, Khudyakov Y, Schofield D, Emerson SU, Purcell RH,
Takeda N, Miyamura T, Cheng RH: Spatial configuration of hepatitis e virus antigenic domain. J Virol
2011;85:1117-1124.

35

Guu TS, Liu Z, Ye Q, Mata DA, Li K, Yin C, Zhang J, Tao YJ: Structure of the hepatitis e virus-like
particle suggests mechanisms for virus assembly and receptor binding. Proc Natl Acad Sci U S A
2009;106:12992-12997.

36

Tang X, Yang C, Gu Y, Song C, Zhang X, Wang Y, Zhang J, Hew CL, Li S, Xia N, Sivaraman J:
Structural basis for the neutralization and genotype specificity of hepatitis e virus. Proc Natl Acad Sci U
S A 2011;108:10266-10271.

37

Meng J, Dai X, Chang JC, Lopareva E, Pillot J, Fields HA, Khudyakov YE: Identification and
characterization of the neutralization epitope(s) of the hepatitis e virus. Virology 2001;288:203-211.

38

Yamashita T, Mori Y, Miyazaki N, Cheng RH, Yoshimura M, Unno H, Shima R, Moriishi K, Tsukihara
T, Li TC, Takeda N, Miyamura T, Matsuura Y: Biological and immunological characteristics of
hepatitis e virus-like particles based on the crystal structure. Proc Natl Acad Sci U S A 2009;106:1298612991.

39

Chandra V, Kar-Roy A, Kumari S, Mayor S, Jameel S: The hepatitis e virus orf3 protein modulates

144

Bibliography

epidermal growth factor receptor trafficking, stat3 translocation, and the acute-phase response. J Virol
2008;82:7100-7110.
40

Emerson SU, Nguyen HT, Torian U, Burke D, Engle R, Purcell RH: Release of genotype 1 hepatitis e
virus from cultured hepatoma and polarized intestinal cells depends on open reading frame 3 protein
and requires an intact pxxp motif. J Virol 2010;84:9059-9069.

41

Nagashima S, Takahashi M, Jirintai, Tanaka T, Yamada K, Nishizawa T, Okamoto H: A psap motif in
the orf3 protein of hepatitis e virus is necessary for virion release from infected cells. J Gen Virol
2011;92:269-278.

42

Nagashima S, Takahashi M, Jirintai S, Tanaka T, Nishizawa T, Yasuda J, Okamoto H: Tumour
susceptibility gene 101 and the vacuolar protein sorting pathway are required for the release of hepatitis
e virions. J Gen Virol 2011;92:2838-2848.

43

Yamada K, Takahashi M, Hoshino Y, Takahashi H, Ichiyama K, Nagashima S, Tanaka T, Okamoto H:
Orf3 protein of hepatitis e virus is essential for virion release from infected cells. J Gen Virol
2009;90:1880-1891.

44

Kapur N, Thakral D, Durgapal H, Panda SK: Hepatitis e virus enters liver cells through receptordependent clathrin-mediated endocytosis. J Viral Hepat 2012;19:436-448.

45

Ahmad I, Holla RP, Jameel S: Molecular virology of hepatitis e virus. Virus Res 2011.

46

Takahashi M, Tanaka T, Takahashi H, Hoshino Y, Nagashima S, Jirintai, Mizuo H, Yazaki Y, Takagi
T, Azuma M, Kusano E, Isoda N, Sugano K, Okamoto H: Hepatitis e virus (hev) strains in serum
samples can replicate efficiently in cultured cells despite the coexistence of hev antibodies:
Characterization of hev virions in blood circulation. J Clin Microbiol 2010;48:1112-1125.

47

Nagashima S, Jirintai S, Takahashi M, Kobayashi T, Tanggis, Nishizawa T, Kouki T, Yashiro T,
Okamoto H: Hepatitis e virus egress depends on the exosomal pathway, with secretory exosomes
derived from multivesicular bodies. J Gen Virol 2014;95:2166-2175.

48

Wang C, Guo L, Yu D, Hua X, Yang Z, Yuan C, Cui L: Hev-orf3 encoding phosphoprotein interacts
with hepsin. Hepatitis Monthly 2014;14:e13902.

49

Emerson SU, Arankalle VA, Purcell RH: Thermal stability of hepatitis e virus. J Infect Dis
2005;192:930-933.

50

Devhare PB, Chatterjee SN, Arankalle VA, Lole KS: Analysis of antiviral response in human epithelial
cells infected with hepatitis e virus. PloS One 2013;8:e63793.

51

Berto A, Van der Poel WH, Hakze-van der Honing R, Martelli F, La Ragione RM, Inglese N, Collins J,
Grierson S, Johne R, Reetz J, Dastjerdi A, Banks M: Replication of hepatitis e virus in threedimensional cell culture. J Virol Methods 2013;187:327-332.

52

Rogee S, Talbot N, Caperna T, Bouquet J, Barnaud E, Pavio N: New models of hepatitis e virus
replication in human and porcine hepatocyte cell lines. J Gen Virol 2013;94:549-558.

53

Tam AW, White R, Yarbough PO, Murphy BJ, McAtee CP, Lanford RE, Fuerst TR: In vitro infection
and replication of hepatitis e virus in primary cynomolgus macaque hepatocytes. Virology 1997;238:94102.

54

Oshiro Y, Yasue H, Takahashi K, Hattori S, Ideno S, Urayama T, Chiba M, Osari S, Naito T, Takeuchi
K, Nagata K, Ohkohchi N: Mode of swine hepatitis e virus infection and replication in primary human
hepatocytes. J Gen Virol 2014;95:2677-2682.

55

Shukla P, Nguyen HT, Faulk K, Mather K, Torian U, Engle RE, Emerson SU: Adaptation of a genotype
3 hepatitis e virus to efficient growth in cell culture depends on an inserted human gene segment
acquired by recombination. J Virol 2012;86:5697-5707.

56

Johne R, Reetz J, Ulrich RG, Machnowska P, Sachsenroder J, Nickel P, Hofmann J: An orf1-rearranged
hepatitis e virus derived from a chronically infected patient efficiently replicates in cell culture. J Viral
Hepat 2014;21:447-456.

Bibliography

145

57

Jirintai S, Jinshan, Tanggis, Manglai D, Mulyanto, Takahashi M, Nagashima S, Kobayashi T,
Nishizawa T, Okamoto H: Molecular analysis of hepatitis e virus from farm rabbits in inner mongolia,
china and its successful propagation in a549 and plc/prf/5 cells. Virus Res 2012;170:126-137.

58

Jirintai S, Tanggis, Mulyanto, Suparyatmo JB, Takahashi M, Kobayashi T, Nagashima S, Nishizawa T,
Okamoto H: Rat hepatitis e virus derived from wild rats (rattus rattus) propagates efficiently in human
hepatoma cell lines. Virus Res 2014;185:92-102.

59

Emerson SU, Purcell RH: Hepatitis e virus. Rev Med Virol 2003;13:145-154.

60

Hazam RK, Singla R, Kishore J, Singh S, Gupta RK, Kar P: Surveillance of hepatitis e virus in sewage
and drinking water in a resettlement colony of delhi: What has been the experience? Arch Virol
2010;155:1227-1233.

61

Ippagunta SK, Naik S, Sharma B, Aggarwal R: Presence of hepatitis e virus in sewage in northern india:
Frequency and seasonal pattern. J Med Virol 2007;79:1827-1831.

62

Howard CM, Handzel T, Hill VR, Grytdal SP, Blanton C, Kamili S, Drobeniuc J, Hu D, Teshale E:
Novel risk factors associated with hepatitis e virus infection in a large outbreak in northern uganda:
Results from a case-control study and environmental analysis. Am J Trop Med Hyg 2010;83:11701173.

63

Scobie L, Dalton HR: Hepatitis e: Source and route of infection, clinical manifestations and new
developments. J Viral Hepat 2013;20:1-11.

64

Labrique AB, Sikder SS, Krain LJ, West KP, Jr., Christian P, Rashid M, Nelson KE: Hepatitis e, a
vaccine-preventable cause of maternal deaths. Emerg Infect Dis 2012;18:1401-1404.

65

Kumar A, Beniwal M, Kar P, Sharma JB, Murthy NS: Hepatitis e in pregnancy. Int J Gynaecol Obstet
2004;85:240-244.

66

Aye TT, Uchida T, Ma XZ, Iida F, Shikata T, Zhuang H, Win KM: Complete nucleotide sequence of a
hepatitis e virus isolated from the xinjiang epidemic (1986-1988) of china. Nucleic Acids Res
1992;20:3512.

67

Vivek R, Nihal L, Illiayaraja J, Reddy PK, Sarkar R, Eapen CE, Kang G: Investigation of an epidemic
of hepatitis e in nellore in south india. Trop Med Int Health 2010;15:1333-1339.

68

van Cuyck-Gandre H, Zhang HY, Tsarev SA, Clements NJ, Cohen SJ, Caudill JD, Buisson Y,
Coursaget P, Warren RL, Longer CF: Characterization of hepatitis e virus (hev) from algeria and chad
by partial genome sequence. J Med Virol 1997;53:340-347.

69

Maila HT, Bowyer SM, Swanepoel R: Identification of a new strain of hepatitis e virus from an
outbreak in namibia in 1995. J Gen Virol 2004;85:89-95.

70

Nicand E, Armstrong GL, Enouf V, Guthmann JP, Guerin JP, Caron M, Nizou JY, Andraghetti R:
Genetic heterogeneity of hepatitis e virus in darfur, sudan, and neighboring chad. J Med Virol
2005;77:519-521.

71

Velazquez O, Stetler HC, Avila C, Ornelas G, Alvarez C, Hadler SC, Bradley DW, Sepulveda J:
Epidemic transmission of enterically transmitted non-a, non-b hepatitis in mexico, 1986-1987. Jama
1990;263:3281-3285.

72

Huang CC, Nguyen D, Fernandez J, Yun KY, Fry KE, Bradley DW, Tam AW, Reyes GR: Molecular
cloning and sequencing of the mexico isolate of hepatitis e virus (hev). Virology 1992;191:550-558.

73

Bradley DW, Krawczynski K, Cook EH, Jr., McCaustland KA, Humphrey CD, Spelbring JE, Myint H,
Maynard JE: Enterically transmitted non-a, non-b hepatitis: Serial passage of disease in cynomolgus
macaques and tamarins and recovery of disease-associated 27- to 34-nm viruslike particles. Proc Natl
Acad Sci U S A 1987;84:6277-6281.

74

Tsarev SA, Tsareva TS, Emerson SU, Yarbough PO, Legters LJ, Moskal T, Purcell RH: Infectivity
titration of a prototype strain of hepatitis e virus in cynomolgus monkeys. J Med Virol 1994;43:135142.

146

Bibliography

75

Emerson SU, Zhang M, Meng XJ, Nguyen H, St Claire M, Govindarajan S, Huang YK, Purcell RH:
Recombinant hepatitis e virus genomes infectious for primates: Importance of capping and discovery of
a cis-reactive element. Proc Natl Acad Sci U S A 2001;98:15270-15275.

76

Ticehurst J, Rhodes LL, Jr., Krawczynski K, Asher LV, Engler WF, Mensing TL, Caudill JD, Sjogren
MH, Hoke CH, Jr., LeDuc JW, et al.: Infection of owl monkeys (aotus trivirgatus) and cynomolgus
monkeys (macaca fascicularis) with hepatitis e virus from mexico. J Infect Dis 1992;165:835-845.

77

Yu C, Boon D, McDonald SL, Myers TG, Tomioka K, Nguyen H, Engle RE, Govindarajan S, Emerson
SU, Purcell RH: Pathogenesis of hepatitis e virus and hepatitis c virus in chimpanzees: Similarities and
differences. J Virol 2010;84:11264-11278.

78

Tsarev SA, Tsareva TS, Emerson SU, Rippy MK, Zack P, Shapiro M, Purcell RH: Experimental
hepatitis e in pregnant rhesus monkeys: Failure to transmit hepatitis e virus (hev) to offspring and
evidence of naturally acquired antibodies to hev. J Infect Dis 1995;172:31-37.

79

Meng XJ, Halbur PG, Haynes JS, Tsareva TS, Bruna JD, Royer RL, Purcell RH, Emerson SU:
Experimental infection of pigs with the newly identified swine hepatitis e virus (swine hev), but not
with human strains of hev. Arch Virol 1998;143:1405-1415.

80

Maneerat Y, Clayson ET, Myint KS, Young GD, Innis BL: Experimental infection of the laboratory rat
with the hepatitis e virus. J Med Virol 1996;48:121-128.

81

Purcell RH, Engle RE, Rood MP, Kabrane-Lazizi Y, Nguyen HT, Govindarajan S, St Claire M,
Emerson SU: Hepatitis e virus in rats, los angeles, california, USA. Emerg Infect Dis 2011;17:22162222.

82

Li TC, Yoshizaki S, Ami Y, Suzaki Y, Yasuda SP, Yoshimatsu K, Arikawa J, Takeda N, Wakita T:
Susceptibility of laboratory rats against genotypes 1, 3, 4, and rat hepatitis e viruses. Vet Microbiol
2013;163:54-61.

83

Li TC, Suzaki Y, Ami Y, Tsunemitsu H, Miyamura T, Takeda N: Mice are not susceptible to hepatitis e
virus infection. J Vet Med Sci 2008;70:1359-1362.

84

Oliveira-Filho EF, Konig M, Thiel HJ: Genetic variability of hev isolates: Inconsistencies of current
classification. Vet Microbiol 2013;165:148-154.

85

Lu L, Li C, Hagedorn CH: Phylogenetic analysis of global hepatitis e virus sequences: Genetic
diversity, subtypes and zoonosis. Rev Med Virol 2006;16:5-36.

86

Smith DB, Purdy MA, Simmonds P: Genetic variability and the classification of hepatitis e virus. J
Virol 2013;87:4161-4169.

87

Kumar S, Pujhari SK, Chawla YK, Chakraborti A, Ratho RK: Molecular detection and sequence
analysis of hepatitis e virus in patients with viral hepatitis from north india. Diagn Micr Infec Dis
2011;71:110-117.

88

Pujhari SK, Kumar S, Ratho RK, Chawla YK, Chakraborti A: Phylogenetic analysis and subtyping of
acute and fulminant strains of hepatitis e virus isolates of north india with reference to disease severity.
Arch Virol 2010;155:1483-1486.

89

Matsuda H, Okada K, Takahashi K, Mishiro S: Severe hepatitis e virus infection after ingestion of
uncooked liver from a wild boar. J Infect Dis 2003;188:944.

90

Tei S, Kitajima N, Takahashi K, Mishiro S: Zoonotic transmission of hepatitis e virus from deer to
human beings. Lancet 2003;362:371 - 373.

