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As a positive-strand RNA virus, hepatitis E virus (HEV) produces an intermediate negative-strand RNA
when it replicates. Thus, the detection of negative-strand viral RNA is indicative of HEV replication. The
objective of this study was to develop a negative-strand-specific reverse transcription-PCR (RT-PCR) assay for
the identification of extrahepatic sites of HEV replication. Briefly, a 494-bp fragment within the orf1 gene of a
chicken strain of HEV (designated avian HEV) was amplified and cloned into a pSK plasmid. A synthetic
negative-strand viral RNA was generated from the plasmid by in vitro transcription and was used to stan-
dardize the assay. A nested set of primers was designed to amplify a 232-bp fragment of the negative-strand
viral RNA. The assay was found to detect up to 10 pg and 10�5 pg of negative-strand HEV RNA in first- and
second-round PCRs, respectively. The standardized negative-strand-specific RT-PCR assay was subsequently
used to test 13 conveniently obtained tissue specimens collected sequentially on different days postinoculation
from chickens experimentally infected with avian HEV. In addition to the liver, the negative-strand-specific
RT-PCR assay identified replicative viral RNA in gastrointestinal tissues, including the colorectal, cecal,
jejunal, ileal, duodenal, and cecal tonsil tissues. The detection of replicative viral RNA in these tissues indicates
that after oral ingestion of the virus, HEV replicates in the gastrointestinal tract before it reaches the liver.
This is the first report on the identification of extrahepatic sites of HEV replication in animals after experi-
mental infection via the natural route. The assay should be of value for studying HEV replication and
pathogenesis.

Hepatitis E virus (HEV) is a small, nonenveloped, positive-
sense, single-strand RNA virus belonging to the genus Hepevi-
rus in the family Hepeviridae (5, 7, 25). The genome of HEV is
approximately 7.2 kb and contains three open reading frames
(ORFs). ORF1 codes for the nonstructural proteins. ORF2
encodes the immunogenic capsid protein; and ORF3, the
smallest of the three ORFs, is believed to encode a cytoskel-
eton-associated phosphoprotein that may be involved in vi-
rus replication (5, 6, 25–27). HEV does not grow efficiently
in cell culture, and the lack of an established in vitro cell
culture system has been a major impediment in the study of
HEV (7, 20).

HEV causes acute hepatitis E in humans, which is a major
public health concern in many developing countries of Asia
and Africa as well as in Mexico. Sporadic cases of acute hep-
atitis E not related to traveling to regions where HEV is en-
demic have also been reported in numerous industrialized
countries, including the United States (1, 4, 7, 24, 26, 27, 30, 31,
33, 35). Antibodies to HEV have been detected in a significant
proportion of healthy individuals in the United States and
other industrialized countries, although the incidence of dis-
ease is only sporadic in these countries (8, 31, 35). The fecal-

oral route is the primary mode of transmission (7, 18), and
waterborne epidemics due to contamination of drinking water
or water supplies are characteristic of hepatitis E outbreaks
(25). The disease mainly affects young adults and causes a 15 to
25% mortality rate in infected pregnant women (19, 25), even
though the overall mortality rate is less than 1%.

