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Abstract
A genetically distinct strain of avian hepatitis E virus (avian HEV-VA strain) was isolated from a
healthy chicken in Virginia, and thus it is important to characterize and compare its pathogenicity
with the prototype strain (avian HEV-prototype) isolated from a diseased chicken. Here we first
constructed an infectious clone of the avian HEV-VA strain. Capped RNA transcripts from the
avian HEV-VA clone were replication-competent after transfection of LMH chicken liver cells.
Chickens inoculated intrahepatically with RNA transcripts of avian HEV-VA clone developed
active infection as evidenced by fecal virus shedding, viremia, and seroconversion. To
characterize the pathogenicity, RNA transcripts of both avian HEV-VA and avian HEV-prototype
clones were intrahepatically inoculated into the livers of chickens. Avian HEV RNA was detected
in feces, serum and bile samples from 10/10 avian HEV-VA-inoculated and 9/9 avian HEV-
prototype-inoculated chickens although seroconversion occurred only some chickens during the
experimental period. The histopathological lesion scores were lower for avian HEV-VA group
than avian HEV-prototype group in the liver at 3 and 5 weeks post-inoculation (wpi) and in the
spleen at 3 wpi, although the differences were not statistically significant. The liver/body weight
ratio, indicative of liver enlargement, of both avian HEV-VA and avian HEV-prototype groups
were significantly higher than that of the control group at 5 wpi. Overall, the avian HEV-VA strain
still induces histological liver lesions even though it was isolated from a healthy chicken. The
results also showed that intrahepatic inoculation of chickens with RNA transcripts of avian HEV
infectious clone may serve as an alternative for live virus in animal pathogenicity studies.
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1. Introduction
Hepatitis E virus (HEV) causes both endemic and epidemic forms of hepatitis E in many
developing countries worldwide, and is responsible for sporadic cases of hepatitis E in some
industrialized countries as well (Arankalle et al., 1994; Emerson & Purcell, 2003; Meng et
al., 2010b). HEV is primarily transmitted through fecal-oral route and the mortality rate
associated with HEV infection can reach up to 20% in infected pregnant women (Emerson
& Purcell, 2003; Chandra et al., 2008; Meng et al., 2010b). HEV is classified in the genus
Hepevirus of the family Hepeviridae (Emerson et al., 2004). It is a nonenveloped RNA virus
which contains a positive-sense, single-stranded genome of approximately 7.2 kb in length
(Okamoto, 2007). The viral genome consists of three open reading frames (ORFs)
(Okamoto, 2007; Chandra et al., 2008): ORF1 encodes a non-structural polyprotein, ORF2
encodes an immunogenic capsid protein, (Graff et al., 2008; Kalia et al., 2010; Riddell et al.,
2000) and ORF 3 encodes a multi-functional phosphoprotein (Chandra et al., 2008, 2010;
Graff et al., 2005, 2006; Yamada et al., 2009).

Swine HEV, the first animal strain of HEV, was isolated and characterized in 1997 from a
pig in the United States (Meng et al., 1997). Strains of swine HEV identified thus far belong
to either genotype 3 or 4, and are genetically closely-related or indistinguishable from
genotypes 3 and 4 strains of human HEV (Meng, 2010a; Nishizawa et al., 2003; Wang et al.,
1999, 2000, 2001). Cross-species infection has been documented: genotypes 3 and 4 swine
HEV infected non-human primates and conversely, genotypes 3 and 4 human HEV infected
pigs (Arankalle et al., 2006; Feagins et al., 2008; Halbur et al., 2001; Meng et al., 1998;
Meng, 2010a). Increasing evidence indicated that hepatitis E is a zoonotic disease (Meng,
2010a, 2010b; Takahashi et al., 2004; Tei et al., 2003).

A HEV-related virus, designated big liver and spleen disease virus (BLSV), was first
detected from diseased chickens in Australia (Payne et al., 1999). The prototype strain of
avian HEV was identified and characterized in 2001 from the bile of chickens with
Hepatitis-Splenomegaly (HS) syndrome in California (Haqshenas et al., 2001, 2002).
Sequence analyses showed that avian HEV and BLSV are variants of the same virus. Avian
HEV has now been detected in several countries (Agunos et al., 2006; Bilic et al., 2009;
Huang et al., 2002; Marek et al., 2010; Morrow et al., 2008; Sun et al., 2004), and at least
three distinct genotypes of avian HEV have now been reported (Bilic et al., 2009; Marek et
al., 2010). Avian HEV is genetically distinct from the known mammalian HEV strains
sharing only about 50–60% nucleotide sequence identity and forming a distinct clade in the
phylogenetic tree (Bilic et al., 2009; Huang et al., 2002, 2004). The putative functional
domains and motifs in ORF1 between avian HEV and mammalian HEV are conserved
(Billam et al., 2007; Guo et al., 2006; Haqshenas et al., 2002; Huang et al., 2004). In
addition, avian HEV also shares common antigenic epitopes with that of mammalian HEVs
(Guo et al., 2006; Haqshenas et al., 2002). Thus, avian HEV is being used as a model to
study HEV pathogenesis and replication (Billam et al., 2005; Huang FF et al., 2005).