91

Yazaki Y, Mizuo H, Takahashi M, Nishizawa T, Sasaki N, Gotanda Y, Okamoto H: Sporadic acute or
fulminant hepatitis e in hokkaido, japan, may be food-borne, as suggested by the presence of hepatitis e
virus in pig liver as food. J Gen Virol 2003;84:2351 - 2357.

92

Pavio N, Meng XJ, Renou C: Zoonotic hepatitis e: Animal reservoirs and emerging risks. Vet Res
2010;41:46.

93

Meng XJ: From barnyard to food table: The omnipresence of hepatitis e virus and risk for zoonotic

Bibliography

147

infection and food safety. Virus Res 2011.
94

Meng XJ: Zoonotic and foodborne transmission of hepatitis e virus. Semin Liver Dis 2013;33:41-49.

95

Salete de Paula V, Wiele M, Mbunkah AH, Daniel AM, Kingsley MT, Schmidt-Chanasit J: Hepatitis e
virus genotype 3 strains in domestic pigs, cameroon. Emerg Infect Dis 2013;19:666-668.

96

Hsieh SY, Yang PY, Ho YP, Chu CM, Liaw YF: Identification of a novel strain of hepatitis e virus
responsible for sporadic acute hepatitis in taiwan. J Med Virol 1998;55:300-304.

97

Hsieh SY, Meng XJ, Wu YH, Liu ST, Tam AW, Lin DY, Liaw YF: Identity of a novel swine hepatitis e
virus in taiwan forming a monophyletic group with taiwan isolates of human hepatitis e virus. J Clin
Microbiol 1999;37:3828-3834.

98

Wang Y, Ling R, Erker JC, Zhang H, Li H, Desai S, Mushahwar IK, Harrison TJ: A divergent genotype
of hepatitis e virus in chinese patients with acute hepatitis. J Gen Virol 1999;80 ( Pt 1):169-177.

99

Wang Y, Zhang H, Ling R, Li H, Harrison TJ: The complete sequence of hepatitis e virus genotype 4
reveals an alternative strategy for translation of open reading frames 2 and 3. J Gen Virol 2000;81:16751686.

100

Okamoto H: Genetic variability and evolution of hepatitis e virus. Virus Res 2007;127:216-228.

101

Geng Y, Zhao C, Fan J, Harrison TJ, Zhang H, Lian H, Geng K, Wang Y: Genotype analysis of
hepatitis e virus from sporadic hepatitis e cases in northern china. Infect Genet Evol 2013;20:413-417.

102

Liu P, Li L, Wang L, Bu Q, Fu H, Han J, Zhu Y, Lu F, Zhuang H: Phylogenetic analysis of 626
hepatitis e virus (hev) isolates from humans and animals in china (1986-2011) showing genotype
diversity and zoonotic transmission. Infect Genet Evol 2012;12:428-434.

103

Ohnishi S, Kang JH, Maekubo H, Arakawa T, Karino Y, Toyota J, Takahashi K, Mishiro S:
Comparison of clinical features of acute hepatitis caused by hepatitis e virus (hev) genotypes 3 and 4 in
sapporo, japan. Hepatol Res 2006;36:301-307.

104

Sato Y, Sato H, Naka K, Furuya S, Tsukiji H, Kitagawa K, Sonoda Y, Usui T, Sakamoto H, Yoshino S,
Shimizu Y, Takahashi M, Nagashima S, Jirgl intai, Nishizawa T, Okamoto H: A nationwide survey of
hepatitis e virus (hev) infection in wild boars in japan: Identification of boar hev strains of genotypes 3
and 4 and unrecognized genotypes. Arch Virol 2011;156:1345-1358.

105

Hakze-van der Honing RW, van Coillie E, Antonis AF, van der Poel WH: First isolation of hepatitis e
virus genotype 4 in europe through swine surveillance in the netherlands and belgium. PloS One
2011;6:e22673.

106

Jeblaoui A, Haim-Boukobza S, Marchadier E, Mokhtari C, Roque-Afonso AM: Genotype 4 hepatitis e
virus in france: An autochthonous infection with a more severe presentation. Clin Infect Dis
2013;57:e122-126.

107

Garbuglia AR, Scognamiglio P, Petrosillo N, Mastroianni CM, Sordillo P, Gentile D, La Scala P,
Girardi E, Capobianchi MR: Hepatitis e virus genotype 4 outbreak, italy, 2011. Emerg Infect Dis
2013;19:110-114.

108

Said B, Ijaz S, Kafatos G, Booth L, Thomas HL, Walsh A, Ramsay M, Morgan D: Hepatitis e outbreak
on cruise ship. Emerg Infect Dis 2009;15:1738-1744.

109

Kamar N, Bendall RP, Peron JM, Cintas P, Prudhomme L, Mansuy JM, Rostaing L, Keane F, Ijaz S,
Izopet J, Dalton HR: Hepatitis e virus and neurologic disorders. Emerg Infect Dis 2011;17:173-179.

110

Kamar N, Selves J, Mansuy JM, Ouezzani L, Peron JM, Guitard J, Cointault O, Esposito L, Abravanel
F, Danjoux M, Durand D, Vinel JP, Izopet J, Rostaing L: Hepatitis e virus and chronic hepatitis in
organ-transplant recipients. New Engl J Med 2008;358:811-817.

111

Krain LJ, Nelson KE, Labrique AB: Host immune status and response to hepatitis e virus infection. Clin
Microbiol Rev 2014;27:139-165.

112

Dremsek P, Joel S, Baechlein C, Pavio N, Schielke A, Ziller M, Durrwald R, Renner C, Groschup MH,

148

Bibliography

Johne R, Krumbholz A, Ulrich RG: Hepatitis e virus seroprevalence of domestic pigs in germany
determined by a novel in-house and two reference elisas. J Virol Methods 2013;190:11-16.
113

Krumbholz A, Joel S, Neubert A, Dremsek P, Durrwald R, Johne R, Hlinak A, Walther M, Lange J,
Wutzler P, Sauerbrei A, Ulrich RG, Zell R: Age-related and regional differences in the prevalence of
hepatitis e virus-specific antibodies in pigs in germany. Vet Microbiol 2013;167:394-402.

114

Baechlein C, Schielke A, Johne R, Ulrich RG, Baumgaertner W, Grummer B: Prevalence of hepatitis e
virus-specific antibodies in sera of german domestic pigs estimated by using different assays. Vet
Microbiol 2010;144:187-191.

115

Li TC, Chijiwa K, Sera N, Ishibashi T, Etoh Y, Shinohara Y, Kurata Y, Ishida M, Sakamoto S, Takeda
N, Miyamura T: Hepatitis e virus transmission from wild boar meat. Emerg Infect Dis 2005;11:19581960.

116

Colson P, Borentain P, Queyriaux B, Kaba M, Moal V, Gallian P, Heyries L, Raoult D, Gerolami R: Pig
liver sausage as a source of hepatitis e virus transmission to humans. J Infect Dis 2010;202:825-834.

117

Miyashita K, Kang JH, Saga A, Takahashi K, Shimamura T, Yasumoto A, Fukushima H, Sogabe S,
Konishi K, Uchida T, Fujinaga A, Matsui T, Sakurai Y, Tsuji K, Maguchi H, Taniguchi M, Abe N,
Fazle Akbar SM, Arai M, Mishiro S: Three cases of acute or fulminant hepatitis e caused by ingestion
of pork meat and entrails in hokkaido, japan: Zoonotic food-borne transmission of hepatitis e virus and
public health concerns. Hepatol Res 2012;42:870-878.

118

Barnaud E, Rogee S, Garry P, Rose N, Pavio N: Thermal inactivation of infectious hepatitis e virus in
experimentally contaminated food. Appl Environ Microbiol 2012;78:5153-5159.

119

Meng XJ, Wiseman B, Elvinger F, Guenette DK, Toth TE, Engle RE, Emerson SU, Purcell RH:
Prevalence of antibodies to hepatitis e virus in veterinarians working with swine and in normal blood
donors in the united states and other countries. J Clin Microbiol 2002;40:117-122.

120

Lewis HC, Wichmann O, Duizer E: Transmission routes and risk factors for autochthonous hepatitis e
virus infection in europe: A systematic review. Epidemiol Infect 2010;138:145-166.

121

Crossan C, Scobie L, Godwin J, Hunter JG, Hawkes T, Dalton HR: Hepatitis e virus and porcinederived heparin. Emerg Infect Dis 2013;19:686-688.

122

Nakamura S, Tsuchiya H, Okahara N, Nakagawa T, Ohara N, Yamamoto H, Li TC, Takeda N,
Ogasawara K, Torii R: Epidemiology of hepatitis e virus in indoor-captive cynomolgus monkey colony.
J Vet Med Sci 2012;74:279-283.

123

Lack JB, Volk K, Van Den Bussche RA: Hepatitis e virus genotype 3 in wild rats, united states. Emerg
Infect Dis 2012;18:1268-1273.

124

Arankalle VA, Chobe LP, Chadha MS: Type-iv indian swine hev infects rhesus monkeys. J Viral Hepat
2006;13:742-745.

125

Feagins AR, Opriessnig T, Huang YW, Halbur PG, Meng XJ: Cross-species infection of specificpathogen-free pigs by a genotype 4 strain of human hepatitis e virus. J Med Virol 2008;80:1379-1386.

126

Li TC, Ami Y, Suzaki Y, Takeda N, Takaji W: No evidence for hepatitis e virus genotype 3
susceptibility in rats. Emerg Infect Dis 2013;19:1343-1345.

127

Zhu Y, Yu X, Zhang Y, Ni Y, Si F, Yu R, Dong S, Huang Y, Li Z: Infectivity of a genotype 4 hepatitis
e virus cdna clone by intrahepatic inoculation of laboratory rats. Vet Microbiol 2013;166:405-411.

128

Huang F, Zhang W, Gong G, Yuan C, Yan Y, Yang S, Cui L, Zhu J, Yang Z, Hua X: Experimental
infection of balb/c nude mice with hepatitis e virus. BMC Infect Dis 2009;9:93.

129

Cheng X, Wang S, Dai X, Shi C, Wen Y, Zhu M, Zhan S, Meng J: Rabbit as a novel animal model for
hepatitis e virus infection and vaccine evaluation. PloS One 2012;7:e51616.

130

Li W, Sun Q, She R, Wang D, Duan X, Yin J, Ding Y: Experimental infection of mongolian gerbils by
a genotype 4 strain of swine hepatitis e virus. J Med Virol 2009;81:1591-1596.

Bibliography

149

131

Takahashi K, Okamoto H, Abe N, Kawakami M, Matsuda H, Mochida S, Sakugawa H, Suginoshita Y,
Watanabe S, Yamamoto K, Miyakawa Y, Mishiro S: Virulent strain of hepatitis e virus genotype 3,
japan. Emerg Infect Dis 2009;15:704-709.

132

Inoue J, Nishizawa T, Takahashi M, Aikawa T, Mizuo H, Suzuki K, Shimosegawa T, Okamoto H:
Analysis of the full-length genome of genotype 4 hepatitis e virus isolates from patients with fulminant
or acute self-limited hepatitis e. J Med Virol 2006;78:476-484.

133

Fu H, Wang L, Zhu Y, Geng J, Li L, Wang X, Bu Q, Zhuang H: Analysing complete genome sequence
of swine hepatitis e virus (hev), strain chn-xj-sw13 isolated from xinjiang, china: Putative host range,
and disease severity determinants in hev. Infect Genet Evol 2011;11:618-623.

134

Takahashi M, Nishizawa T, Nagashima S, Jirintai S, Kawakami M, Sonoda Y, Suzuki T, Yamamoto S,
Shigemoto K, Ashida K, Sato Y, Okamoto H: Molecular characterization of a novel hepatitis e virus
(hev) strain obtained from a wild boar in japan that is highly divergent from the previously recognized
hev strains. Virus Res 2014;180:59-69.

135

Zhao C, Ma Z, Harrison TJ, Feng R, Zhang C, Qiao Z, Fan J, Ma H, Li M, Song A, Wang Y: A novel
genotype of hepatitis e virus prevalent among farmed rabbits in china. J Med Virol 2009;81:1371-1379.

136

Geng Y, Zhang H, Li J, Huang W, Harrison TJ, Zhao C, Zhou Y, Lian H, Wang Y: Comparison of
hepatitis e virus genotypes from rabbits and pigs in the same geographic area: No evidence of natural
cross-species transmission between the two animals. Infect Genet Evol 2013;13:304-309.

137

Wang S, Dong C, Dai X, Cheng X, Liang J, Dong M, Purdy MA, Meng J: Hepatitis e virus isolated
from rabbits is genetically heterogeneous but with very similar antigenicity to human hev. J Med Virol
2013;85:627-635.

138

Geng Y, Zhao C, Song A, Wang J, Zhang X, Harrison TJ, Zhou Y, Wang W, Wang Y: The serological
prevalence and genetic diversity of hepatitis e virus in farmed rabbits in china. Infect Genet Evol
2011;11:476-482.

139

Izopet J, Dubois M, Bertagnoli S, Lhomme S, Marchandeau S, Boucher S, Kamar N, Abravanel F,
Guerin JL: Hepatitis e virus strains in rabbits and evidence of a closely related strain in humans, france.
Emerg Infect Dis 2012;18:1274-1281.

140

Cossaboom CM, Cordoba L, Sanford BJ, Pineyro P, Kenney SP, Dryman BA, Wang Y, Meng XJ:
Cross-species infection of pigs with a novel rabbit, but not rat, strain of hepatitis e virus isolated in the
united states. J Gen Virol 2012;93:1687-1695.

141

Cossaboom CM, Cordoba L, Cao D, Ni YY, Meng XJ: Complete genome sequence of hepatitis e virus
from rabbits in the united states. J Virol 2012;86:13124-13125.

142

Cossaboom CM, Cordoba L, Dryman BA, Meng XJ: Hepatitis e virus in rabbits, virginia, USA. Emerg
Infect Dis 2011;17:2047-2049.

143

Geng J, Fu H, Wang L, Bu Q, Liu P, Wang M, Sui Y, Wang X, Zhu Y, Zhuang H: Phylogenetic
analysis of the full genome of rabbit hepatitis e virus (rbhev) and molecular biologic study on the
possibility of cross species transmission of rbhev. Infect Genet Evol 2011;11:2020-2025.

144

Purdy MA, Khudyakov YE: Evolutionary history and population dynamics of hepatitis e virus. PloS
One 2010;5:e14376.

145

Geng J, Wang L, Wang X, Fu H, Bu Q, Zhu Y, Zhuang H: Study on prevalence and genotype of
hepatitis e virus isolated from rex rabbits in beijing, china. J Viral Hepat 2011;18:661-667.

146

Lhomme S, Dubois M, Abravanel F, Top S, Bertagnoli S, Guerin JL, Izopet J: Risk of zoonotic
transmission of hev from rabbits. J Clin Virol 2013;58:357-362.