In 1997, Meng et al. (21) discovered and characterized the
first animal strain of HEV, swine HEV, from commercial pigs
in the United States. Since then, swine HEV has been isolated
from pigs in different geographical regions of the world (4, 20,
24, 30, 33, 35). Recently, a chicken strain of HEV, designated
avian HEV, was isolated from chickens with hepatitis-spleno-
megaly (HS) syndrome in the United States and was charac-
terized (12–14). The complete genomic sequence of avian
HEV was determined and was found to be similar to that of
mammalian HEVs. Despite an approximately 50 to 60% nu-
cleotide sequence identity with mammalian HEVs, avian HEV
shares many significant structural and functional features with
human and swine HEVs (3, 15, 28). Avian HEV also contains
antigenic epitopes in its capsid protein that are both common
to and unique from both human and swine HEVs (9, 10, 36),
suggesting that avian HEV is similar to human HEV geneti-
cally and antigenically. The discovery of avian HEV and its
association with a hepatic disease provided a unique homolo-
gous animal model for the study of HEV, since chickens are
the natural host of avian HEV. The clinical and pathological
findings associated with avian HEV infection in chickens in-
fected by the natural route have been reported previously (2).
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Due to the lack of an efficient cell culture system and a
practical animal model, little is known about the mechanism of
HEV replication or pathogenesis. Extrahepatic sites of HEV
replication were demonstrated in pigs experimentally infected
via the intravenous route of inoculation (34), but the repro-
duction of HEV infection after inoculation by the natural oral
route in pigs and nonhuman primates has been very difficult
(18). The objective of this study was to develop a negative-
strand-specific reverse transcription (RT)-PCR assay for the
identification of extrahepatic sites of HEV replication. By us-
ing convenient tissue samples collected from chickens experi-
mentally infected with avian HEV by the natural route of
infection in a previous study (2), we identified extrahepatic
sites of HEV replication by a negative-strand-specific RT-PCR
assay.

MATERIALS AND METHODS

Virus. The avian HEV isolate used in this study was originally recovered from
a bile sample from a 56-week-old chicken with HS syndrome (13). The avian
HEV stock has an infectious titer of 5 � 104.5 50% chicken infectious doses per
ml (2, 29).

Tissue samples used for development and validation of negative-strand-spe-
cific RT-PCR assay. Conveniently obtained tissue samples were collected from
chickens experimentally infected with avian HEV by the natural route in a
previous study (2). Thirteen different tissues, including the tissues of the colo-
rectum, jejunum, ileum, duodenum, cecum, cecal tonsils, thymus, spleen, lung,
heart, kidney, pancreas, and liver, were collected at each necropsy from all the
chickens (n � 28) infected with avian HEV by the nature (oronasal) route and
from the negative control chickens (n � 28). The tissue samples were collected
from two chickens in each group that were necropsied at 1, 3, 5, 7, 10, 13, 16, 20,
24, 28, 35, 42, and 56 days postinoculation (dpi). The tissues were stored at
�80°C.

Samples of the tissues were each homogenized in 10% sterile phosphate-
buffered saline and stored at �80°C. At the time of RNA extraction, a portion of
the tissue homogenate was clarified by centrifugation at 3,000 rpm for 15 min at
4°C (centrifuge 5810, rotor A-4-44; Eppendorf) and was subsequently used for
the detection of positive-strand avian HEV RNA by a regular RT-PCR assay.

RT-PCR detection of positive-strand avian HEV RNA. RT-PCR was per-
formed to detect avian HEV RNAs in tissue homogenates, as described previ-
ously (28–29). Briefly, total RNA extracted from 100 �l of the 10% tissue
homogenate was resuspended in 12.25 �l of DNase-, RNase-, and proteinase-
free water (Invitrogen). RT was performed at 42°C for 60 min with 1 �l (10 pM)
of reverse primer P2 (5�-ACAGTTTCACCTCAGGCTCG-3�) (28, 29). Five
microliters of the resulting cDNA was amplified in a 50-�l reaction mixture with
Platinum high-fidelity supermix (Invitrogen) by using a nested PCR. The first
round of PCR with forward primer P1 (5�-ACAACATCCACCCCTACAAG-3�)
and reverse primer P2 produced an expected fragment of 595 bp. For the second
round of PCR, forward primer P3 (5�-AGAACAATGGTTGGCGGTCC-3�)
and reverse primer P4 (5�-GAGGGCAAGCCACCTAAAAC-3�) were used to
amplify an expected fragment of 394 bp. The PCR parameters consisted of an
initial incubation at 94°C for 9 min, followed by 39 cycles of denaturation at 94°C
for 0.5 min, annealing at 52°C for 0.5 min, and extension at 72°C for 1 min and
a final extension at 72°C for 7 min. The PCR conditions for the second round of
PCR were the same as those for the first round, except that an annealing
temperature of 56°C was used.