Under experimental conditions, specific-pathogen-free (SPF) chickens experimentally
infected with the prototype strain of avian HEV developed microscopic liver lesions
including lymphocytic phlebitis and periphlebitis, and a small proportion of the infected
chickens also had hepatomegaly and subcapsular hemorrhages in the liver (Billam et al.,
2005). Under field conditions, only a very small number of chickens infected by avian HEV
actually developed HS syndrome (Bilic et al., 2009; Haqshenas et al., 2001; Huang et al.,
2002; Morrow et al., 2008). The majority of chickens naturally infected by avian HEV are
seropositive for anti-HEV antibodies but remain clinically healthy (Huang et al., 2002; Sun
et al., 2004), indicating widespread subclinical infection of avian HEV in the United States.
A genetically unique strain of avian HEV, designated avian HEV-VA, was recently
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recovered from a healthy chicken without any apparent clinical disease in a chicken flock in
Virginia (Billam et al., 2007; Sun et al., 2004). The avian HEV-VA strain shares only about
90% nucleotide sequence identity with the prototype strain of avian HEV recovered from a
chicken with HS syndrome in California (Billam et al., 2007). Compared to the prototype
strain of avian HEV, the ORF1 of the avian HEV-VA strain had numerous non-silent
mutations and deletions with 89.1% nucleotide sequence identity. The ORF2 capsid gene
and ORF3 showed 90.7% sequence identity with six non-silent mutations and 97% sequence
identity with four non-silent mutations, respectively, with the prototype strain (Billam et al.,
2007). Due to the lack of a high titer infectious stock of avian HEV-VA, a pathogenicity
study of the avian HEV-VA strain is limited and the results are somewhat inconclusive since
the chickens were inoculated with 5 × 102.5 50% chicken infectious dose of the virus, the
highest titer we could generate for the HEV-VA strain (Billam et al., 2009).

Recent successful constructions of infectious cDNA clones of human HEV (Emerson et al.,
2001; Huang YW et al., 2005; Panda et al., 2000; Yamada et al., 2009) and the prototype
avian HEV (Huang FF et al., 2005) afforded the opportunities to explore the structural and
functional relationship of HEV genes. Due to the lack of an efficient cell culture system,
direct genetic manipulation using infectious cDNA clones has been an indispensable tool for
studying HEV replication and pathogenesis (Emerson et al., 2004; Huang FF et al., 2005;
Hwang et al., 2007; Pudupakam et al., 2009). Therefore, the main objectives of this study
are (1) to develop an infectious cDNA clone of the avian HEV-VA strain, and (2) to
characterize the pathogenicity of the avian HEV-VA strain in SPF chickens via the direct
intrahepatic inoculation of RNA transcripts of the avian HEV-VA infectious cDNA clone
into chickens, a procedure that bypasses the in vitro cell culture steps for studying HEV
infection in chickens (Huang FF et al., 2005).

2. Materials and methods
2.1. Virus and cells

The virus used for the construction of the infectious cDNA clone of avian HEV-VA in the
study was an infectious stock of avian HEV-VA strain recovered from a clinically healthy
chicken on a commercial layer chicken farm in Virginia. The infectious titer of the virus
stock was 5 × 102.5 50% chicken infectious dose (CID50) per ml (Sun et al., 2004; Billam et
al., 2009). The LMH chicken liver cell line (CRL-2117) was purchased from ATCC, and the
cells were incubated at 37°C with 5% CO2 in Waymouth’s MB752/1 medium (Invitrogen)
with 10% fetal bovine serum, as previously described (Huang FF et al., 2005).

2.2. RNA extraction and RT-PCR
Viral RNA was extracted from the infectious stock of avian HEV-VA strain using TRI
Reagent (MRC) and used for cDNA synthesis with SuperScript III reverse transcriptase
(Invitrogen) and avian HEV-VA-specific reverse primers (Table 1). To construct the
infectious cDNA clone, four overlapping fragments (Fig. 1) covering the full-length viral
genome flanked by unique restriction enzyme sites were amplified by PCR with pfuUltra®
II Hotstart PCR Master Mix (Stratagene) using four sets of primers which were designed
based on the genomic sequence of avian HEV-VA strain (Table 1, Billam et al, 2007).
Fragment 1 representing the 5′ end of the viral genome was amplified with primers
MluIT7F1 and AflII1690R1. The sense primer MluIT7F1 contained, in the 5′ to 3′ direction,
an engineered MluI site, the T7 core promoter sequence, and the 5′ end of avian HEV-VA
sequence (Table 1, fragment 1). The antisense primer (T18BamHIR4) that was used to
amplify fragment 4 representing the 3′ end of the viral genome contained 18 adenosine
nucleotides and a BamHI restriction site at the end of the avian HEV-VA genome. A stuffer
fragment containing all the unique restriction sites (MluI, AflII, EcoRV, RsrII, and BamHI)
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was prepared by PCR with two overlapping synthetic oligonuclotides. All RT-PCR-
amplified fragments were purified from agarose gels, and cloned in the StrataClone blunt
PCR cloning vector (Stratagene). Individual cDNA clones were sequenced, and the clones
containing the consensus sequence of avian HEV-VA strain were used for the construction
and assembly of the full-length cDNA clone.