147

Wang S, Cheng X, Dai X, Dong C, Xu M, Liang J, Dong M, Purdy MA, Meng J: Rabbit and human
hepatitis e virus strains belong to a single serotype. Virus Res 2013;176:101-106.

148

Ma H, Zheng L, Liu Y, Zhao C, Harrison TJ, Ma Y, Sun S, Zhang J, Wang Y: Experimental infection
of rabbits with rabbit and genotypes 1 and 4 hepatitis e viruses. PloS One 2010;5:e9160.

150

Bibliography

149

Han J, Lei Y, Liu L, Liu P, Xia J, Zhang Y, Zeng H, Wang L, Wang L, Zhuang H: Spf rabbits infected
with rabbit hepatitis e virus isolate experimentally showing the chronicity of hepatitis. PloS One
2014;9:e99861.

150

Liu P, Bu QN, Wang L, Han J, Du RJ, Lei YX, Ouyang YQ, Li J, Zhu YH, Lu FM, Zhuang H:
Transmission of hepatitis e virus from rabbits to cynomolgus macaques. Emerg Infect Dis 2013;19:559565.

151

Johne R, Plenge-Bonig A, Hess M, Ulrich RG, Reetz J, Schielke A: Detection of a novel hepatitis e-like
virus in faeces of wild rats using a nested broad-spectrum rt-pcr. J Gen Virol 2010;91:750-758.

152

Johne R, Heckel G, Plenge-Bonig A, Kindler E, Maresch C, Reetz J, Schielke A, Ulrich RG: Novel
hepatitis e virus genotype in norway rats, germany. Emerg Infect Dis 2010;16:1452-1455.

153

Li W, Guan D, Su J, Takeda N, Wakita T, Li TC, Ke CW: High prevalence of rat hepatitis e virus in
wild rats in china. Vet Microbiol 2013;165:275-280.

154

Li TC, Yoshimatsu K, Yasuda SP, Arikawa J, Koma T, Kataoka M, Ami Y, Suzaki Y, Mai le TQ, Hoa
NT, Yamashiro T, Hasebe F, Takeda N, Wakita T: Characterization of self-assembled virus-like
particles of rat hepatitis e virus generated by recombinant baculoviruses. J Gen Virol 2011;92:28302837.

155

Mulyanto, Depamede SN, Sriasih M, Takahashi M, Nagashima S, Jirintai S, Nishizawa T, Okamoto H:
Frequent detection and characterization of hepatitis e virus variants in wild rats (rattus rattus) in
indonesia. Arch Virol 2013;158:87-96.

156

Johne R, Dremsek P, Kindler E, Schielke A, Plenge-Bonig A, Gregersen H, Wessels U, Schmidt K,
Rietschel W, Groschup MH, Guenther S, Heckel G, Ulrich RG: Rat hepatitis e virus: Geographical
clustering within germany and serological detection in wild norway rats (rattus norvegicus). Infect
Genet Evol 2012;12:947-956.

157

Li TC, Ami Y, Suzaki Y, Yasuda SP, Yoshimatsu K, Arikawa J, Takeda N, Takaji W: Characterization
of full genome of rat hepatitis e virus strain from vietnam. Emerg Infect Dis 2013;19:115-118.

158

Guan D, Li W, Su J, Fang L, Takeda N, Wakita T, Li TC, Ke C: Asian musk shrew as a reservoir of rat
hepatitis e virus, china. Emerg Infect Dis 2013;19:1341-1343.

159

Kabrane-Lazizi Y, Fine JB, Elm J, Glass GE, Higa H, Diwan A, Gibbs CJ, Jr., Meng XJ, Emerson SU,
Purcell RH: Evidence for widespread infection of wild rats with hepatitis e virus in the united states.
Am J Trop Med Hyg 1999;61:331-335.

160

Favorov MO, Kosoy MY, Tsarev SA, Childs JE, Margolis HS: Prevalence of antibody to hepatitis e
virus among rodents in the united states. J Infect Dis 2000;181:449-455.

161

Arankalle VA, Joshi MV, Kulkarni AM, Gandhe SS, Chobe LP, Rautmare SS, Mishra AC, Padbidri
VS: Prevalence of anti-hepatitis e virus antibodies in different indian animal species. J Viral Hepat
2001;8:223-227.

162

Hirano M, Ding X, Li TC, Takeda N, Kawabata H, Koizumi N, Kadosaka T, Goto I, Masuzawa T,
Nakamura M, Taira K, Kuroki T, Tanikawa T, Watanabe H, Abe K: Evidence for widespread infection
of hepatitis e virus among wild rats in japan. Hepatol Res 2003;27:1-5.

163

Dremsek P, Wenzel J, Johne R, Ziller M, Hofmann J, Groschup M, Werdermann S, Mohn U, Dorn S,
Motz M, Mertens M, Jilg W, Ulrich R: Seroprevalence study in forestry workers from eastern germany
using novel genotype 3- and rat hepatitis e virus-specific immunoglobulin g elisas. Med Microbiol
Immun 2012;201:189-200.

164

Drexler JF, Seelen A, Corman VM, Fumie Tateno A, Cottontail V, Melim Zerbinati R, Gloza-Rausch F,
Klose SM, Adu-Sarkodie Y, Oppong SK, Kalko EK, Osterman A, Rasche A, Adam A, Muller MA,
Ulrich RG, Leroy EM, Lukashev AN, Drosten C: Bats worldwide carry hepatitis e virus-related viruses
that form a putative novel genus within the family hepeviridae. J Virol 2012;86:9134-9147.

165

Woo PC, Lau SK, Teng JL, Tsang AK, Joseph M, Wong EY, Tang Y, Sivakumar S, Xie J, Bai R,
Wernery R, Wernery U, Yuen KY: New hepatitis e virus genotype in camels, the middle east. Emerg

Bibliography

151

Infect Dis 2014;20:1044-1048.
166

Lin J, Norder H, Uhlhorn H, Belák S, Widén F: Novel hepatitis e like virus found in swedish moose. J
Gen Virol 2014;95:557-570.

167

Stalin Raj V SS, Pas SD, Provacia LBV, Moorman-Roest H, Osterhaus ADME: Novel hepatitis e virus
in ferrets, the netherlands. Emerg Infect Dis 2012.

168

Bodewes R, van der Giessen J, Haagmans BL, Osterhaus AD, Smits SL: Identification of multiple novel
viruses, including a parvovirus and a hepevirus, in feces of red foxes. J Virol 2013;87:7758-7764.

169

Krog JS, Breum SO, Jensen TH, Larsen LE: Hepatitis e virus variant in farmed mink, denmark. Emerg
Infect Dis 2013;19:2028-2030.

170

Kuno A, Ido K, Isoda N, Satoh Y, Ono K, Satoh S, Inamori H, Sugano K, Kanai N, Nishizawa T,
Okamoto H: Sporadic acute hepatitis e of a 47-year-old man whose pet cat was positive for antibody to
hepatitis e virus. Hepatol Res 2003;26:237-242.

171

Liang H, Chen J, Xie J, Sun L, Ji F, He S, Zheng Y, Liang C, Zhang G, Su S, Li S: Hepatitis e virus
serosurvey among pet dogs and cats in several developed cities in china. PloS One 2014;9:e98068.

172

Bilic I, Jaskulska B, Basic A, Morrow CJ, Hess M: Sequence analysis and comparison of avian hepatitis
e viruses from australia and europe indicate the existence of different genotypes. J Gen Virol
2009;90:863-873.

173

Banyai K, Toth AG, Ivanics E, Glavits R, Szentpali-Gavaller K, Dan A: Putative novel genotype of
avian hepatitis e virus, hungary, 2010. Emerg Infect Dis 2012;18:1365-1368.

174

Hsu IW, Tsai HJ: Avian hepatitis e virus in chickens, taiwan, 2013. Emerg Infect Dis 2014;20:149-151.

175

Zhao Q, Zhou EM, Dong SW, Qiu HK, Zhang L, Hu SB, Zhao FF, Jiang SJ, Sun YN: Analysis of avian
hepatitis e virus from chickens, china. Emerg Infect Dis 2010;16:1469-1472.

176

Kwon HM, Sung HW, Meng XJ: Serological prevalence, genetic identification, and characterization of
the first strains of avian hepatitis e virus from chickens in korea. Virus Genes 2012;45:237-245.

177

Marek A, Bilic I, Prokofieva I, Hess M: Phylogenetic analysis of avian hepatitis e virus samples from
european and australian chicken flocks supports the existence of a different genus within the
hepeviridae comprising at least three different genotypes. Vet Microbiol 2010;145:54-61.

178

Haqshenas G, Shivaprasad HL, Woolcock PR, Read DH, Meng XJ: Genetic identification and
characterization of a novel virus related to human hepatitis e virus from chickens with hepatitissplenomegaly syndrome in the united states. J Gen Virol 2001;82:2449-2462.

179

Huang FF, Haqshenas G, Shivaprasad HL, Guenette DK, Woolcock PR, Larsen CT, Pierson FW,
Elvinger F, Toth TE, Meng XJ: Heterogeneity and seroprevalence of a newly identified avian hepatitis e
virus from chickens in the united states. J Clin Microbiol 2002;40:4197-4202.

180

Morrow CJ, Samu G, Matrai E, Klausz A, Wood AM, Richter S, Jaskulska B, Hess M: Avian hepatitis e
virus infection and possible associated clinical disease in broiler breeder flocks in hungary. Avian
Pathol 2008;37:527-535.

181

Agunos AC, Yoo D, Youssef SA, Ran D, Binnington B, Hunter DB: Avian hepatitis e virus in an
outbreak of hepatitis--splenomegaly syndrome and fatty liver haemorrhage syndrome in two flaxseedfed layer flocks in ontario. Avian Pathol 2006;35:404-412.

182

Gerber PF, Trampel DW, Opriessnig T: Identification and characterization of avian hepatitis e virus in
2013 outbreaks of hepatitis-splenomegaly syndrome in two us layer operations. Avian Pathol
2014;43:357-363.

183

Peralta B, Biarnes M, Ordonez G, Porta R, Martin M, Mateu E, Pina S, Meng XJ: Evidence of
widespread infection of avian hepatitis e virus (avian hev) in chickens from spain. Vet Microbiol
2009;137:31-36.

184

Sun ZF, Larsen CT, Dunlop A, Huang FF, Pierson FW, Toth TE, Meng XJ: Genetic identification of

152

Bibliography

avian hepatitis e virus (hev) from healthy chicken flocks and characterization of the capsid gene of 14
avian hev isolates from chickens with hepatitis-splenomegaly syndrome in different geographical
regions of the united states. J Gen Virol 2004;85:693-700.
185

Billam P, LeRoith T, Pudupakam RS, Pierson FW, Duncan RB, Meng XJ: Comparative pathogenesis in
specific-pathogen-free chickens of two strains of avian hepatitis e virus recovered from a chicken with
hepatitis-splenomegaly syndrome and from a clinically healthy chicken. Vet Microbiol 2009;139:253261.

186

Sanford BJ, Opriessnig T, Kenney SP, Dryman BA, Córdoba L, Meng X-J: Assessment of the crossprotective capability of recombinant capsid proteins derived from pig, rat, and avian hepatitis e viruses
(hev) against challenge with a genotype 3 hev in pigs. Vaccine 2012;30:6249-6255.

187

Hedrick R, Yun S, Wingfield W: A small rna virus isolated from salmonid fishes in california, USA.
Can J Fish Aquat Sci 1991;48:99-104.

188

Batts W, Yun S, Hedrick R, Winton J: A novel member of the family hepeviridae from cutthroat trout
(oncorhynchus clarkii). Virus Res 2011;158:116-123.

189

Debing Y, Winton J, Neyts J, Dallmeier K: Cutthroat trout virus as a surrogate in vitro infection model
for testing inhibitors of hepatitis e virus replication. Antiviral Res 2013;100:98-101.

190

Teo CG: Much meat, much malady: Changing perceptions of the epidemiology of hepatitis e. Clin
Microbiol Infect 2010;16:24-32.

191

Dalton HR, Thurairajah PH, Fellows HJ, Hussaini HS, Mitchell J, Bendall R, Banks M, Ijaz S, Teo CG,
Levine DF: Autochthonous hepatitis e in southwest england. J Viral Hepat 2007;14:304-309.

192

Dalton HR, Bendall R, Ijaz S, Banks M: Hepatitis e: An emerging infection in developed countries.
Lancet Infect Dis 2008;8:698-709.

193

Jameel S: Molecular biology and pathogenesis of hepatitis e virus. Expert Rev Mol Med 1999;1999:1 16.

194

Takahashi M, Tanaka T, Azuma M, Kusano E, Aikawa T, Shibayama T, Yazaki Y, Mizuo H, Inoue J,
Okamoto H: Prolonged fecal shedding of hepatitis e virus (hev) during sporadic acute hepatitis e:
Evaluation of infectivity of hev in fecal specimens in a cell culture system. J Clin Microbiol
2007;45:3671-3679.

195

Malcolm P, Dalton H, Hussaini HS, Mathew J: The histology of acute autochthonous hepatitis e virus
infection. Histopathol 2007;51:190-194.

196

Brost S, Wenzel JJ, Ganten TM, Filser M, Flechtenmacher C, Boehm S, Astani A, Jilg W, Zeier M,
Schnitzler P: Sporadic cases of acute autochthonous hepatitis e virus infection in southwest germany. J
Clin Virol 2010;47:89-92.

197

Kumar Acharya S, Kumar Sharma P, Singh R, Kumar Mohanty S, Madan K, Kumar Jha J, Kumar
Panda S: Hepatitis e virus (hev) infection in patients with cirrhosis is associated with rapid
decompensation and death. J Hepatol 2007;46:387-394.

198

Dalton HR, Hazeldine S, Banks M, Ijaz S, Bendall R: Locally acquired hepatitis e in chronic liver
disease. Lancet 2007;369:1260.

199

Peron JM, Bureau C, Poirson H, Mansuy JM, Alric L, Selves J, Dupuis E, Izopet J, Vinel JP: Fulminant
liver failure from acute autochthonous hepatitis e in france: Description of seven patients with acute
hepatitis e and encephalopathy. J Viral Hepat 2007;14:298-303.

200

Clayson ET, Myint KS, Snitbhan R, Vaughn DW, Innis BL, Chan L, Cheung P, Shrestha MP: Viremia,
fecal shedding, and igm and igg responses in patients with hepatitis e. J Infect Dis 1995;172:927-933.

201

Tokita H, Harada H, Gotanda Y, Takahashi M, Nishizawa T, Okamoto H: Molecular and serological
characterization of sporadic acute hepatitis e in a japanese patient infected with a genotype iii hepatitis e
virus in 1993. J Gen Virol 2003;84:421-427.