Generation of synthetic negative-strand avian HEV RNA as a positive control
for development of a negative-strand-specific RT-PCR assay. To develop and
standardize a negative-strand-specific RT-PCR assay, a negative strand of viral
RNA had to be generated for use as a positive control. Briefly, total RNA was
extracted from an infectious stock of avian HEV. RT was performed at 42°C for
60 min with 1 �l (10 pM) of reverse primer N2 (5�-CCGGGCTGATGGTCTC
GATTAG-3�). Five microliters of the resulting cDNA was amplified in a 50-�l
reaction mixture with Platinum high-fidelity supermix (Invitrogen). A 494-bp orf1
fragment of avian HEV was amplified by PCR with primer F3088 (5�-CGCTG
TAGTGGGATCCATGTTGGTG-3�) and primer R3559 (5�-TGTCTCGAGG
GGTTGATTGGTCC-3�). Forward primer F3088 has an introduced BamHI
restriction site and reverse primer R3559 has an introduced XhoI site to facilitate
the subsequent cloning steps (the restriction sites are underlined). The resulting
PCR product was excised from the agarose gel and purified with a GeneClean II

kit. The purified PCR product was ligated into a TA vector with T4 DNA ligase
(Stratagene). The ligation mixture was transformed into One Shot TOP 10
chemically competent Escherichia coli cells (Invitrogen), 100 �l was spread on
LB agar plates containing ampicillin, and the plates were incubated overnight.
After identification of the plasmid containing the insert and confirmation by
restriction digestion, the insert was subcloned into plasmid pBluescript II SK(�)
(PSK II; Stratagene) by directional cloning with the restriction enzymes BamHI
and XhoI. Recombinant plasmid PSK II containing the orf1 insert was isolated
and confirmed by sequencing.

The recombinant PSK II plasmid was linearized and purified by phenol-
chloroform extraction, and a synthetic negative-strand RNA was transcribed in
vitro with T7 polymerase by using an mMessage mMachine T7 transcription kit
(Ambion). To remove the plasmid DNA, the transcribed negative-strand vial
RNA was separated in a 1% agarose gel, and the RNA band was excised from the
gel and purified by use of an RNaid isolation kit (QBiogene). The purified RNA
was further treated with DNase for 60 min at 37°C and extracted with the TRI
reagent (Molecular Research Center, Inc.) to further eliminate plasmid DNA
contamination. A nested PCR (without the RT step) was done with two sets of
primers (primers EF1 and ER1 and primers EF2 and ER2) to rule out any
potential plasmid DNA contamination.

Standardization of a negative-strand-specific RT-PCR assay. The synthetic
negative-strand viral RNA transcribed in vitro was quantified and serially diluted
from 102 to 10�15 ng in 100 �l phosphate-buffered saline, and a negative-strand-
specific RT-PCR was performed with each serial dilution. RT was performed as
described above with primer EF1 (5�-ATGTTGGTGGGGTGCTGGTCGAGA
TTG-3�). Primers EF1 and ER1 (5�-GGGTTGATTGGTCCGATATGATGCC
AG-3�) were used in the first round and primers EF2 (5�-TTGTTGGACATAC
CCCCGGCCCAC-3�) and ER2 (5�-TAATCACCGCAAGACGGCTAGTGG-
3�) were used in the second round of nested PCR for the detection of negative-
strand viral RNA. The 232-bp product obtained from the second round of the
nested PCR was sequenced for confirmation.

Once the negative-strand-specific RT-PCR assay was standardized, we applied
the assay and retested all the tissue and serum samples that were positive for
positive-strand viral RNA to identify replicative viral RNA and the sites of HEV
replication in various tissues.