2.3. Construction of full-length cDNA clone of avian HEV-VA strain
The plasmid pGEM-7z(+) vector was first modified by replacing the fragment between the
MluI and BamHI sites with the synthetic stuffer fragment generated in this study as
described above. Subsequently, each of the independent cDNA fragments (Fig. 1, f1 through
f4) was excised from the recombinant vectors containing each insert, gel-purified, and
ligated into pGEM-7z(+) vector after digestion of pGEM-7z(+) vector with the same
restriction enzymes. After each ligation step, each recombinant pGEM-7z(+) plasmid was
transformed into Escherichia coli DH5 (Invitrogen) and grown overnight at 37°C in the
presence of ampicillin. The assembled final full-length cDNA clone was designated pT7-
aHEV-VA.

2.4. In vitro transcription and transfection
The full-length cDNA clone pT7-aHEV-VA was linearized by digestion with BamHI. The
linearized plasmid DNA was subsequently purified by phenol/chloroform extraction and
ethanol precipitation. Capped RNA transcripts from the linearized plasmid DNA were
transcribed with T7 polymerase using the mMESSAGE mMACHINE T7 kit (Ambion).
Briefly, each reaction was performed in a 20 μl reaction mixture containing 1 μg linearized
cDNA template, 2 μl 10× reaction buffer, 10 μl 2× NTP/Cap, 2 μl enzyme mix and an
additional 1 μl 30 mM GTP stock. The mixtures were incubated at 37°C for 2 h and 0.5 μl of
reaction mixture was run on a 1.0% agarose gel to check the quality of the in vitro-
transcribed RNA. RNA transcripts from the full-length cDNA clone of avian HEV-VA
strain were directly used for in vitro transfection of LMH chicken liver cells. As a positive
control, capped RNA transcripts were also generated from the infectious cDNA clone (pT7-
aHEV-5) of the prototype strain of avian HEV recovered from a chicken with HS syndrome
(Huang FF et al., 2005).

To test the infectivity of the pT7-aHEV-VA clone, LMH chicken liver cells were transfected
with the capped RNA transcripts (approximately 4 μg) of the pT7-aHEV-VA clone. Briefly,
LMH cells growing on a 12-well plate were washed with Waymouth’s MB752/1 medium.
Capped RNA transcripts from pT7-aHEV-VA clone were mixed with 4 ml Plus Reagent
(Invitrogen) in 25 ml Waymouth’s MB752/1 medium. After a 15-min incubation, the
mixtures were combined with 1 ml Lipofectamine (Invitrogen) diluted in 25 ml Waymouth’s
MB 752/1 medium and incubated for 15 min. The RNA transcripts, Plus Reagent and
Lipofectamine mixtures were then added to washed LMH cells covered with 200 ml
Waymouth’s MB752/1 medium. After incubation at 37°C for 3 h, 600 μl fresh culture
medium was added and the transfected cells were incubated at 37°C. On day 5 post-
transfection, the cells were fixed and stained by an immunofluoresence assay (IFA) as
described previously (Huang FF et al. 2005). Briefly, cells on slides were fixed with a
solution containing 80% acetone and 20% methanol, and allowed for air-dry. A 1:100-
diluted avian anti-HEV convalescent serum from a SPF chicken experimentally infected
with avian HEV (Huang FF et al., 2005; Pudupakam et al., 2009) was added to the fixed
cells and incubated for 25 min at 37°C. After washing with cold PBS, 1:100-diluted
fluorescein-labeled goat anti-chicken IgG (KPL) was added and incubated at 37°C for 45
min. The plates were then washed with PBS containing 0.05% Tween 20, covered with
fluoromount-G, and viewed under a fluorescence microscope.
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To generate the capped RNA transcripts for the in vivo infection study in chickens, each in
vitro transcription reaction was performed in a 100 μl reaction as described above to produce
capped RNA transcripts from 5 μg pT7-aHEV-VA cDNA clone linearized with BamHI and
purified by phenol-chloroform extraction. For the positive control, the prototype avian HEV
pT7-aHEV-5 infectious clone linearized with XhoI was used for the in vitro transcription to
produce capped RNA transcripts. The 100 μl RNA transcripts were diluted 1:4 with cold
(stored at 4°C) RNase-, DNase- and proteinase-free PBS buffer (pH 7.4), frozen on dry ice,
and used for inoculation of each chicken the next day.