202

Chauhan A, Jameel S, Dilawari JB, Chawla YK, Kaur U, Ganguly NK: Hepatitis e virus transmission to

Bibliography

153

a volunteer. Lancet 1993;341:149-150.
203

Chandra NS, Sharma A, Malhotra B, Rai RR: Dynamics of hev viremia, fecal shedding and its
relationship with transaminases and antibody response in patients with sporadic acute hepatitis e. Virol J
2010;7:213.

204

Chow WC, Lee AS, Lim GK, Cheong WK, Chong R, Tan CK, Yap CK, Oon CJ, Ng HS: Acute viral
hepatitis e: Clinical and serologic studies in singapore. J Clin Gastroenterol 1997;24:235-238.

205

Srivastava R, Aggarwal R, Jameel S, Puri P, Gupta VK, Ramesh VS, Bhatia S, Naik S: Cellular
immune responses in acute hepatitis e virus infection to the viral open reading frame 2 protein. Viral
Immunol 2007;20:56-65.

206

Husain MM, Aggarwal R, Kumar D, Jameel S, Naik S: Effector t cells immune reactivity among
patients with acute hepatitis e. J Viral Hepat 2011;18:e603-608.

207

Tripathy AS, Das R, Rathod SB, Gurav YK, Arankalle VA: Peripheral t regulatory cells and cytokines
in hepatitis e infection. Eur J Clin Microbiol Infect Dis 2012;31:179-184.

208

Das R, Tripathy A: Increased expressions of nkp44, nkp46 on nk/nkt-like cells are associated with
impaired cytolytic function in self-limiting hepatitis e infection. Med Microbiol Immun 2014;203:303314.

209

Tanaka T, Takahashi M, Kusano E, Okamoto H: Development and evaluation of an efficient cellculture system for hepatitis e virus. J Gen Virol 2007;88:903-911.

210

Takahashi M, Hoshino Y, Tanaka T, Takahashi H, Nishizawa T, Okamoto H: Production of monoclonal
antibodies against hepatitis e virus capsid protein and evaluation of their neutralizing activity in a cell
culture system. Arch Virol 2008;153:657-666.

211

Srivastava R, Aggarwal R, Sachdeva S, Alam MI, Jameel S, Naik S: Adaptive immune responses
during acute uncomplicated and fulminant hepatitis e. J Gastroenterol Hepatol 2011;26:306-311.

212

Srivastava R, Aggarwal R, Bhagat MR, Chowdhury A, Naik S: Alterations in natural killer cells and
natural killer t cells during acute viral hepatitis e. J Viral Hepat 2008;15:910-916.

213

Mizuo H, Yazaki Y, Sugawara K, Tsuda F, Takahashi M, Nishizawa T, Okamoto H: Possible risk
factors for the transmission of hepatitis e virus and for the severe form of hepatitis e acquired locally in
hokkaido, japan. J Med Virol 2005;76:341-349.

214

Kamar N, Dalton HR, Abravanel F, Izopet J: Hepatitis e virus infection. Clin Microbiol Rev
2014;27:116-138.

215

Kamar N, Rostaing L, Izopet J: Hepatitis e virus infection in immunosuppressed patients: Natural
history and therapy. Semin Liver Dis 2013;33:62-70.

216

Dalton HR, Bendall RP, Keane FE, Tedder RS, Ijaz S: Persistent carriage of hepatitis e virus in patients
with hiv infection. New Engl J Med 2009;361:1025-1027.

217

Ollier L, Tieulie N, Sanderson F, Heudier P, Giordanengo V, Fuzibet JG, Nicand E: Chronic hepatitis
after hepatitis e virus infection in a patient with non-hodgkin lymphoma taking rituximab. Ann Intern
Med 2009;150:430-431.

218

Aggarwal R, Jameel S: Hepatitis e. Hepatology 2011;54:2218-2226.

219

Kamar N, Rostaing L, Legrand-Abravanel F, Izopet J: How should hepatitis e virus infection be defined
in organ-transplant recipients? Am J Transplant 2013;13:1935-1936.

220

Pischke S, Suneetha PV, Baechlein C, Barg-Hock H, Heim A, Kamar N, Schlue J, Strassburg CP,
Lehner F, Raupach R, Bremer B, Magerstedt P, Cornberg M, Seehusen F, Baumgaertner W,
Klempnauer J, Izopet J, Manns MP, Grummer B, Wedemeyer H: Hepatitis e virus infection as a cause
of graft hepatitis in liver transplant recipients. Liver Transpl 2010;16:74-82.

221

Gerolami R, Moal V, Colson P: Chronic hepatitis e with cirrhosis in a kidney-transplant recipient. New
Engl J Med 2008;358:859-860.

154

Bibliography

222

Kamar N, Abravanel F, Selves J, Garrouste C, Esposito L, Lavayssiere L, Cointault O, Ribes D,
Cardeau I, Nogier MB, Mansuy JM, Muscari F, Peron JM, Izopet J, Rostaing L: Influence of
immunosuppressive therapy on the natural history of genotype 3 hepatitis-e virus infection after organ
transplantation. Transplantation 2010;89:353-360.

223

Wedemeyer H, Rybczynska J, Pischke S, Krawczynski K: Immunopathogenesis of hepatitis e virus
infection. Semin Liver Dis 2013;33:71-78.

224

Kamar N, Garrouste C, Haagsma EB, Garrigue V, Pischke S, Chauvet C, Dumortier J, Cannesson A,
Cassuto-Viguier E, Thervet E, Conti F, Lebray P, Dalton HR, Santella R, Kanaan N, Essig M, Mousson
C, Radenne S, Roque-Afonso AM, Izopet J, Rostaing L: Factors associated with chronic hepatitis in
patients with hepatitis e virus infection who have received solid organ transplants. Gastroenterology
2011;140:1481-1489.

225

Suneetha PV, Pischke S, Schlaphoff V, Grabowski J, Fytili P, Gronert A, Bremer B, Markova A,
Jaroszewicz J, Bara C, Manns MP, Cornberg M, Wedemeyer H: Hepatitis e virus (hev)-specific t-cell
responses are associated with control of hev infection. Hepatology 2012;55:695-708.

226

Lhomme S, Abravanel F, Dubois M, Sandres-Saune K, Rostaing L, Kamar N, Izopet J: Hepatitis e virus
quasispecies and the outcome of acute hepatitis e in solid-organ transplant patients. J Virol
2012;86:10006-10014.

227

Navaneethan U, Al Mohajer M, Shata MT: Hepatitis e and pregnancy: Understanding the pathogenesis.
Liver Int 2008;28:1190-1199.

228

Thoden J, Venhoff N, Miehle N, Klar M, Huzly D, Panther E, Jilg N, Kunze M, Warnatz K: Hepatitis e
and jaundice in an hiv-positive pregnant woman. AIDS (London, England) 2008;22:909-910.

229

Anty R, Ollier L, Peron JM, Nicand E, Cannavo I, Bongain A, Giordanengo V, Tran A: First case report
of an acute genotype 3 hepatitis e infected pregnant woman living in south-eastern france. J Clin Virol
2012;54:76-78.

230

Salam GD, Kumar A, Kar P, Aggarwal S, Husain A, Sharma S: Serum tumor necrosis factor-alpha level
in hepatitis e virus-related acute viral hepatitis and fulminant hepatic failure in pregnant women.
Hepatol Res 2013;43:826-835.

231

Prabhu SB, Gupta P, Durgapal H, Rath S, Gupta SD, Acharya SK, Panda SK: Study of cellular immune
response against hepatitis e virus (hev). J Viral Hepat 2010.

232

Bose PD, Das BC, Kumar A, Gondal R, Kumar D, Kar P: High viral load and deregulation of the
progesterone receptor signaling pathway: Association with hepatitis e-related poor pregnancy outcome.
J Hepatol 2011;54:1107-1113.

233

Prusty BK, Hedau S, Singh A, Kar P, Das BC: Selective suppression of nf-kbp65 in hepatitis virusinfected pregnant women manifesting severe liver damage and high mortality. Mol Med 2007;13:518526.

234

Pal R, Aggarwal R, Naik SR, Das V, Das S, Naik S: Immunological alterations in pregnant women with
acute hepatitis e. J Gastroenterol Hepatol 2005;20:1094-1101.

235

Kar P, Jilani N, Husain SA, Pasha ST, Anand R, Rai A, Das BC: Does hepatitis e viral load and
genotypes influence the final outcome of acute liver failure during pregnancy? Am J Gastroenterol
2008;103:2495-2501.

236

Borkakoti J, Hazam RK, Mohammad A, Kumar A, Kar P: Does high viral load of hepatitis e virus
influence the severity and prognosis of acute liver failure during pregnancy? J Med Virol 2013;85:620626.

237

Cheung MC, Maguire J, Carey I, Wendon J, Agarwal K: Review of the neurological manifestations of
hepatitis e infection. Ann Hepatol 2012;11:618-622.

238

Kamar N, Izopet J, Cintas P, Garrouste C, Uro-Coste E, Cointault O, Rostaing L: Hepatitis e virusinduced neurological symptoms in a kidney-transplant patient with chronic hepatitis. Am J Transplant
2010;10:1321-1324.

Bibliography

155

239

Cronin S, McNicholas R, Kavanagh E, Reid V, O'Rourke K: Anti-glycolipid gm2-positive guillainbarre syndrome due to hepatitis e infection. Ir J Med Sci 2011;180:255-257.

240

Maurissen I, Jeurissen A, Strauven T, Sprengers D, De Schepper B: First case of anti-ganglioside gm1positive guillain-barre syndrome due to hepatitis e virus infection. Infection 2012;40:323-326.

241

Kamar N, Mansuy JM, Esposito L, Legrand-Abravanel F, Peron JM, Durand D, Rostaing L, Izopet J:
Acute hepatitis and renal function impairment related to infection by hepatitis e virus in a renal allograft
recipient. Am J Kidney Dis 2005;45:193-196.

242

Kamar N, Weclawiak H, Guilbeau-Frugier C, Legrand-Abravanel F, Cointault O, Ribes D, Esposito L,
Cardeau-Desangles I, Guitard J, Sallusto F, Muscari F, Peron JM, Alric L, Izopet J, Rostaing L:
Hepatitis e virus and the kidney in solid-organ transplant patients. Transplantation 2012;93:617-623.

243

Ali G, Kumar M, Bali S, Wadhwa W: Hepatitis e associated immune thrombocytopenia and
membranous glomerulonephritis. Indian J Nephrol 2001;11:70-72.

244

Deniel C, Coton T, Brardjanian S, Guisset M, Nicand E, Simon F: Acute pancreatitis: A rare
complication of acute hepatitis e. J Clin Virol 2011;51:202-204.

245

Aggarwal R: Clinical presentation of hepatitis e. Virus Res 2011;161:15-22.

246

Bhagat S, Wadhawan M, Sud R, Arora A: Hepatitis viruses causing pancreatitis and hepatitis: A case
series and review of literature. Pancreas 2008;36:424-427.

247

Fourquet E, Mansuy JM, Bureau C, Recher C, Vinel JP, Izopet J, Peron JM: Severe thrombocytopenia
associated with acute autochthonous hepatitis e. J Clin Virol 2010;48:73-74.

248

Shah SA, Lal A, Idrees M, Hussain A, Jeet C, Malik FA, Iqbal Z, Rehman H: Hepatitis e virusassociated aplastic anaemia: The first case of its kind. J Clin Virol 2012;54:96-97.

249

Meng XJ: Swine hepatitis e virus: Cross-species infection and risk in xenotransplantation. Curr Top
Microbiol Immunol 2003;278:185-216.

250

Meng XJ, Dea S, Engle RE, Friendship R, Lyoo YS, Sirinarumitr T, Urairong K, Wang D, Wong D,
Yoo D, Zhang Y, Purcell RH, Emerson SU: Prevalence of antibodies to the hepatitis e virus in pigs
from countries where hepatitis e is common or is rare in the human population. J Med Virol
1999;59:297-302.

251

Leblanc D, Ward P, Gagne MJ, Poitras E, Muller P, Trottier YL, Simard C, Houde A: Presence of
hepatitis e virus in a naturally infected swine herd from nursery to slaughter. Int J Food Microbiol
2007;117:160-166.

252

Pei Y, Yoo D: Genetic characterization and sequence heterogeneity of a canadian isolate of swine
hepatitis e virus. J Clin Microbiol 2002;40:4021-4029.

253

Takahashi M, Okamoto H: Features of hepatitis e virus infection in humans and animals in japan.
Hepatol Res 2014;44:43-58.

254

Rutjes SA, Lodder WJ, Lodder-Verschoor F, van den Berg HH, Vennema H, Duizer E, Koopmans M,
de Roda Husman AM: Sources of hepatitis e virus genotype 3 in the netherlands. Emerg Infect Dis
2009;15:381-387.

255

Casas M, Pujols J, Rosell R, de Deus N, Peralta B, Pina S, Casal J, Martin M: Retrospective serological
study on hepatitis e infection in pigs from 1985 to 1997 in spain. Vet Microbiol 2009;135:248-252.

256

Bouwknegt M, Frankena K, Rutjes SA, Wellenberg GJ, de Roda Husman AM, van der Poel WH, de
Jong MC: Estimation of hepatitis e virus transmission among pigs due to contact-exposure. Vet Res
2008;39:40.

257

Bouwknegt M, Teunis PF, Frankena K, de Jong MC, de Roda Husman AM: Estimation of the
likelihood of fecal-oral hev transmission among pigs. Risk Anal 2011;31:940-950.

258

Andraud M, Dumarest M, Cariolet R, Aylaj B, Barnaud E, Eono F, Pavio N, Rose N: Direct contact and
environmental contaminations are responsible for hev transmission in pigs. Vet Res 2013;44:102.

156

Bibliography

259

Bouwknegt M, Rutjes S, Reusken C, Stockhofe-Zurwieden N, Frankena K, de Jong M, de Roda
Husman AM, van der Poel W: The course of hepatitis e virus infection in pigs after contact-infection
and intravenous inoculation. BMC Vet Res 2009;5:7.

260

Kasorndorkbua C, Thacker B, Halbur P, Guenette D, Buitenwerf R, Royer R, Meng X: Experimental
infection of pregnant gilts with swine hepatitis e virus. Can J Vet Res 2003;67:303 - 306.

261

de Deus N, Casas M, Peralta B, Nofrarias M, Pina S, Martin M, Segales J: Hepatitis e virus infection
dynamics and organic distribution in naturally infected pigs in a farrow-to-finish farm. Vet Microbiol
2008;132:19-28.

262

Hosmillo M, Jeong YJ, Kim HJ, Park JG, Nayak MK, Alfajaro MM, Collantes TM, Park SJ, Ikuta K,
Yunoki M, Kang MI, Park SI, Cho KO: Molecular detection of genotype 3 porcine hepatitis e virus in
aborted fetuses and their sows. Arch Virol 2010;155:1157-1161.