DNA sequencing. The PCR products amplified from various tissues were
excised from 0.8% agarose gel and purified with a GeneClean III kit (Qbiogene),
and both strands were sequenced at the Virginia Bioinformatics Institute Core
Laboratory Facility with an automated DNA sequencer (Applied Biosystems).

RESULTS

Sensitivity of negative-strand-specific RT-PCR assay for de-
tection of replicative HEV RNA. A negative-strand-specific
RT-PCR assay was standardized by using a synthetic negative-
strand viral RNA that was transcribed in vitro from a plasmid
containing an avian HEV insert as a positive control. The
232-bp product from the second round of PCR was sequenced
to confirm the specificity. The negative-strand-specific RT-
PCR assay detected up to 10 pg negative-strand viral RNA in
the first round and approximately 10�5 pg negative-strand viral
RNA in the second round of nested PCR (Fig. 1). The level of
detection of 10�5 pg corresponds to approximately 36 copies of
viral RNA.

Distribution of positive-strand HEV RNA in various tissues.
Before the tissue samples were tested for replicative negative-
strand viral RNA, all tissue samples were first tested by a
regular RT-PCR assay to detect the positive-strand viral RNA.
Positive-strand avian HEV RNA was detected in various tis-
sues at times that varied from 1 to 56 dpi. However, viral RNA
was more frequently detected in the liver and gastrointestinal
(GI) tissues and was much less frequently found in non-GI
tissues (Table 1). Viremia was transient at 20 and 35 dpi, and
viral RNA was detected in most of the tissues during the
period of viremia (2). However, positive-strand viral RNA was
detected in a number of tissues in the absence of viremia. Liver
tissue was positive for viral RNA from 3 dpi (2). Avian HEV
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RNA was consistently detected in colorectal tissue from 1 dpi
to 24 dpi and then at 35 and 56 dpi. Jejunal tissue was positive
from 7 dpi, and ileal tissue was positive from 1 dpi. Viral RNA
was detected in duodenal tissue only from approximately the
third week but was consistently detected in cecal tissue during
almost the entire duration of the experiment. Cecal tonsil
tissues were transiently positive. Positive-strand viral RNA was
also detected in thymus, spleen, lung, heart, kidney, and pan-
creas tissue specimens. The tissues of all negative control
chickens were seronegative throughout the study, and thus,
they were not tested by RT-PCR in this study.

Detection of replicative negative-strand viral RNA in extra-
hepatic tissues in chickens experimentally infected with avian
HEV via the natural route. Since HEV is a positive-strand
RNA virus, the detection of positive-strand viral RNA in tis-
sues does not necessarily mean that the virus replicates in the
tissues. Therefore, all the tissues that were positive for the
positive-strand viral RNA were retested by the standardized
negative-strand-specific RT-PCR assay. Replicative negative-
strand viral RNA was detected in the liver as well as in the GI
tissues but not in thymus, spleen, lung, heart, kidney, or pan-
creas tissue (Table 1). Replicative negative-strand viral RNA

was detected from 5 to 56 dpi in the GI tissues (Table 1). Liver
tissues were positive from 16 dpi. The earliest appearance of
replicative negative-strand viral RNA was found in colorectal
tissues at 5 dpi and in ileal tissues at 7 dpi. Most of the GI
tissues and sera were positive for replicative viral RNA at both
20 and 35 dpi, the times when viremia was detected (2). Cecal
tonsil tissues were was positive for replicative viral RNA even
at 56 dpi (Table 1).

DISCUSSION

Knowledge of the mechanisms of HEV pathogenesis and
replication is very limited due to the lack of an efficient cell
culture system and a practical animal model. Most of the scant
knowledge about the pathogenesis of HEV was obtained from
human HEV infection in nonhuman primates (25, 32). With
the discovery of swine HEV (21), a pig model that can be used
to study HEV has been developed (16–18, 22, 34). Unlike
nonhuman primates, swine are the natural hosts of swine
HEV. However, swine HEV causes a subclinical infection in
pigs and only microscopic hepatitis lesions are visible (11, 18,

FIG. 1. Development and standardization of a negative-strand-specific RT-PCR assay. The synthetic negative-strand HEV RNA transcript was
serially diluted, as indicated (ng, pg, fg, ag), and tested by a nested PCR. The expected products in the first round (A) and the second round (B) of
PCR are indicated. Lanes M, 1-kb plus ladder.