2.5. Intrahepatic inoculation of capped RNA transcripts from avian HEV infectious cDNA
clones into the livers of SPF chickens

The animal experiment in this study was approved by the Virginia Tech Institutional Animal
Care and Use Committee. Thirty, 8-week-old, SPF chickens negative for avian HEV RNA
and antibodies were purchased from a commercial SPF flock (Charles River SPAFAS Inc),
and randomly divided into three groups of 10 chickens each. Intrahepatic inoculation of
capped RNA transcripts was performed surgically using a right parasternal approach by way
of a 1 cm, paramedian, intercostal incisions. Following visualization of the liver, the RNA
transcripts were directly injected into two different sites of the right lobe of the liver. Ten
chickens in the pT7-aHEV-VA group were each inoculated intrahepatically with 400 μl
RNA transcripts from clone pT7-aHEV-VA (approximately 75 μg) of the avian HEV-VA
strain. As a positive control, 10 chickens in the pT7-aHEV-5 group were each injected
intrehepatically with 400 μl RNA transcripts from clone pT7-aHEV-5 of the prototype avian
HEV strain (approximately 75 μg). Ten chickens in the negative control group were each
inoculated intrahepatically with 400 μl sterile PBS (pH 7.4).

Fecal samples obtained by swabbing the cloaca and colorectum, and sera were collected
prior to inoculation and weekly thereafter from each chicken. Weekly serum samples were
tested by an avian HEV-specific ELISA for anti-HEV antibodies as described previously
(Huang et al., 2002; Sun et al., 2004). Weekly serum and faecal samples were tested for
avian HEV RNA by RT-PCR (Billam et al., 2009). In this experiment, a one-step RT-PCR
kit (Invitrogen) was used to detect avian HEV RNA. Five chickens randomly selected from
each group were euthanized using carbon dioxide and necropsied at 3 weeks post-
inoculation (wpi), and the remaining chickens from each group were euthanized using
carbon dioxide and necropsied at 5 wpi. During each necropsy, each chicken and its liver
were weighed and the liver/body weight ratio was calculated. Livers were evaluated for
evidence of gross lesions such as subcapsular hemorrhage as previously described (Billam et
al., 2005). Samples of liver, spleen, lung, kidney, and pancreas were collected at each
necropsy and were fixed in 10% neutral buffered formalin for routine histopathological
examination. Lesion severity was scored using a standardized scale previously described by
Billam et al. (2005). Liver lesion scores range from 0 to 4 (0, no lesions; 1, <5 foci of
inflammation; 2, 5–8 foci; 3, 9–15 foci; 4, >15 foci; the numbers of foci were counted as the
average from 3 separate sections). Thymic lesions were given scores from 0 to 4 (0, no foci
of necrosis or atrophy; 1, 1–5 foci; 2, 5–10 foci; 3, 10–20 foci; 4, >20 foci) and spleens were
scored from 0 to 3 (0, normal; 1, minimal hyperplasia; 2, moderate, 3, severe). Bile was also
collected from each chicken during each necropsy and tested for avian HEV RNA by RT-
PCR (Billam et al., 2005, 2009).

2.6. Statistical analyses
Normal probability plots showed that liver weight to body weight ratios multiplied by 1000
followed an approximate Gaussian distribution while the liver and spleen lesion scores were
skewed. Accordingly, the liver to body weight ratios were compared between the 3
treatment groups (separately at 3 and 5 weeks) using analysis of variance (ANOVA)
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followed by Tukey’s procedure for multiple comparisons. Residual plots for each of the
ANOVA models were inspected to verify that the errors followed a normal distribution with
constant variance. For the histologic lesion scores, the 3 treatments groups were compared
(also separately at 3 and 5 weeks) using the exact Kruskal-Wallis test followed by Dunn’s
procedure for multiple comparisons. Statistical significance was set to alpha = 0.05. All
analyses were performed using SAS version 9.2 (Cary, NC, USA).

3. Results
3.1. Construction of full-length cDNA clone of avian HEV-VA strain and determination of its
infectivity in LMH chicken liver cells

A full-length genomic cDNA clone of the avian HEV-VA strain (pT7-aHEV-VA) was
constructed by assembling overlapping PCR fragments flanked by unique restriction sites
using a stuffer fragment in pGEM-7z(+) vector (Fig. 1). This cDNA clone contains a MluI
restriction site followed by the T7 core promoter sequence at the 5′ end of the viral genome,
the full-length genome of avian HEV-VA strain, and 18 adenosines followed by a BamHI
restriction site at the end of genome. The individual PCR fragments (labeled f1 through f4 in
Fig. 1) used for the assembly of the infectious cDNA clone were verified by sequencing, and
the final assembled full-length cDNA clone was sequenced again to confirm that no
unwanted mutations were introduced during the PCR and cloning steps. After determining
the complete sequences of the initial full-length cDNA clone and comparing it with the
consensus sequence of avian HEV-VA (GenBank accession number EF206691) (Billam et
al., 2007), two silent mutations (C1578A and C1905T) and one non-silent mutation
(A6297C) were found. The non-silent mutation was subsequently corrected by replacing the
f4 fragment containing the non-silent mutation with a newly-amplified f4 fragment with a
consensus sequence. The assembled final full-length cDNA clone (pT7-aHEV-VA) was
sequenced again and confirmed that there was no non-silent mutation in the entire genome.
The two silent mutations (C1578A and C1905T) were not corrected and used as the genetic
markers.