263

Andraud M, Casas M, Pavio N, Rose N: Early-life hepatitis e infection in pigs: The importance of
maternally-derived antibodies. PloS One 2014;9:e105527.

264

Casas M, Cortes R, Pina S, Peralta B, Allepuz A, Cortey M, Casal J, Martin M: Longitudinal study of
hepatitis e virus infection in spanish farrow-to-finish swine herds. Vet Microbiol 2011;148:27-34.

265

Di Martino B, Di Profio F, Martella V, Di Felice E, Di Francesco CE, Ceci C, Marsilio F: Detection of
hepatitis e virus in slaughtered pigs in italy. Arch Virol 2010;155:103-106.

266

Di Bartolo I, Ponterio E, Castellini L, Ostanello F, Ruggeri FM: Viral and antibody hev prevalence in
swine at slaughterhouse in italy. Vet Microbiol 2011;149:330-338.

267

dos Santos DR, de Paula VS, de Oliveira JM, Marchevsky RS, Pinto MA: Hepatitis e virus in swine and
effluent samples from slaughterhouses in brazil. Vet Microbiol 2011;149:236-241.

268

Ha S, Chae C: Immunohistochemistry for the detection of swine hepatitis e virus in the liver. J Viral
Hepat 2004;11:263 - 267.

269

Halbur P, Kasorndorkbua C, Gilbert C, Guenette D, Potters M, Purcell R, Emerson S, Toth T, Meng X:
Comparative pathogenesis of infection of pigs with hepatitis e viruses recovered from a pig and a
human. J Clin Microbiol 2001;39:918 - 923.

270

Lee YH, Ha Y, Ahn KK, Chae C: Localisation of swine hepatitis e virus in experimentally infected
pigs. Vet J 2009;179:417-421.

271

Kasorndorkbua C, Guenette DK, Huang FF, Thomas PJ, Meng XJ, Halbur PG: Routes of transmission
of swine hepatitis e virus in pigs. J Clin Microbiol 2004;42:5047-5052.

272

Casas M, Pina S, de Deus N, Peralta B, Martín M, Segalés J: Pigs orally inoculated with swine hepatitis
e virus are able to infect contact sentinels. Vet Microbiol 2009;138:78-84.

273

Williams T, Kasorndorkbua C, Halbur P, Haqshenas G, Guenette D, Toth T, Meng X: Evidence of
extrahepatic sites of replication of the hepatitis e virus in a swine model. J Clin Microbiol 2001;39:3040
- 3046.

274

Lee YH, Ha Y, Ahn KK, Cho KD, Lee BH, Kim SH, Chae C: Comparison of a new synthetic, peptidederived, polyclonal antibody-based, immunohistochemical test with in situ hybridisation for the
detection of swine hepatitis e virus in formalin-fixed, paraffin-embedded tissues. Vet J 2009;182:131135.

275

Lee YH, Ha Y, Chae C: Expression of interferon-α and mx protein in the livers of pigs experimentally
infected with swine hepatitis e virus. J Comp Pathol 2010;142:187-192.

276

Dong C, Zafrullah M, Mixson-Hayden T, Dai X, Liang J, Meng J, Kamili S: Suppression of interferonalpha signaling by hepatitis e virus. Hepatology 2012;55:1324-1332.

277

Takahashi K, Kitajima N, Abe N, Mishiro S: Complete or near-complete nucleotide sequences of
hepatitis e virus genome recovered from a wild boar, a deer, and four patients who ate the deer.
Virology 2004;330:501-505.

Bibliography

157

278

Ruggeri FM, Di Bartolo I, Ponterio E, Angeloni G, Trevisani M, Ostanello F: Zoonotic transmission of
hepatitis e virus in industrialized countries. New Microbiol 2013;36:331-344.

279

Meng XJ, Lindsay DS, Sriranganathan N: Wild boars as sources for infectious diseases in livestock and
humans. Philos Trans R Soc Lond B Biol Sci 2009;364:2697-2707.

280

Martinelli N, Pavoni E, Filogari D, Ferrari N, Chiari M, Canelli E, Lombardi G: Hepatitis e virus in
wild boar in the central northern part of italy. Transbound Emerg Dis 2013;19:12118.

281

Hara Y, Terada Y, Yonemitsu K, Shimoda H, Noguchi K, Suzuki K, Maeda K: High prevalence of
hepatitis e virus in wild boar (sus scrofa) in yamaguchi prefecture, japan. J Wildl Dis 2014;7:7.

282

Denzin N, Borgwardt J: [occurrence and geographical distribution of antibodies to hepatitis e virus in
wild boars of saxony-anhalt, germany (2011)]. Berl Munch Tierarztl Wochenschr 2013;126:230-235.

283

Carpentier A, Chaussade H, Rigaud E, Rodriguez J, Berthault C, Boue F, Tognon M, Touze A, GarciaBonnet N, Choutet P, Coursaget P: High hepatitis e virus seroprevalence in forestry workers and in wild
boars in france. J Clin Microbiol 2012;50:2888-2893.

284

Boadella M, Ruiz-Fons JF, Vicente J, Martin M, Segales J, Gortazar C: Seroprevalence evolution of
selected pathogens in iberian wild boar. Transbound Emerg Dis 2012;59:395-404.

285

Rutjes SA, Lodder-Verschoor F, Lodder WJ, van der Giessen J, Reesink H, Bouwknegt M, de Roda
Husman AM: Seroprevalence and molecular detection of hepatitis e virus in wild boar and red deer in
the netherlands. J Virol Methods 2010;168:197-206.

286

Kaba M, Davoust B, Marié J-L, Colson P: Detection of hepatitis e virus in wild boar (sus scrofa) livers.
Vet J 2010;186:259-261.

287

Adlhoch C, Wolf A, Meisel H, Kaiser M, Ellerbrok H, Pauli G: High hev presence in four different wild
boar populations in east and west germany. Vet Microbiol 2009;139:270-278.

288

Wichmann O, Schimanski S, Koch J, Kohler M, Rothe C, Plentz A, Jilg W, Stark K: Phylogenetic and
case-control study on hepatitis e virus infection in germany. J Infect Dis 2008;198:1732-1741.

289

Schielke A, Sachs K, Lierz M, Appel B, Jansen A, Johne R: Detection of hepatitis e virus in wild boars
of rural and urban regions in germany and whole genome characterization of an endemic strain. Virol J
2009;6:6-58.

290

Kaci S, Nockler K, Johne R: Detection of hepatitis e virus in archived german wild boar serum samples.
Vet Microbiol 2008;128:380-385.

291

Martelli F, Caprioli A, Zengarini M, Marata A, Fiegna C, Di Bartolo I, Ruggeri FM, Delogu M,
Ostanello F: Detection of hepatitis e virus (hev) in a demographic managed wild boar (sus scrofa scrofa)
population in italy. Vet Microbiol 2008;126:74-81.

292

Reuter G, Fodor D, Forgach P, Katai A, Szucs G: Characterization and zoonotic potential of endemic
hepatitis e virus (hev) strains in humans and animals in hungary. J Clin Virol 2009;44:277-281.

293

Chaussade H, Rigaud E, Allix A, Carpentier A, Touzé A, Delzescaux D, Choutet P, Garcia-Bonnet N,
Coursaget P: Hepatitis e virus seroprevalence and risk factors for individuals in working contact with
animals. J Clin Virol 2013;58:504-508.

294

Krumbholz A, Mohn U, Lange J, Motz M, Wenzel JJ, Jilg W, Walther M, Straube E, Wutzler P, Zell R:
Prevalence of hepatitis e virus-specific antibodies in humans with occupational exposure to pigs. Med
Mircobiol Immunol 2012;201:239-244.

295

Nakano T, Takahashi K, Arai M, Okano H, Kato H, Ayada M, Okamoto H, Mishiro S: Identification of
european-type hepatitis e virus subtype 3e isolates in japanese wild boars: Molecular tracing of hev
from swine to wild boars. Genet Infect Evol 2013;18:287-298.

296

Yugo DM, Cossaboom CM, Meng XJ: Naturally occurring animal models of human hepatitis e virus
infection. ILAR J 2014;55:187-199.

297

Aggarwal R: Diagnosis of hepatitis e. Nat Rev Gastroenterol Hepat 2013;10:24-33.

158

Bibliography

298

Wacheck S, Werres C, Mohn U, Dorn S, Soutschek E, Fredriksson-Ahomaa M, Martlbauer E: Detection
of igm and igg against hepatitis e virus in serum and meat juice samples from pigs at slaughter in
bavaria, germany. Foodborne Pathog Dis 2012;9:655-660.

299

Khudyakov Y, Kamili S: Serological diagnostics of hepatitis e virus infection. Virus Res 2011;161:8492.

300

Kamar N, Bendall R, Legrand-Abravanel F, Xia NS, Ijaz S, Izopet J, Dalton HR: Hepatitis e. Lancet
2012;379:2477-2488.

301

Osterman A, Vizoso-Pinto MG, Jung J, Jaeger G, Eberle J, Nitschko H, Baiker A: A novel indirect
immunofluorescence test for the detection of igg and iga antibodies for diagnosis of hepatitis e virus
infections. J Virol Methods 2013;191:48-54.

302

Drobeniuc J, Meng J, Reuter G, Greene-Montfort T, Khudyakova N, Dimitrova Z, Kamili S, Teo CG:
Serologic assays specific to immunoglobulin m antibodies against hepatitis e virus: Pangenotypic
evaluation of performances. Clin Infect Dis 2010;51:e24-27.

303

Legrand-Abravanel F, Thevenet I, Mansuy JM, Saune K, Vischi F, Peron JM, Kamar N, Rostaing L,
Izopet J: Good performance of immunoglobulin m assays in diagnosing genotype 3 hepatitis e virus
infections. Clin Vaccine Immunol 2009;16:772-774.

304

Mushahwar IK: Hepatitis e virus: Molecular virology, clinical features, diagnosis, transmission,
epidemiology, and prevention. J Med Virol 2008;80:646-658.

305

Arankalle VA, Lole KS, Deshmukh TM, Chobe LP, Gandhe SS: Evaluation of human (genotype 1) and
swine (genotype 4)-orf2-based elisas for anti-hev igm and igg detection in an endemic country and
search for type 4 human hev infections. J Viral Hepat 2007;14:435-445.

306

Herremans M, Bakker J, Duizer E, Vennema H, Koopmans MP: Use of serological assays for diagnosis
of hepatitis e virus genotype 1 and 3 infections in a setting of low endemicity. Clin Vaccine Immunol
2007;14:562-568.

307

Obriadina A, Meng JH, Ulanova T, Trinta K, Burkov A, Fields HA, Khudyakov YE: A new enzyme
immunoassay for the detection of antibody to hepatitis e virus. J Gastroenterol Hepatol 2002;17 Suppl
3:S360-364.

308

Anderson DA, Li F, Riddell M, Howard T, Seow HF, Torresi J, Perry G, Sumarsidi D, Shrestha SM,
Shrestha IL: Elisa for igg-class antibody to hepatitis e virus based on a highly conserved,
conformational epitope expressed in escherichia coli. J Virol Methods 1999;81:131-142.

309

Wen GP, Tang ZM, Yang F, Zhang K, Ji WF, Cai W, Huang SJ, Wu T, Zhang J, Zheng ZZ, Xia NS: A
valuable antigen detection method for the diagnosis of acute hepatitis e. J Clin Microbiol 2014.

310

Tsarev SA, Tsareva TS, Emerson SU, Kapikian AZ, Ticehurst J, London W, Purcell RH: Elisa for
antibody to hepatitis e virus (hev) based on complete open-reading frame-2 protein expressed in insect
cells: Identification of hev infection in primates. J Infect Dis 1993;168:369-378.

311

Lee WJ, Shin MK, Cha SB, Yoo HS: Development of a novel enzyme-linked immunosorbent assay to
detect anti-igg against swine hepatitis e virus. J Vet Sci 2013;14:467-472.

312

Owolodun OA, Gimenez-Lirola LG, Gerber PF, Sanford BJ, Feagins AR, Meng XJ, Halbur PG,
Opriessnig T: Development of a fluorescent microbead-based immunoassay for the detection of
hepatitis e virus igg antibodies in pigs and comparison to an enzyme-linked immunoassay. J Virol
Methods 2013;193:278-283.

313

Jimenez de Oya N, Galindo I, Girones O, Duizer E, Escribano JM, Saiz JC: Serological immunoassay
for detection of hepatitis e virus on the basis of genotype 3 open reading frame 2 recombinant proteins
produced in trichoplusia ni larvae. J Clin Microbiol 2009;47:3276-3282.

314

Takahashi M, Kusakai S, Mizuo H, Suzuki K, Fujimura K, Masuko K, Sugai Y, Aikawa T, Nishizawa
T, Okamoto H: Simultaneous detection of immunoglobulin a (iga) and igm antibodies against hepatitis e
virus (hev) is highly specific for diagnosis of acute hev infection. J Clin Microbiol 2005;43:49-56.

Bibliography

159

315

Hu WP, Lu Y, Precioso NA, Chen HY, Howard T, Anderson D, Guan M: Double-antigen enzymelinked immunosorbent assay for detection of hepatitis e virus-specific antibodies in human or swine
sera. Clin Vaccine Immunol 2008;15:1151-1157.

316

Myint KS, Guan M, Chen HY, Lu Y, Anderson D, Howard T, Noedl H, Mammen MP, Jr.: Evaluation
of a new rapid immunochromatographic assay for serodiagnosis of acute hepatitis e infection. Am J
Trop Med Hyg 2005;73:942-946.

317

Gupta E, Pandey P, Pandey S, Sharma MK, Sarin SK: Role of hepatitis e virus antigen in confirming
active viral replication in patients with acute viral hepatitis e infection. J Clin Virol 2013;58:374-377.

318

Huang FF, Haqshenas G, Guenette DK, Halbur PG, Schommer SK, Pierson FW, Toth TE, Meng XJ:
Detection by reverse transcription-pcr and genetic characterization of field isolates of swine hepatitis e
virus from pigs in different geographic regions of the united states. J Clin Microbiol 2002;40:13261332.

319

Jothikumar N, Cromeans TL, Robertson BH, Meng XJ, Hill VR: A broadly reactive one-step real-time
rt-pcr assay for rapid and sensitive detection of hepatitis e virus. J Virol Methods 2006;131:65-71.

320

Mansuy JM, Peron JM, Abravanel F, Poirson H, Dubois M, Miedouge M, Vischi F, Alric L, Vinel JP,
Izopet J: Hepatitis e in the south west of france in individuals who have never visited an endemic area. J
Med Virol 2004;74:419-424.