TABLE 1. Detection of positive-strand HEV RNA as well as replicative negative-strand HEV RNA in nonliver tissues from chickens
experimentally infected with avian HEV via a natural route of exposure

Tissue

No. of chickens positive for positive-strand HEV RNA (no. positive for replicative negative-strand HEV RNA)/total no. of chickens tested on
the following dpi:

1 3 5 7 10 16 20 24 28 35 42 56

Colorectum 1 (0)/2 1 (0)/2 2 (1)/2 1 (0)/2 2 (0)/2 1 (1)/2 2 (2)/2 1 (0)/2 0 (na)/2 2 (1)/2 0 (n)/2 2 (0)/4
Jejunum 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 2 (0)/2 1 (0)/2 2 (2)/2 0 (n)/2 0 (n)/2 2 (1)/2 0 (n)/2 0 (n)/4
Ileum 2 (0)/2 0 (n)/2 0 (n)/2 1 (1)/2 2 (2)/2 0 (n)/2 2 (1)/2 0 (n)/2 1 (0)/2 1 (1)/2 0 (n)/2 0 (n)/4
Duodenum 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 2 (1)/2 0 (n)/2 1 (0)/2 1 (0)/2 0 (n)/2 0 (n)/4
Cecum 1 (0)/2 0 (n)/2 0 (n)/2 1 (0)/2 2 (0)/2 2 (0)/2 2 (2)/2 1 (0)/2 2 (0)/2 2 (1)/2 1 (0)/2 0 (n)/4
Cecal tonsils 1 (0)/2 0 (n)/2 2 (0)/2 2 (0)/2 0 (n)/2 0 (n)/2 2 (0)/2 0 (n)/2 0 (n)/2 1 (1)/2 1 (0)/2 1 (1)/4
Thymus 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 0 (n)/2 0 (n)/4
Spleen 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 0 (n)/2 0 (n)/4
Lung 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 1 (0)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 2 (0)/4
Heart 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 0 (n)/2 1 (0)/2 0 (n)/2 0 (n)/2 2 (0)/2 0 (n)/2 0 (n)/4
Kidney 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 1 (0)/2 0 (n)/2 0 (n)/4
Pancreas 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 0 (n)/2 1 (0)/2 0 (n)/2 0 (n)/4
Liverb (0)/2 (0)/2 (0)/2 (0)/2 (0)/2 (1)/2 (2)/2 (1)/2 (0)/2 (1)/2 (0)/2 (0)/4

a n, not tested by the negative-strand-specific RT-PCR since they were negative for the positive-strand viral RNA by the regular RT-PCR.
b The results for positive-strand HEV RNA detection in liver samples were reported previously (2).
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34); thus, HEV-infected pigs are not suitable for the study of
all aspects of HEV replication and pathogenesis.

Recently, another animal strain of HEV, avian HEV, was
identified from chickens with HS syndrome in the United
States (13). Avian HEV is antigenically and genetically similar
to human HEV (12, 14–15). Although HEV is thought to be
transmitted by the fecal-oral route (7, 25), the experimental
reproduction of HEV infections in nonhuman primates and
pigs by the oral route was difficult (18), and the intravenous
route is still the preferred route for inducing of experimental
HEV infections (11, 22, 32). However, chickens can easily be
infected with the chicken strain of HEV, avian HEV, by the
natural oral route (2).