To test the infectivity of the pT7-aHEV-VA cDNA clone in vitro, capped RNAs were
transcribed in vitro with T7 polymerase from the BamHI-linearized full-length cDNA clone,
and the quality of the RNAs was verified in an agarose gel electrophoresis (data not shown).
The capped RNAs were transfected into leghorn male hepatoma (LMH) chicken liver cells
to determinate the infectivity. Avian HEV-specific antigens were detected in transfected
LMH cells by an immunofluorescence assay (IFA) using anti-avian HEV convalescent
serum, indicating that the transfected viral RNA was replication-competent in the LMH cells
(Fig. 2). The positive fluorescent signals were mainly found in the cytoplasm of the LMH
cells but not found in the mock-transfected cells.

3.2. Capped RNA transcripts of the avian HEV-VA cDNA clone were infectious when
injected intrahepatically into the livers of SPF chickens

Chickens inoculated intrahepatically with the capped RNA transcripts of the avian HEV-VA
cDNA clone were tested for evidence of avian HEV infection. Avian HEV-VA RNA was
detected variably in fecal material, and viremia was also detected variably in serum samples
(Table 2). Viral RNAs in feces and serum were detected mostly during the first 3 weeks
post-inoculation (wpi). Viremia lasted from 1 to 3 wpi, and avian HEV-VA was shed in the
feces from 1 to 5 wpi. Avian HEV-VA RNA was also detected in bile samples collected
from necropsied chickens at 3 and 5 wpi. Although all the 10 chickens intrahepatically-
inoculated with RNA transcripts of avian HEV-VA became infected as evidenced by the
detection of avian HEV RNA in feces, serum or bile samples at some points from all 10
inoculated chickens (Table 2), only 3 chickens seroconverted to IgG anti-HEV (Table 3).
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In the positive control group where chickens were inoculated intrahepatically with the
capped RNA transcripts from the prototype strain of avian HEV, evidence of avian HEV
infection including viremia, fecal virus shedding and seroconversion was also detected.
Again, although all the 9 chickens intrahepatically inoculated with the RNA transcripts from
avian HEV-prototype became infected as evidenced by the detection of avian HEV RNA in
all 9 inoculated chickens at some points in feces, serum or bile samples (Table 2), only 5/9
chickens seroconverted to IgG anti-HEV (Table 3). None of the negative control chickens
inoculated intrahapetically with PBS had any evidence of avian HEV infection.

3.3. Characterization of the pathogenicity of the avian HEV-VA recovered from a clinically
healthy chicken and comparison with that of the prototype avian HEV strain recovered
from a chicken with HS syndrome

Since avian HEV cannot be propagated in vitro, infectivity or pathogenicity studies with live
infectious virus are limited and sometimes results are inconclusive due to the low titer of
available infectious virus stock (Billam et al., 2009). With the successful construction of an
infectious cDNA clone of the avian HEV-VA, we can now bypass the cell culture virus
propagation steps and directly infect chickens through a unique intrahepatic inoculation
procedure (Huang FF et al., 2005) with large amounts of capped RNA transcripts of the
avian HEV-VA infectious cDNA clone. This intrahepatic inoculation procedure (also known
as in vivo transfection) has been successfully used for pathogenicity studies of swine and
human HEV (Emerson et al., 2001; Huang YW et al., 2005, 2007; Pudupakam et al., 2009).

Gross lesions were limited to minimal to moderate focal capsular fibrosis and hepatic
scarring at the sites of inoculation in the liver. Some chickens from all three groups
(including controls) had focal adherence of the capsular surface to the coelomic wall.
Microscopically, lesions consisted of mild to severe lymphocytic periphlebitis, and
lymphocytic and heterophilic phlebitis with fibrinoid necrosis of the vessel wall (Fig. 3).
Amyloidosis and hepatic necrosis were not seen in any of the three groups. Foci of lymphoid
hyperplasia were seen in the spleen, and minimal cortical hyperplasia was seen in the
thymus.

The mean microscopic hepatic lesion scores for the pT7-aHEV-VA-infected group were
lower than the scores for the pT7-aHEV-5 group at both 3 and 5 wpi but the differences
were not statistically significant (p>0.05) (Table 4). The mean histologic spleen lesion
scores for the pT7-aHEV-VA-infected group were lower than that of the pT7-aHEV-5 group
at 3 wpi but were similar at 5 wpi (Table 4). Liver/body weight ratios, an indicator of liver
enlargement, were higher for the pT7-aHEV-VA-infected group and pT7-aHEV-5 group
than that of the negative control group at 3 and 5 wpi, and the difference at 5 wpi between
infected groups and negative group was significant (p<0.05) (Table 4). There is no
correlation between the lesion score or the liver/body ratio and the detection of viral RNA in
the individual animals at the time point of analysis.