321

Baylis SA, Hanschmann KM, Blumel J, Nubling CM: Standardization of hepatitis e virus (hev) nucleic
acid amplification technique-based assays: An initial study to evaluate a panel of hev strains and
investigate laboratory performance. J Clin Microbiol 2011;49:1234-1239.

322

Aggarwal R, Krawczynski K: Hepatitis e: An overview and recent advances in clinical and laboratory
research. J Gastroenterol Hepatol 2000;15:9-20.

323

Dalton HR, Hunter JG, Bendall R: Autochthonous hepatitis e in developed countries and hev/hiv
coinfection. Semin Liver Dis 2013;33:50-61.

324

Choi C, Chae C: Localization of swine hepatitis e virus in liver and extrahepatic tissues from naturally
infected pigs by in situ hybridization. J Hepatol 2003;38:827-832.

325

Majumdar M, Singh MP, Pujhari SK, Bhatia D, Chawla Y, Ratho R: Hepatitis e virus antigen detection
as an early diagnostic marker: Report from india. J Med Virol 2013;85:823-827.

326

Vollmer T, Knabbe C, Dreier J: Comparison of real-time pcr and antigen assays for detection of
hepatitis e virus in blood donors. J Clin Microbiol 2014;52:2150-2156.

327

Gupta P, Jagya N, Pabhu SB, Durgapal H, Acharya SK, Panda SK: Immunohistochemistry for the
diagnosis of hepatitis e virus infection. J Viral Hepat 2012;19:e177-183.

328

Kamar N, Izopet J, Tripon S, Bismuth M, Hillaire S, Dumortier J, Radenne S, Coilly A, Garrigue V,
D'Alteroche L, Buchler M, Couzi L, Lebray P, Dharancy S, Minello A, Hourmant M, Roque-Afonso
AM, Abravanel F, Pol S, Rostaing L, Mallet V: Ribavirin for chronic hepatitis e virus infection in
transplant recipients. New Engl J Med 2014;370:1111-1120.

329

Perez-Gracia MT, Suay B, Mateos-Lindemann ML: Hepatitis e: An emerging disease. Infect Genet Evol
2014;22:40-59.

330

Haagsma EB, Riezebos-Brilman A, van den Berg AP, Porte RJ, Niesters HG: Treatment of chronic
hepatitis e in liver transplant recipients with pegylated interferon alpha-2b. Liver Transplant
2010;16:474-477.

331

Nan Y, Yu Y, Ma Z, Khattar SK, Fredericksen B, Zhang YJ: Hepatitis e virus inhibits type i interferon
induction by orf1 products. J Virol 2014;88:11924-11932.

332

Clemente-Casares P, Pina S, Buti M, Jardi R, MartIn M, Bofill-Mas S, Girones R: Hepatitis e virus
epidemiology in industrialized countries. Emerg Infect Dis 2003;9:448-454.

333

Purcell RH, Emerson SU: Hepatitis e: An emerging awareness of an old disease. J Hepatol
2008;48:494-503.

160

Bibliography

334

Aggarwal R, Naik S: Epidemiology of hepatitis e: Current status. J Gastroenterol Hepatol
2009;24:1484-1493.

335

Kumar S, Subhadra S, Singh B, Panda BK: Hepatitis e virus: The current scenario. Int J Indect Dis
2013;17:e228-233.

336

Girones R, Carratala A, Calgua B, Calvo M, Rodriguez-Manzano J, Emerson S: Chlorine inactivation of
hepatitis e virus and human adenovirus 2 in water. J Water Health 2014;12:436-442.

337

Yugo DM, Meng XJ: Hepatitis e virus: Foodborne, waterborne and zoonotic transmission. Int J Environ
Res Public Health 2013;10:4507-4533.

338

Schielke A, Filter M, Appel B, Johne R: Thermal stability of hepatitis e virus assessed by a molecular
biological approach. Virol J 2011;8:487.

339

Feagins AR, Opriessnig T, Guenette DK, Halbur PG, Meng XJ: Inactivation of infectious hepatitis e
virus present in commercial pig livers sold in local grocery stores in the united states. Int J Food
Mircobiol 2008;123:32-37.

340

Colson P, Coze C, Gallian P, Henry M, De Micco P, Tamalet C: Transfusion-associated hepatitis e,
france. Emerg Infect Dis 2007;13:648-649.

341

Boxall E, Herborn A, Kochethu G, Pratt G, Adams D, Ijaz S, Teo CG: Transfusion-transmitted hepatitis
e in a 'nonhyperendemic' country. Transfusion Med 2006;16:79-83.

342

Khuroo MS, Kamili S, Yattoo GN: Hepatitis e virus infection may be transmitted through blood
transfusions in an endemic area. J Gastroenterol Hepatol 2004;19:778-784.

343

Khuroo MS, Kamili S, Khuroo MS: Clinical course and duration of viremia in vertically transmitted
hepatitis e virus (hev) infection in babies born to hev-infected mothers. J Viral Hepat 2009;16:519-523.

344

Zhu FC, Zhang J, Zhang XF, Zhou C, Wang ZZ, Huang SJ, Wang H, Yang CL, Jiang HM, Cai JP,
Wang YJ, Ai X, Hu YM, Tang Q, Yao X, Yan Q, Xian YL, Wu T, Li YM, Miao J, Ng MH, Shih JW,
Xia NS: Efficacy and safety of a recombinant hepatitis e vaccine in healthy adults: A large-scale,
randomised, double-blind placebo-controlled, phase 3 trial. Lancet 2010;376:895-902.

345

Li SW, Zhang J, Li YM, Ou SH, Huang GY, He ZQ, Ge SX, Xian YL, Pang SQ, Ng MH: A bacterially
expressed particulate hepatitis e vaccine: Antigenicity, immunogenicity and protectivity on primates.
Vaccine 2005;23:2893-2901.

346

Wu T, Wu XL, Ou SH, Lin CX, Cheng T, Li SW, Ng MH, Zhang J, Xia NS: Difference of t cell and b
cell activation in two homologous proteins with similar antigenicity but great distinct immunogenicity.
Mol Immunol 2007;44:3261-3266.

347

Zhang J, Liu C-b, Li R-c, Li Y-m, Zheng Y-j, Li Y-p, Luo D, Pan B-b, Nong Y, Ge S-X: Randomizedcontrolled phase ii clinical trial of a bacterially expressed recombinant hepatitis e vaccine. Vaccine
2009;27:1869-1874.

348

Shrestha MP, Scott RM, Joshi DM, Mammen MP, Jr., Thapa GB, Thapa N, Myint KS, Fourneau M,
Kuschner RA, Shrestha SK, David MP, Seriwatana J, Vaughn DW, Safary A, Endy TP, Innis BL:
Safety and efficacy of a recombinant hepatitis e vaccine. New Engl J Med 2007;356:895-903.

349

Krumbholz A, Joel S, Dremsek P, Neubert A, Johne R, Durrwald R, Walther M, Muller TH, Kuhnel D,
Lange J, Wutzler P, Sauerbrei A, Ulrich RG, Zell R: Seroprevalence of hepatitis e virus (hev) in humans
living in high pig density areas of germany. Med Mircobiol Immunol 2014;203:273-282.

350

Thiry D, Mauroy A, Saegerman C, Thomas I, Wautier M, Miry C, Czaplicki G, Berkvens D, Praet N,
van der Poel W, Cariolet R, Brochier B, Thiry E: Estimation of hepatitis e virus (hev) pig
seroprevalence using elisa and western blot and comparison between human and pig hev sequences in
belgium. Vet Microbiol 2014;172:407-414.

351

Schlosser J, Eiden M, Vina-Rodriguez A, Fast C, Dremsek P, Lange E, Ulrich RG, Groschup MH:
Natural and experimental hepatitis e virus genotype 3 - infection in european wild boar is transmissible
to domestic pigs. Vet Res 2014;45:121.

Bibliography

161

352

Zen M, Canova M, Campana C, Bettio S, Nalotto L, Rampudda M, Ramonda R, Iaccarino L, Doria A:
The kaleidoscope of glucorticoid effects on immune system. Autoimmun Rev 2011;10:305-310.

353

Hoffmann B, Depner K, Schirrmeier H, Beer M: A universal heterologous internal control system for
duplex real-time rt-pcr assays used in a detection system for pestiviruses. J Virol Methods
2006;136:200-209.

354

Wilfried Kraft UMD: Klinische labordiagnostik in der tiermedizin. Stuttgart, Schattauer, 2005.

355

Scheinman RI, Cogswell PC, Lofquist AK, Baldwin AS, Jr.: Role of transcriptional activation of i
kappa b alpha in mediation of immunosuppression by glucocorticoids. Science 1995;270:283-286.

356

Bogdanos DP, Gao B, Gershwin ME: Liver immunology. Compr Physiol 2013;3:567-598.

357

Pedersen LE, Jungersen G, Sorensen MR, Ho C-S, Vadekær DF: Swine leukocyte antigen (sla) class i
allele typing of danish swine herds and identification of commonly occurring haplotypes using sequence
specific low and high resolution primers. Vet Immunol Immunop 2014;162:108-116.

358

Charerntantanakul W, Roth JA: Biology of porcine t lymphocytes. Anim Health Res Rev 2006;7:81-96.

359

Wang T, Gao Y, Scully E, Davis CT, Anderson JF, Welte T, Ledizet M, Koski R, Madri JA, Barrett A,
Yin Z, Craft J, Fikrig E: Gamma delta t cells facilitate adaptive immunity against west nile virus
infection in mice. J Immunol 2006;177:1825-1832.

360

Devilder MC, Allain S, Dousset C, Bonneville M, Scotet E: Early triggering of exclusive ifn-gamma
responses of human vgamma9vdelta2 t cells by tlr-activated myeloid and plasmacytoid dendritic cells. J
Immunol 2009;183:3625-3633.

361

Hedges JF, Buckner DL, Rask KM, Kerns HM, Jackiw LO, Trunkle TC, Pascual DW, Jutila MA:
Mucosal lymphatic-derived gammadelta t cells respond early to experimental salmonella enterocolitis
by increasing expression of il-2r alpha. Cell Immunol 2007;246:8-16.

362

Olin MR, Batista L, Xiao Z, Dee SA, Murtaugh MP, Pijoan CC, Molitor TW: Gammadelta lymphocyte
response to porcine reproductive and respiratory syndrome virus. Viral Immunol 2005;18:490-499.

363

Lopez Fuertes L, Domenech N, Alvarez B, Ezquerra A, Dominguez J, Castro JM, Alonso F: Analysis of
cellular immune response in pigs recovered from porcine respiratory and reproductive syndrome
infection. Virus Res 1999;64:33-42.

364

Takamatsu HH, Denyer MS, Stirling C, Cox S, Aggarwal N, Dash P, Wileman TE, Barnett PV: Porcine
gammadelta t cells: Possible roles on the innate and adaptive immune responses following virus
infection. Vet Immunol Immunop 2006;112:49-61.

365

Wen K, Li G, Zhang W, Azevedo MSP, Saif LJ, Liu F, Bui T, Yousef A, Yuan L: Development of γδ t
cell subset responses in gnotobiotic pigs infected with human rotaviruses and colonized with probiotic
lactobacilli. Vet Immunol Immunop 2011;141:267-275.

366

Gerner W, Kaser T, Saalmuller A: Porcine t lymphocytes and nk cells--an update. Dev Comp Immunol
2009;33:310-320.

367

Yang H, Parkhouse RM: Phenotypic classification of porcine lymphocyte subpopulations in blood and
lymphoid tissues. Immunology 1996;89:76-83.

368

Stepanova H, Mensikova M, Chlebova K, Faldyna M: Cd4+ and gammadeltatcr+ t lymphocytes are
sources of interleukin-17 in swine. Cytokine 2012;58:152-157.

369

Jie Z, Liang Y, Hou L, Dong C, Iwakura Y, Soong L, Cong Y, Sun J: Intrahepatic innate lymphoid cells
secrete il-17a and il-17f that are crucial for t cell priming in viral infection. J Immunol 2014;192:32893300.

370

Blaschitz C, Raffatellu M: Th17 cytokines and the gut mucosal barrier. J Clin Immunol 2010;30:196203.

371

Parel Y, Chizzolini C: Cd4+ cd8+ double positive (dp) t cells in health and disease. Autoimmun Rev
2004;3:215-220.

162

Bibliography

372

Zuckermann FA, Husmann RJ: Functional and phenotypic analysis of porcine peripheral blood cd4/cd8
double-positive t cells. Immunology 1996;87:500-512.

373

Saalmuller A, Werner T, Fachinger V: T-helper cells from naive to committed. Vet Immunol Immunop
2002;87:137-145.

374

Saalmuller A, Weiland F, Reddehase MJ: Resting porcine t lymphocytes expressing class ii major
histocompatibility antigen. Immunobiology 1991;183:102-114.

375

Oura CA, Denyer MS, Takamatsu H, Parkhouse RM: In vivo depletion of cd8+ t lymphocytes abrogates
protective immunity to african swine fever virus. J Gen Virol 2005;86:2445-2450.

376

Pauly T, Elbers K, Konig M, Lengsfeld T, Saalmuller A, Thiel HJ: Classical swine fever virus-specific
cytotoxic t lymphocytes and identification of a t cell epitope. J Gen Virol 1995;76 ( Pt 12):3039-3049.

377

Rodriguez A, Ley V, Ortuno E, Ezquerra A, Saalmuller A, Sobrino F, Saiz JC: A porcine cd8+ t cell
clone with heterotypic specificity for foot-and-mouth disease virus. J Gen Virol 1996;77 ( Pt 9):20892096.

378

Bassaganya-Riera J, Thacker BJ, Yu S, Strait E, Wannemuehler MJ, Thacker EL: Impact of
immunizations with porcine reproductive and respiratory syndrome virus on lymphoproliferative recall
responses of cd8+ t cells. Viral Immunol 2004;17:25-37.

379

Heinen PP, de Boer-Luijtze EA, Bianchi AT: Respiratory and systemic humoral and cellular immune
responses of pigs to a heterosubtypic influenza a virus infection. J Gen Virol 2001;82:2697-2707.

380

De Bruin TG, Van Rooij EM, De Visser YE, Bianchi AT: Cytolytic function for pseudorabies virusstimulated porcine cd4+ cd8dull+ lymphocytes. Viral Immunol 2000;13:511-520.

381

Ladekjaer-Mikkelsen AS, Nielsen J: A longitudinal study of cell-mediated immunity in pigs infected
with porcine parvovirus. Viral Immunol 2002;15:373-384.

382

Khatri M, Dwivedi V, Krakowka S, Manickam C, Ali A, Wang L, Qin Z, Renukaradhya GJ, Lee CW:
Swine influenza h1n1 virus induces acute inflammatory immune responses in pig lungs: A potential
animal model for human h1n1 influenza virus. J Virol 2010;84:11210-11218.