The mechanism by which HEV causes hepatic damage is not
known. It has been suggested that liver damage is caused by the
immune response to the invading virus and not by the direct
replication of the virus in the liver (25). It is unclear how the
virus reaches the liver, as HEV is transmitted by the fecal-oral
route. It is believed that the virus first replicates in the GI tract
following oral ingestion and then reaches the target organ, the
liver. Extrahepatic sites of HEV replication have been demon-
strated in pigs intravenously inoculated with swine HEV and
human HEV (34). However, the intravenous route of inocula-
tion limited the ability to study the initial sites of virus repli-
cation following exposure by the natural oral route.

In the present study, by successfully developing and employ-
ing a negative-strand-specific RT-PCR assay, we demonstrated
the sites of extrahepatic HEV replication in chickens experi-
mentally infected with a strain of HEV by the natural route of
infection. The tissues collected from chickens oronasally in-
fected with avian HEV were first tested by a regular RT-PCR
to detect positive-strand viral RNA. All the tissues were pos-
itive for viral RNA at some point during the course of the
study. Positive-strand HEV RNA was prominently distributed
in the liver and GI tissues; but it was rarely detected in non-GI
tissues, like thymus, spleen, kidney, lung, and heart tissues,
suggesting that the liver and GI tissues may be the sites of virus
replication. The detection of positive-strand viral RNA in tis-
sues does not necessarily mean that the virus actually replicates
in the tissues, since the virus is circulating in the blood as a
result of viremia. However, positive-strand viral RNA was also
detected in some tissues in the absence of viremia, suggesting
that the positive-strand RNA detected in these tissues in the
absence of viremia is likely the result of viral replication and is
not due to circulating virus.

Because HEV is a single-strand positive-sense RNA virus, it
produces an intermediate negative-strand viral RNA during
virus replication. Therefore, detection of negative-strand viral
RNA in tissues would be indicative of virus replication. A
negative-strand-specific RT-PCR was performed with all the
tissues containing positive-strand viral RNA to detect the rep-
licative negative-strand viral RNA. The results showed that
replicative viral RNA was detected only in the liver and GI
tissues, including colorectal, jejunal, ileal, duodenal, cecal, and
cecal tonsil tissues, but not in non-GI tissues, thus strongly
indicating that the GI tissues are the extrahepatic sites of HEV
replication. It is interesting to note that the lymphoid tissues
associated with the GI tract (but not the thymus) are also
positive for replicative viral RNA. From the fact that the colo-
rectal tissue was positive for replicative viral RNA from as

early as 5 dpi and the ileal tissue was positive from 7 dpi, while
the liver tissue was positive from 16 dpi, it can be concluded
that HEV initially replicates in the GI tissues following fecal-
oral transmission. However, the cecal tonsil tissues were pos-
itive for replicative RNA at 35 and 56 dpi but not early in
infection, suggesting that the cecal tonsils may be the sites of
secondary viral replication.

Serum was also tested by the negative-strand-specific RT-
PCR, and interestingly, replicative viral RNA was detected at
20 dpi and 35 dpi in some chickens, corresponding to the times
of detection of viremia and the presence of replicative viral
RNA in most GI tissues, suggesting that the replicative viral
RNA in serum may be due to an overflow from the peak level
of replication in many GI tissues at the same time. The detec-
tion of replicative viral RNA in serum could also be due to the
circulating cell-associated viruses during the period of viremia.

In summary, this represents the first report on the identifi-
cation of the extrahepatic sites of HEV replication after ex-
perimental HEV infection by the natural route. We showed
that replicative viral RNA is detected in liver tissue as well as
in GI tissues and that GI tissues are the initial sites of HEV
replication before HEV reaches its target organ, the liver. The
biological and pathological significance of these extrahepatic
replication sites remains unknown, but the findings from this
study may aid in the eventual development of an efficient in
vitro cell culture system for HEV propagation, which is cur-
rently lacking. The negative-strand-specific RT-PCR assay de-
veloped in this study should be of value for the future study of
HEV replication and pathogenesis.
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