Avian HEV RNA was detected in fecal material and sera by RT-PCR with primers specific
each for avian HEV-VA strain and avian HEV-prototype strain, respectively (Table 2).
Fecal virus shedding and viremia were detected from 1 wpi in both experimental groups but
the detection rates were variable. In the pT7-aHEV-VA group, overall 4/5 chickens
necropsied at week 3 had detective viral RNA in feces during the first 3 weeks and 5/5
chickens necropsied at week 5 had detective viral RNA in feces during the course of the 5
week study. In the pT7-aHEV-5 group, overall 3/5 chickens necropsied at week 3 had
detective viral RNA in feces during the first 3 weeks and 4/4 chickens necropsied at week 5
had detective viral RNA in feces during the course of 5 week study. In the pT7-aHEV-VA
group, overall 2/5 chickens necropsied at week 3 had detectable viral RNA in sera during
the first 3 weeks and 3/5 chickens necropsied at week 5 had detectable viral RNA in sera
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during the 5 weeks. Viremia was observed in 2/9 chickens at 1 wpi, 1/9 at 3 wpi in the group
inoculated with the pT7-aHEV-5. In the pT7-aHEV-5 group, overall 0/5 chickens
necropsied at week 3 had detectable viral RNA in sera during the 3 weeks and 2/4 chickens
necropsied at week 5 had detectable viral RNA in sera during the 5 weeks. Bile samples
were positive for avian HEV RNA by RT-PCR for pT7-aHEV-VA group in 4/5 chickens at
3 wpi and 1/5 chickens 5 wpi, and positive for avian HEV RNA by RT-PCR for pT7-
aHEV-5 groups in 2/5 chickens at 3 wpi. Altogether the results showed that 10/10 chickens
in avian HEV-VA-inoculated group and 9/9 chickens in avian HEV-prototype-inoculated
group were infected since avian HEV RNA was detected in feces, serum or bile samples at
some points from all inoculated chickens in the two groups.

All chickens were seronegative for avian HEV antibodies prior to inoculation and chickens
in negative control were seronegative throughout the entire course of the experiment. Avian
HEV seroconversion occurred at 3 wpi in both avian HEV-VA (pT7-aHEV-VA) group and
avian HEV-prototype (pT7-aHEV-5) group (Table 3). Overall IgG anti-avian HEV
antibodies were detected in 0/5 and 3/5 chickens necropsied at week 3, and in 3/5 and 2/5
chickens necropsied at week 5 in the pT7-aHEV-VA and pT7-aHEV-5 group, respectively.
Although all 10 chickens in avian HEV-VA group and all 9 chickens in avian HEV-
prototype group are infected, only 3/10 avian HEV-VA-inoculated chickens and 5/9 avian
HEV-prototype-inoculated chickens had seroconverted to IgG avian HEV antibodies.

To confirm the identity of the viruses recovered from infected chickens, the PCR products
amplified from feces, sera and bile of selected chickens were sequenced. Sequence analyses
confirmed that the PCR products amplified from the infected chickens originated from their
respective original full-length cDNA clones. The two introduced genetic markers (2 silent
mutations in ORF1) in pT7-aHEV-VA were present in the recovered viruses.

4. Discussion
The avian HEV-VA strain is unique in that it was recovered from a clinically healthy
chicken in a commercial chicken farm in Virginia (Sun et al., 2004) and differed by 10%
nucleotide sequence across the entire genome when compared to the genome of the
prototype avian HEV recovered from a chicken with HS syndrome in California (Billam et
al., 2007). Since HEV cannot be grown in cell cultures, it is difficult to obtain infectious
virus stock with high titer for animal studies (Chandra et al., 2008). The pathogenicity of the
avian HEV-VA strain remains inconclusive due to the lack of a high titer infectious stock of
avian HEV-VA strain (Billam et al., 2009), since each chicken was inoculated with only 5 ×
102.5 50% chicken infectious dose of the virus, the highest titer we could generate for the
HEV-VA strain in the previous study (Billam et al., 2009). With the development of a
unique in vivo transfection procedure, the pathogenicity of several single-strand positive-
sense RNA viruses including HEV can now be studied by directly inoculating animals with
capped RNA transcripts (Emerson et al., 2001; Huang et al., 2007; Pudupakam et al., 2009).
Infectious cDNA clones of genotypes 1, 3 and 4 human and swine HEV have recently been
constructed to study the mechanisms of HEV pathogenesis and replication and to investigate
viral virulence determinants (Emerson et al., 2001; Huang YW et al., 2005, 2007; Panda et
al., 2000; Yamada et al., 2009). Therefore, the availability of an infectious clone of the avian
HEV-VA strain will facilitate the understanding of avian HEV pathogenesis. In the present
study, an infectious cDNA clone of avian HEV-VA strain was first constructed and its
pathogenicity was subsequently characterized in SPF chickens by direct intrahepatic
inoculation of capped RNA transcripts of the infectious clone. The pathogenicity of avian
HEV-VA strain was also compared in SPF chickens to that of the prototype strain of avian
HEV.
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Capped RNA transcript from the full-length cDNA clone of avian HEV-VA strain was
infectious both upon transfection into LMH chicken liver cells in vitro and after intrahepatic
inoculation in SPF chickens. The pGEM-7z(+) vector with a synthetic stuffer fragment
containing the unique restriction enzyme sites was used for the construction of full-length
cDNA clone of aHEV-VA strain in this study. Using a stuffer fragment greatly facilitated
the construction of cDNA clone and the genomic regions containing introduced mutations
could easily be replaced with the correct sequence. The availability of the infectious cDNA
clones of both the avian HEV-VA strain and the avian HEV-prototype strain afforded us an
opportunity to characterize the pathogenicity of the respective virus using capped RNA
transcripts synthesized from infectious cDNA clones, which can be produced in large
quantity by in vitro transcription.