383

Butler JE, Lager KM, Splichal I, Francis D, Kacskovics I, Sinkora M, Wertz N, Sun J, Zhao Y, Brown
WR, DeWald R, Dierks S, Muyldermans S, Lunney JK, McCray PB, Rogers CS, Welsh MJ, Navarro P,
Klobasa F, Habe F, Ramsoondar J: The piglet as a model for b cell and immune system development.
Vet Immunol Immunop 2009;128:147-170.

384

Protzer U, Maini MK, Knolle PA: Living in the liver: Hepatic infections. Nat Rev Immunol
2012;12:201-213.

385

Knolle PA, Thimme R: Hepatic immune regulation and its involvement in viral hepatitis infection.
Gastroenterology 2014;146:1193-1207.

386

Kaser T, Gerner W, Hammer SE, Patzl M, Saalmuller A: Phenotypic and functional characterisation of
porcine cd4(+)cd25(high) regulatory t cells. Vet Immunol Immunop 2008;122:153-158.

387

Kaser T, Gerner W, Saalmuller A: Porcine regulatory t cells: Mechanisms and t-cell targets of
suppression. Dev Comp Immunol 2011;35:1166-1172.

388

Mair KH, Essler SE, Patzl M, Storset AK, Saalmuller A, Gerner W: Nkp46 expression discriminates
porcine nk cells with different functional properties. Eur J Immunol 2012;42:1261-1271.

389

Pérez MP, Palacio J, Santolaria MP, Aceña MC, Chacón G, Gascón M, Calvo JH, Zaragoza P, Beltran
JA, Garcı́a-Belenguer S: Effect of transport time on welfare and meat quality in pigs. Meat Science
2002;61:425-433.

390

Franchimont D, Galon J, Gadina M, Visconti R, Zhou Y, Aringer M, Frucht DM, Chrousos GP, O'Shea
JJ: Inhibition of th1 immune response by glucocorticoids: Dexamethasone selectively inhibits il-12induced stat4 phosphorylation in t lymphocytes. J Immunol 2000;164:1768-1774.

391

Ali A, Ibrahim M, Eladl AE, Saif YM, Lee CW: Enhanced replication of swine influenza viruses in

Bibliography

163

dexamethasone-treated juvenile and layer turkeys. Vet Microbiol 2013;162:353-359.
392

Jagtap SP, Rajak KK, Garg UK, Sen A, Bhanuprakash V, Sudhakar SB, Balamurugan V, Patel A,
Ahuja A, Singh RK, Vanamayya PR: Effect of immunosuppression on pathogenesis of peste des petits
ruminants (ppr) virus infection in goats. Microb Pathog 2012;52:217-226.

393

Sakoda Y, Naito M, Ito M, Ito Y, Isoda N, Tanaka T, Umemura T, Kida H: Recovery of leptospires
from miniature pigs experimentally infected with leptospira interrogans serovar manilae strain up-mmc
under immunosuppressive conditions by dexamethasone. J Vet Med Sci 2012;74:955-958.

394

Flaming KP, Goff BL, Frank DE, Roth JA: Pigs are relatively resistant to dexamethasone induced
immunosuppression. Comp Haematol Int 1994;4:218-225.

395

Thimme R, Wieland S, Steiger C, Ghrayeb J, Reimann KA, Purcell RH, Chisari FV: Cd8(+) t cells
mediate viral clearance and disease pathogenesis during acute hepatitis b virus infection. J Virol
2003;77:68-76.

396

Lohse L, Nielsen J, Eriksen L: Long-term treatment of pigs with low doses of monoclonal antibodies
against porcine cd4 and cd8 antigens. Acta Pathol Microbiol Immunol Scand 2006;114:23-31.

397

Hirt W, Saalmuller A, Reddehase MJ: Distinct gamma/delta t cell receptors define two subsets of
circulating porcine cd2-cd4-cd8- t lymphocytes. Eur J Immunol 1990;20:265-269.

398

Saalmuller A, Hirt W, Reddehase MJ: Porcine gamma/delta t lymphocyte subsets differing in their
propensity to home to lymphoid tissue. Eur J Immunol 1990;20:2343-2346.

399

Yang H, Parkhouse RM: Differential expression of cd8 epitopes amongst porcine cd8-positive
functional lymphocyte subsets. Immunology 1997;92:45-52.

400

Saalmuller A, Reddehase MJ, Buhring HJ, Jonjic S, Koszinowski UH: Simultaneous expression of cd4
and cd8 antigens by a substantial proportion of resting porcine t lymphocytes. Eur J Immunol
1987;17:1297-1301.

401

Saalmuller A, Pauly T, Hohlich BJ, Pfaff E: Characterization of porcine t lymphocytes and their
immune response against viral antigens. J Biotechnol 1999;73:223-233.

402

Sinkora M, Butler JE: The ontogeny of the porcine immune system. Dev Comp Immunol 2009;33:273283.

403

Sinkora M, Stepanova K, Sinkorova J: Different anti-cd21 antibodies can be used to discriminate
developmentally and functionally different subsets of b lymphocytes in circulation of pigs. Dev Comp
Immunol 2013;39:409-418.

404

Fernandez-Barredo S, Galiana C, Garcia A, Gomez-Munoz MT, Vega S, Rodriguez-Iglesias MA,
Perez-Gracia MT: Prevalence and genetic characterization of hepatitis e virus in paired samples of feces
and serum from naturally infected pigs. Can J Vet Res 2007;71:236-240.

405

Tei S, Kitajima N, Ohara S, Inoue Y, Miki M, Yamatani T, Yamabe H, Mishiro S, Kinoshita Y:
Consumption of uncooked deer meat as a risk factor for hepatitis e virus infection: An age- and sexmatched case-control study. J Med Virol 2004;74:67 - 70.

406

Dalton HR, Kamar N, Izopet J: Hepatitis e in developed countries: Current status and future
perspectives. Future Microbiol 2014;9:1361-1372.

407

dos Santos DR, Vitral CL, de Paula VS, Marchevsky RS, Lopes JF, Gaspar AM, Saddi TM, Junior NC,
Guimaraes Fde R, Junior JG, Ximenes LL, Souto FJ, Pinto MA: Serological and molecular evidence of
hepatitis e virus in swine in brazil. Vet J 2009;182:474-480.

408

Kaba M, Richet H, Ravaux I, Moreau J, Poizot-Martin I, Motte A, Nicolino-Brunet C, Dignat-George F,
Menard A, Dhiver C, Brouqui P, Colson P: Hepatitis e virus infection in patients infected with the
human immunodeficiency virus. J Med Virol 2011;83:1704-1716.

409

Halac U, Beland K, Lapierre P, Patey N, Ward P, Brassard J, Houde A, Alvarez F: Chronic hepatitis e
infection in children with liver transplantation. Gut 2012;61:597-603.

164

Bibliography

410

McCaustland KA, Krawczynski K, Ebert JW, Balayan MS, Andjaparidze AG, Spelbring JE, Cook EH,
Humphrey C, Yarbough PO, Favorov MO, Carson D, Bradley DW, Robertson BH: Hepatitis e virus
infection in chimpanzees: A retrospective analysis. Arch Virol 2000;145:1909-1918.

411

Moal V, Gerolami R, Ferretti A, Purgus R, Devichi P, Burtey S, Colson P: Hepatitis e virus of subtype
3i in chronically infected kidney transplant recipients in southeastern france. J Clin Microbiol
2014;52:3967-3972.

412

Renou C, Pariente A, Cadranel JF, Nicand E, Pavio N: Clinically silent forms may partly explain the
rarity of acute cases of autochthonous genotype 3c hepatitis e infection in france. J Clin Virol
2011;51:139-141.

413

Inoue J, Takahashi M, Mizuo H, Suzuki K, Aikawa T, Shimosegawa T, Okamoto H: Nucleotide
substitutions of hepatitis e virus genomes associated with fulminant hepatitis and disease severity.
Tohoku J Exp Med 2009;218:279-284.

414

Martin M, Segales J, Huang F, Guenette D, Mateu E, de Deus N, Meng X: Association of hepatitis e
virus (hev) and postweaning multisystemic wasting syndrome (pmws) with lesions of hepatitis in pigs.
Vet Microbiol 2007;122:16 - 24.

415

Schlosser J, Eiden M, Vina-Rodriguez A, Fast C, Dremsek P, Lange E, Ulrich RG, Groschup MH:
Natural and experimental hepatitis e virus genotype 3-infection in european wild boar is transmissible to
domestic pigs. Vet Res 2014;45:121.

416

Krawczynski K, Meng X-J, Rybczynska J: Pathogenetic elements of hepatitis e and animal models of
hev infection. Virus Res 2011;161:78-83.

417

Song YJ, Park WJ, Lee SK, Lee JB, Park SY, Song CS, Lee SW, Seo KH, Kang YS, Song JY, Choi IS:
Induction of antibody and interferon-gamma production in mice immunized with virus-like particles of
swine hepatitis e virus. J Vet Sci 2014;15:575-578.

418

Hirasawa T, Yamashita H, Makino S: Genetic typing of the mouse and rat nude mutations by pcr and
restriction enzyme analysis. Experimental animals / Japanese Association for Laboratory Animal
Science 1998;47:63-67.

419

Szomolanyi-Tsuda E, Welsh RM: T cell-independent antibody-mediated clearance of polyoma virus in t
cell-deficient mice. J Exp Sci 1996;183:403-411.

420

Kasorndorkbua C, Halbur P, Thomas P, Guenette D, Toth T, Meng X: Use of a swine bioassay and a rtpcr assay to assess the risk of transmission of swine hepatitis e virus in pigs. J Virol Methods
2002;101:71 - 78.

421

Hoofnagle JH, Nelson KE, Purcell RH: Hepatitis e. New Engl J Med 2012;367:1237-1244.

422

Aggarwal R, Kamili S, Spelbring J, Krawczynski K: Experimental studies on subclinical hepatitis e
virus infection in cynomolgus macaques. J Infect Dis 2001;184:1380-1385.

423

Costa Lana M, Gardinali N, Cruz R, Lopes L, Silva G, Júnior J, Oliveira A, Almeida Souza M, Colodel
E, Alfieri A, Pescador C: Evaluation of hepatitis e virus infection between different production systems
of pigs in brazil. Trop Anim Health Prod 2013:1-6.

424

Crispe IN: Liver antigen-presenting cells. J Hepatol 2011;54:357-365.

425

Agrawal V, Goel A, Rawat A, Naik S, Aggarwal R: Histological and immunohistochemical features in
fatal acute fulminant hepatitis e. Indian J Pathol Microbiol 2012;55:22-27.

426

Shukla P, Nguyen HT, Torian U, Engle RE, Faulk K, Dalton HR, Bendall RP, Keane FE, Purcell RH,
Emerson SU: Cross-species infections of cultured cells by hepatitis e virus and discovery of an
infectious virus-host recombinant. Proc Natl Acad Sci U S A 2011;108:2438-2443.

427

Vodicka P, Smetana K, Jr., Dvorankova B, Emerick T, Xu YZ, Ourednik J, Ourednik V, Motlik J: The
miniature pig as an animal model in biomedical research. Ann N Y Acad Sci 2005:161-171.

428

Bouwknegt M, Lodder-Verschoor F, van der Poel WH, Rutjes SA, de Roda Husman AM: Hepatitis e
virus rna in commercial porcine livers in the netherlands. J Food Prot 2007;70:2889-2895.

Bibliography

165

429

Herremans M, Duizer E, Jusic E, Koopmans MP: Detection of hepatitis e virus-specific
immunoglobulin a in patients infected with hepatitis e virus genotype 1 or 3. Clin Vaccine Immunol
2007;14:276-280.

430

Tian DY, Chen Y, Xia NS: Significance of serum iga in patients with acute hepatitis e virus infection.
World journal of gastroenterology 2006;12:3919-3923.

431

Pabst R, Rothkotter HJ: Structure and function of the gut mucosal immune system. Adv Exp Med Biol
2006;579:1-14.

432

Vaerman JP, Langendries A, Pabst R, Rothkotter HJ: Contribution of serum iga to intestinal lymph iga,
and vice versa, in minipigs. Vet Immunol Immunop 1997;58:301-308.

433

Shoukry NH, Grakoui A, Houghton M, Chien DY, Ghrayeb J, Reimann KA, Walker CM: Memory
cd8+ t cells are required for protection from persistent hepatitis c virus infection. J Exp Med
2003;197:1645-1655.

434

Breiner KM, Schaller H, Knolle PA: Endothelial cell-mediated uptake of a hepatitis b virus: A new
concept of liver targeting of hepatotropic microorganisms. Hepatology 2001;34:803-808.

435

Jenne CN, Kubes P: Immune surveillance by the liver. Nature Immunol 2013;14:996-1006.

436

Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV: Viral clearance without
destruction of infected cells during acute hbv infection. Science 1999;284:825-829.

437

Thimme R, Bukh J, Spangenberg HC, Wieland S, Pemberton J, Steiger C, Govindarajan S, Purcell RH,
Chisari FV: Viral and immunological determinants of hepatitis c virus clearance, persistence, and
disease. Proc Natl Acad Sci U S A 2002;99:15661-15668.

438

Rothkotter HJ: Anatomical particularities of the porcine immune system--a physician's view. Dev Comp
Immunol 2009;33:267-272.

439

Binns RM, Pabst R: Lymphoid tissue structure and lymphocyte trafficking in the pig. Vet Immunol
Immunop 1994;43:79-87.

440

McFarlin DE, Binns RM: Lymph node function and lymphocyte circulation in the pig. Adv Exp Med
Biol 1973;29:87-93.

441

Kruse N, Neumann K, Schrage A, Derkow K, Schott E, Erben U, Kuhl A, Loddenkemper C, Zeitz M,
Hamann A, Klugewitz K: Priming of cd4+ t cells by liver sinusoidal endothelial cells induces cd25low
forkhead box protein 3- regulatory t cells suppressing autoimmune hepatitis. Hepatology 2009;50:19041913.

442

Schurich A, Bottcher JP, Burgdorf S, Penzler P, Hegenbarth S, Kern M, Dolf A, Endl E, Schultze J,
Wiertz E, Stabenow D, Kurts C, Knolle P: Distinct kinetics and dynamics of cross-presentation in liver
sinusoidal endothelial cells compared to dendritic cells. Hepatology 2009;50:909-919.

443

von Oppen N, Schurich A, Hegenbarth S, Stabenow D, Tolba R, Weiskirchen R, Geerts A, Kolanus W,
Knolle P, Diehl L: Systemic antigen cross-presented by liver sinusoidal endothelial cells induces liverspecific cd8 t-cell retention and tolerization. Hepatology 2009;49:1664-1672.

444

Kurts C, Robinson BW, Knolle PA: Cross-priming in health and disease. Nat Rev Immunol
2010;10:403-414.

445

Wohlleber D, Kashkar H, Gartner K, Frings MK, Odenthal M, Hegenbarth S, Borner C, Arnold B,
Hammerling G, Nieswandt B, van Rooijen N, Limmer A, Cederbrant K, Heikenwalder M, Pasparakis
M, Protzer U, Dienes HP, Kurts C, Kronke M, Knolle PA: Tnf-induced target cell killing by ctl
activated through cross-presentation. Cell reports 2012;2:478-487.

446

Boni C, Fisicaro P, Valdatta C, Amadei B, Di Vincenzo P, Giuberti T, Laccabue D, Zerbini A, Cavalli
A, Missale G, Bertoletti A, Ferrari C: Characterization of hepatitis b virus (hbv)-specific t-cell
dysfunction in chronic hbv infection. J Virol 2007;81:4215-4225.

447

Spangenberg HC, Viazov S, Kersting N, Neumann-Haefelin C, McKinney D, Roggendorf M, von
Weizsacker F, Blum HE, Thimme R: Intrahepatic cd8+ t-cell failure during chronic hepatitis c virus

166

Bibliography

infection. Hepatology 2005;42:828-837.
448

Wedemeyer H, He XS, Nascimbeni M, Davis AR, Greenberg HB, Hoofnagle JH, Liang TJ, Alter H,
Rehermann B: Impaired effector function of hepatitis c virus-specific cd8+ t cells in chronic hepatitis c
virus infection. J Immunol 2002;169:3447-3458.

449

Billerbeck E, Kang YH, Walker L, Lockstone H, Grafmueller S, Fleming V, Flint J, Willberg CB,
Bengsch B, Seigel B, Ramamurthy N, Zitzmann N, Barnes EJ, Thevanayagam J, Bhagwanani A, Leslie
A, Oo YH, Kollnberger S, Bowness P, Drognitz O, Adams DH, Blum HE, Thimme R, Klenerman P:
Analysis of cd161 expression on human cd8+ t cells defines a distinct functional subset with tissuehoming properties. Proc Natl Acad Sci U S A 2010;107:3006-3011.

450

Northfield JW, Kasprowicz V, Lucas M, Kersting N, Bengsch B, Kim A, Phillips RE, Walker BD,
Thimme R, Lauer G, Klenerman P: Cd161 expression on hepatitis c virus-specific cd8+ t cells suggests
a distinct pathway of t cell differentiation. Hepatology 2008;47:396-406.

451

Kakimi K, Guidotti LG, Koezuka Y, Chisari FV: Natural killer t cell activation inhibits hepatitis b virus
replication in vivo. J Exp Med 2000;192:921-930.

452

Asabe S, Wieland SF, Chattopadhyay PK, Roederer M, Engle RE, Purcell RH, Chisari FV: The size of
the viral inoculum contributes to the outcome of hepatitis b virus infection. J Virol 2009;83:9652-9662.

453

Gerlach JT, Diepolder HM, Jung MC, Gruener NH, Schraut WW, Zachoval R, Hoffmann R, Schirren
CA, Santantonio T, Pape GR: Recurrence of hepatitis c virus after loss of virus-specific cd4(+) t-cell
response in acute hepatitis c. Gastroenterology 1999;117:933-941.

454

Manigold T, Racanelli V: T-cell regulation by cd4 regulatory t cells during hepatitis b and c virus
infections: Facts and controversies. Lancet Infect Dis 2007;7:804-813.

455

Rushbrook SM, Ward SM, Unitt E, Vowler SL, Lucas M, Klenerman P, Alexander GJ: Regulatory t
cells suppress in vitro proliferation of virus-specific cd8+ t cells during persistent hepatitis c virus
infection. J Virol 2005;79:7852-7859.

456

Tian Z, Chen Y, Gao B: Natural killer cells in liver disease. Hepatology 2013;57:1654-1662.

457

Law M, Maruyama T, Lewis J, Giang E, Tarr AW, Stamataki Z, Gastaminza P, Chisari FV, Jones IM,
Fox RI, Ball JK, McKeating JA, Kneteman NM, Burton DR: Broadly neutralizing antibodies protect
against hepatitis c virus quasispecies challenge. Nat Med 2008;14:25-27.

458

Raghuraman S, Park H, Osburn WO, Winkelstein E, Edlin BR, Rehermann B: Spontaneous clearance of
chronic hepatitis c virus infection is associated with appearance of neutralizing antibodies and reversal
of t-cell exhaustion. J Infect Dis 2012;205:763-771.

459

Maizels RM, Balic A, Gomez-Escobar N, Nair M, Taylor MD, Allen JE: Helminth parasites--masters of
regulation. Immunol Rev 2004;201:89-116.

460

McKee AS, Pearce EJ: Cd25+cd4+ cells contribute to th2 polarization during helminth infection by
suppressing th1 response development. J Immunol 2004;173:1224-1231.

461

Rausch S, Huehn J, Loddenkemper C, Hepworth MR, Klotz C, Sparwasser T, Hamann A, Lucius R,
Hartmann S: Establishment of nematode infection despite increased th2 responses and
immunopathology after selective depletion of foxp3+ cells. Eur J Immunol 2009;39:3066-3077.

462

Rausch S, Huehn J, Kirchhoff D, Rzepecka J, Schnoeller C, Pillai S, Loddenkemper C, Scheffold A,
Hamann A, Lucius R, Hartmann S: Functional analysis of effector and regulatory t cells in a parasitic
nematode infection. Infect Immun 2008;76:1908-1919.

463

Sachs DH, Leight G, Cone J, Schwarz S, Stuart L, Rosenberg S: Transplantation in miniature swine. I.
Fixation of the major histocompatibility complex. Transplantation 1976;22:559-567.

464

Vercauteren K, de Jong YP, Meuleman P: Hcv animal models and liver disease. J Hepatol 2014;61:2633.

Appendix

167

11. Appendix

Additional file 1
Primers and probe used in this study.
Region

Primers and
Probe

Position

Sequence

Forward primer1
(HEV.Fa)

5278-5294

GTGCCGGCGGTGGTTTC

Forward primer2
(HEV.Fb)

5278-5296

GTGCCGGCGGTGGTTTCTG

ORF 3

Product length

81 bp
Reverse primer
(HEV.R)

5340-5359

GCGAAGGGGTTGGTTGGATG

Probe (HEV.P)

5300-5320

FAM-TGACMGGGTTGATTCTCAGCC-BHQ1

ORF = open reading frame.
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Additional file 2
Primary and secondary antibodies used for flow cytometry staining.
Mix

Antibody

Isotype

Labeling

Clone

Source

1

Mouse anti-pig
CD2

IgG2a

None

MSA 4

Hybridoma supernatant

Mouse anti-pig
CD25

IgG1

None

K231.3B2

AbD Serotec

Mouse anti-pig
γδTCR

IgG2b

None

PPT 16

Hybridoma supernatant

Goat anti-mouse
IgG1

DyLight® 405

polyclonal

Dianova

Goat anti-mouse
IgG2a

APC-Cy™7

Goat anti-mouse
IgG2b

PE

polyclonal

Dianova

2

3

4

Southern Biotech

Mouse anti-pig
CD3

IgG2a

Alexa Flour®648

BB23-8E6-8C8

BD Pharmingen

Mouse anti-pig
CD4

IgG2b

PerCP-Cy™5.5

74-12-4

BD Pharmingen

Mouse anti-pig
CD8α

IgG2a

FITC

76-2-11

Southern Biotech

Mouse anti-pig
CD21

IgG1

Biotin

BB6-11C9.6

Southern Biotech

Streptavidin

PE-Cy™7

Southern Biotech
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Additional file 3
Viral load in different tissue samples of wild boar (WB) and domestic pigs (DP)
estimated by RT-qPCR.
Wild boar
HEV genome
equivalents
per µl RNA in
tissue

right hep lb
left hep lb

Group 1A
WB
47

WB
49

WB
50

1639

12502

3934

1209

9815

4475

Domestic pigs
Group 1B

WB
51

Group 2A

WB
44

WB
46

WB
48

WB
52

DP
52

DP
53

749

6971

1192

1334

12390

154

0

2571

46818

1438

1211

26775

271

0

DP
59

Group 2B
DP
64

DP
65

DP
70

DP
75

DP
97

2

0

18

31

321

2

59

19

50

73

145

281

caudate lb

330

11082

5796

1098

7660

961

543

17193

89

2

259

0

27

10

84

96

quadrate lb
gall bladder
liver ln

1339

3121

9267

1592

3785

1207

942

23321

22

0

13

215

50

41

334

146

163

5293

142

222

120

154

323

6793

8

1

2

1

6

1

24

5

3

301

163

0

7

0

22

127

13

0

0

0

0

10

1

0

spleen
pancreas

0

59

23

7

2

0

0

39

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

kidney
heart muscle
lung

0

0

0

41

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

9

1

0

3

0

0

86

0

0

0

0

0

0

0

0

pulmonary ln
pylorus
duodenum

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

34

36

41

164

14

16

611

45

5

0

0

0

0

0

0

0

9

178

59

0

178

10

69

23

0

0

0

0

0

0

0

0

jejunum prox
jejunum dist

13

0

0

0

9

33

1

1

0

0

0

0

0

0

0

0

1

0

123

7

2

1

4

0

2

0

0

0

2

0

0

0

ileum
ic junction
caecum
colic ln

14

0

1

18

0

132

1

0

2

1

0

0

0

0

1

0

7

23

192

46

16

6

2

68

2

0

0

0

0

0

1

0

40

139

437

172

38

304

409

847

0

1

0

0

0

0

1

0

0

0

0

0

0

0

2

3

0

0

0

0

0

0

0

0

colon asc
colon desc
rectum

6

24

0

95

50

14

73

4

2

0

0

0

0

0

4

0

5

1

37

3

104

105

21

814

1

0

0

0

0

0

14

0

2

0

2

62

82

56

145

141

0

0

0

0

0

0

26

0

mesenteric ln
mandibular ln
tonsil

0

15

12

3

2

14

1

18

0

0

0

0

0

0

0

0

262

0

0

0

0

0

0

7

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

1

0

2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

n.d.

0

n.d.

0

n.d.

n.d.

n.d.

n.d.

0

0

0

0

0

0

0

0

4

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

n.d.

0

0

0

0

n.d.

0

0

0

0

0

0

0

5

0

0

0

0

0

0

0

n.d.

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

n.d.

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

parotid gl
sublingual gl
thymus
tongue
cervical ln
ovary/testicle
uterus/bug
vagina/pr gl
qf muscle
brain

Viral copy numbers in tissues were calculated from Ct-values determined by RT-qPCR. Ct-values equal to HEV genome
equivalents per µl RNA : Ct 19 – 22 equal to 104, Ct 23 – 26 equal to 103, Ct 27 – 30 equal to 102, Ct 31 – 34 equal to 101,
Ct > 35 equal to 0; Group 1A and 2A = non-treated; Group 1B and 2B = dexamethasone-treated; n. d. = viral load was not
determined (no sample available); hep = hepatic; lb = lobe; ln = lymph node; prox = proximale; dist = distale; ic = ileocecal;
asc = ascendens; desc = descendens; gl = gland; bug = bulbourethral gland; pr = prostate; qf = quadriceps femoris.
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Additional file 4
HEV antigen detection within post mortem tissues of wild boar and domestic pigs
assessed by immunohistochemistry.
Wild boar
Viral antigen
staining in
tissue
liver
gall bladder
liver ln
spleen
pancreas
kidney
heart muscle
lung
duodenum
jejunum
ileum
caecum
colic ln
colon
rectum
mesent ln
mand ln
tonsil
parotid gl
thymus
gonads
qf muscle
brain

Group 1A

Domestic pigs
Group 1B

Group 2A

Group 2B

WB
47

WB
49

WB
50

WB
51

WB
44

WB
46

WB
48

WB
52

DP
52

DP
53

DP
59

DP
64

DP
65

DP
70

DP
75

DP
97

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0
0

1
0
1b
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0

1
0
n.d.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0
0

0
0
1c
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0
0

1a
0
1
1d
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
n.d.
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
n.d.
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

The viral antigen staining was graded as follows: 0 = negative antigen staining and 1 = positive antigen staining; Group 1A
and 2A = non-treated; Group 1B and 2B = dexamethasone-treated; n. d. = not determined (no sample available). a For details
see Figure 4.8 A – C; b For details see Figure 4.8 D; c For details see Figure 4.8 E; d For details see Figure 4.8 F; ln = lymph
node; mesent = mesenterial; mand = mandibular; gl = gland; qf = quadriceps femoris.

Appendix

171

Additional file 5
Mean values of liver enzyme levels, antibody responses and HEV RNA loads in serum
and feces of domestic pigs. Error bars represent ±SD. One way ANOVA (Bonferroni ttest; P<0.05). The difference in the mean values among group 2A and 2B is greater than
would be expected by chance: *a = significant with P<0.05. The difference in the mean values
among group 2A and the uninfected reference group “0 DPI” is greater than would be
expected by chance: *b = significant with P<0.05. DPI = day post inoculation of group 1A
and 1B. A.) Detection of alanine aminotransferase (ALT) and gamma-glutamyl transferase
(GGT) in serum of group 2A and 2B. Upper reference range limit = grey-dotted line. IU =
international units. B.) Detection of anti-HEV IgG-antibodies in serum of group 2A and 2B
with mean absorbance (OD450). PrioCHECK® HEV Ab porcine. Cut-off (grey-dashed line):
OD450 > 0,6. C.) HEV RNA in serum and feces of group 2A and 2B estimated by RT-qPCR.
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Additional file 6
Differential cell counts in peripheral blood of domestic pigs. The mean number (in K/µL)
of leukocytes (WBC), lymphocytes (LYM), monocytes (MON) and neutrophils (NEU) were
determined using an automated XT-2000iV hematology analyzer. Error bars represent ±SD.
Reference value ranges for the tested blood parameters in domestic pigs: grey-dotted line. DPI
= day post inoculation of group 1A and 1B.
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Additional file 7
T-cell related responses upon infection in blood lymphocytes of domestic pigs. Absolute
number and percentage of T helper cells (CD4+CD8-) and γδ T cells (γδTCR+) in peripheral
blood lymphocytes is given. DPI = day post inoculation of group 1A and 1B.
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Additional file 8
B-cell related responses upon infection in blood lymphocytes of domestic pigs. Blood
lymphocytes were immune-stained to determine the frequency of different B-cell
subpopulations by FACS analysis: naïve B-cells (CD2+CD21+), activated B-cells upon
antigen contact (CD2-CD21+) and antibody-forming and/or memory B-cells (CD2+CD21-).
DPI = day post inoculation of group 1A and 1B.
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Additional file 9
Measurements of the rectal temperature and body weight. WB = naturally HEV infected
wild boar; DP = domestic pigs in contact with naturally HEV infected wild boar.
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