To characterize the pathogenicity of the avian HEV-VA strain and compare it to that of the
avian HEV-prototype strain, large quantities of capped RNA transcripts from each infectious
clone were transcribed and inoculated directly into the livers of SPF chickens via the unique
intrahepatic inoculation procedure (Huang FF et al., 2005). The results demonstrated that all
10 chickens intrahepatically-inoculated with avian HEV-VA and all 9 chickens
intrahepatically-inoculated with avian HEV-prototype became infected as evidenced by the
detection of avian HEV RNA in feces, serum or bile samples at some points during the study
from all inoculated chickens. There was no significant difference in the time points for the
virus shedding, viremia and seroconversion in chickens inoculated with avian HEV-VA
strain and avian HEV-prototype strain although the percentage of positive chickens was
different for the two groups. Overall, the detection rate of avian HEV RNA of pT7-aHEV-
VA group was higher than that of the pT7-aHEV-5 group in fecal, serum and bile samples.
Transient fecal shedding and viremia or absence of them have been reported previously in
chickens and pigs experimentally inoculated with live infectious HEV or with capped RNA
transcripts of other HEV strains (Billam et al., 2005, 2009; Huang YW et al., 2005, 2007;
Huang FF et al., 2005; Meng et al., 1998), and the results of fecal shedding and viremia in
this study are consistent with previous studies.

Seroconversion has been used as a reliable indicator of active HEV infection in animals
inoculated with live infectious viruses or with capped RNA transcripts from infectious HEV
cDNA clones (Billam et al., 2005, 2009; Huang FF et al., 2005). Although all 19 chickens in
the two experimental groups had become infected, only 3/10 chickens inoculated with avian
HEV-VA seroconverted to IgG anti-HEV compared to 5/9 chickens in avian HEV-prototype
group. In the case of pT7-aHEV-VA group, the five chickens necropsied at 3 wpi had not
seroconverted but 3 of the remaining 5 chickens seroconverted by necropsy at 5 wpi. In the
pT7-aHEV-5 group, 3/5 chickens necropsied at 3 wpi seroconverted to avian HEV, and 2/4
chickens necropsied at 5 wpi had seroconverted. In general, it takes at least 3 weeks for
seroconversion to occur in experimentally-infected chickens (Huang FF et al., 2005;
Pudupakam et al., 2009). Therefore, the seronegative chickens necropsied at 3 wpi may have
seroconverted at a later time point had they not been euthanized. It appears that
seroconversion occurred a little earlier in more chickens (5/9 chickens) for the pT7-aHEV-5
avian HEV-prototype strain than the avian HEV-VA strain (3/10 chickens).

There were no noticeable significant gross lesions except for those associated with the sites
of inoculation in livers of necropsied chickens, which is consistent with previous finding
(Billam et al., 2009; Huang FF et al., 2005). The doses of virus, diets and ages have all been
implicated as potential co-factors for the manifestation of clinical disease and several
pathological lesions associated with avian HEV infection (Agunos et al., 2006; Meng,
2010b). Since the vast majority of chickens in the United States are infected by avian HEV
but have no sign of clinical diseases (Huang et al., 2002), future work is warranted to
identify cofactors that may potentiate or synergize avian HEV-induced diseases in chickens

Kwon et al. Page 9

Vet Microbiol. Author manuscript; available in PMC 2012 January 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Agunos et al., 2006). Although gross lesions are lacking, microscopic hepatic lesions such
as phlebitis and periphlebitis, which are the distinct features of avian HEV infections
(Billam et al, 2005, 2009), were observed in chickens inoculated with both avian HEV-VA
strain and avian HEV-prototype pT7-aHEV-5 strain. Overall, the microscopic hepatic lesion
scores of the pT7-aHEV-VA-infected chickens were lower than that of pT7-aHEV-5-
infected chickens, and the microscopic splenic lesion scores of pT7-aHEV-VA group at 3
wpi were also lower than that of pT7-aHEV-5 group. Liver/body weight ratios of pT7-
aHEV-VA group were also lower than that of avian HEV-prototype pT7-aHEV-5 group.
The liver/body weight ratios of both avian HEV-VA and avian HEV-prototype groups at 5
wpi were significantly higher than that of the negative control group, indicating the
enlargement of livers in chickens inoculated with both avian HEV-VA and avian HEV-
prototype strains.

Based on the results of this study, the avian HEV-VA strain still maintained the ability to
induce characteristic microscopic liver lesions even though it was originally isolated from a
healthy chicken. However, it appears that avian HEV-VA strain is slightly attenuated when
compared to the avian HEV-prototype strain. The results further confirm the subclinical
nature of avian HEV infection in the field, and suggest that the full-spectrum of HS
syndrome observed in some avian HEV-infected chickens under field conditions is likely
caused by avian HEV and an unknown co-factor(s). We also demonstrated that the results
from this study, where large amounts of capped avian HEV RNA transcripts (approximately
75 μg per chicken) were directly injected into the liver of chickens, were comparable to
those in chickens experimentally infected with an infectious virus stock (Billam et al.,
2009). Therefore, capped RNA transcripts synthesized from full-length infectious cDNA
clones can be used to replace live infectious virus for studying virus pathogenesis and
replication in animals for viruses such as HEV that cannot be propagated in cell culture. By
using this approach, we can now easily manipulate the genomes of HEV in vitro using the
infectious cDNA clones and then directly test for the effect of various genetic manipulations
(such as mutations or deletions) on virus virulence, pathogenicity and replication in animals.
By using swine HEV infectious cDNA clones and a similar approach in swine, we have
previously identified 3 amino acid residues in the capsid protein that may be involved in
virus attenuation (Huang YW et al., 2005, 2007). Therefore, with the availability of an
infectious cDNA clone of the avian HEV-VA strain that is genetically distinct from the
avian HEV-prototype strain, we can now begin to investigate some of the critical amino
acids in avian HEV genome that may be important for virus virulence or replication in
chickens.

In conclusion, we have constructed an infectious cDNA clone of an avian HEV-VA strain
recovered from a healthy chicken and demonstrated the infectivity of its RNA transcripts
both in LMH cells and in chickens. More importantly, we characterized the pathogenicity of
the avian HEV-VA strain and demonstrated that it still produces histopathological lesions
characteristic of avian HEV infection in chickens even though the avian HEV-VA strain was
isolated from a healthy chicken. Furthermore, we showed that direct intrahepatic inoculation
of capped RNA transcripts from avian HEV-VA infectious clone is comparable to the
experimental inoculation of chickens with live infectious virus for HEV pathogenicity
studies in chickens (Billam et al., 2009).
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Fig. 1.
A schematic diagram of the strategies used to assemble the full-length cDNA clone of avian
HEV-VA strain originally isolated from a healthy chicken in Virginia. The genome
organization of the avian HEV-VA and the positions of the unique restriction enzyme sites
used for cloning purposes are indicated. The complete genome of avian HEV-VA is
amplified by four overlapping fragments (f 1 to 4) flanked by unique restriction enzyme
sites. An Mlu I site and a T7 core promoter sequence were engineered at the 5′ end of the f1
fragment. A stretch of 18 adenosines and Bam HI sites were introduced at the 3′ end of the
viral genome (f 4 fragment). The 4 overlapping fragments were individually cloned into the
pGEM-7z(+) vector that contains an engineered stuffer fragment with unique restriction
enzyme sites.
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Fig. 2.
Immunofluorescent staining of LMH chicken liver cells transfected with RNA transcripts
from the avian HEV cDNA clone of pT7-aHEV-VA (A), and non-transfected cells as a
negative control (B).
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Fig. 3.
Microscopic lesions in the liver. (A) Section of a liver from a chicken inoculated with RNA
transcripts from the avian HEV-VA cDNA clone (pT7-aHEV-VA) showing mild
periphlebitis. (B and C) Sections of a liver from a chicken inoculated with RNA transcripts
from the avian HEV-prototype cDNA clone (pT7-aHEV-5) showing hemorrhages (B) and
severe periphlebitis (C). (D) Section of a liver from a negative control chicken inoculated
with PBS buffer. The tissues were stained with hematoxylin and eosin.
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Table 1

Oligonucleotide primers used for the construction of infectious cDNA clone of the avian HEV-VA strain
recovered from a clinically healthy chicken.

Primer ID Primer sequences (5′ to 3′)a

Fragment 1 (f1)

 MluIT7F1 cacgcgttaatacgactcactataGCATGACCCCATGCCAGGGT (Mlu I)

 AflII1690R1 GCCGGTGATACGCTGCTGAC

Fragment 2 (f2)

 AflII1542F2 TGACAGCACGGAGGATTTGA

 EcoRV3826R2 TAATAATAACCCGGGGGCAG

Fragment 3 (f3)

 EcoRV3727F3 CATGGTAAAGTGGGACAGGG

 RsrII5349R3 ATGAGCATGCCAGACGTAGC

Fragment 4 (f4)

 RsrII5279F4 GACCATACCACACGAGCGTT

 T18BamHIR4 gcggatccttttttttttttttttttACTATGCCCGAGATG (Bam HI)

a
Lower-case letters indicate non-viral sequences. The T7 core promoter sequence in primer MluIT7F1 is underlined. The restriction enzyme sites

introduced by PCR are shown in italics and specified in parentheses. Fragments 1–4 correspond to the fragment numbers in Fig. 1.
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