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a b s t r a c t

RNA interference (RNAi) is a natural mechanism for suppressing or silencing expression of aberrant or
foreign genes. It is a powerful antiviral strategy that has been widely employed to protect hosts from viral
infection. Hepatitis E (HE) is an acute fulminant hepatitis in adults that has particularly high mortality in
pregnant women. At this point in time, there is no vaccine or antiviral treatment that is effective against
the infectious agent, HEV. The nonstructural polyprotein region possesses an RNA-dependent RNA poly-
merase (RdRp) that is responsible for the replication of the viral RNA genome. RdRp is therefore regarded
NA-dependant RNA polymerase
NA interference
549 cells
iglets

as one of the most attractive candidates for RNA interference (RNAi). In the present study, the high effi-
ciency and specificity of siRNA were evaluated by Real-Time quantitative PCR and Western blot assays.
Protective effects against HEV infection were achieved in A549 cells and in piglets. In piglets treated with
a shRNA-RdRp-1 expression plasmid prior to HEV inoculation, HEV antigens were significantly reduced
in the liver, spleen, and kidneys, and the activities of alanine aminotransferase (ALT), aspartate amino-
transferase (AST) and total bilirubin (TBIL) were clearly decreased. These results suggested that RNAi is a

iral s
potentially effective antiv

. Introduction

Hepatitis E virus (HEV) is the causative agent of acute fulminant
epatitis E (HE), an enteric zoonotic disease that is transmitted
cross species in humans, pigs, cats, chicken, deer and rodents
Arankalle et al., 2001; Feagins et al., 2008; Gardner and Luciw,
008; Huang et al., 2004; Okamoto et al., 2004; Tei et al., 2003;
itral et al., 2005). Although HEV is transmitted predominantly by
fecal–oral route (Kasorndorkbua et al., 2004), its prevalence is
ainly promoted through contaminated water (Krawczynski et al.,

001; Hsieh et al., 1999). HEV outbreaks have occurred several times
nd have resulted in huge economic losses in developing countries
n Asia and Africa, and in Mexico.

HEV is a non-enveloped, single-stranded, positive-strand RNA
irus, with a genome length of ∼7.3 kb. The genome contains three
ajor open reading frames (ORFs). ORF1 encodes for nonstructural
olyprotein including methyltransferase, protease, RNA helicase,
nd RNA-dependent RNA polymerase (RdRp)/replicase (Ansari et
l., 2000; Jameel, 1999; Panda et al., 2000) RdRp catalyzes viral
eplication (Agrawal et al., 2001) and plays a key role in the life
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cycle of RNA viruses. The activity of HEV RdRp has been experi-
mentally demonstrated in previous studies (Agrawal et al., 2001;
Ansari et al., 2000; Panda et al., 2000).

Initiation of replication of HEV has been confirmed to require
the interaction of 3′ end of HEV genome with RdRp, as well as with
the host cell, for synthesis of the minus-strand replicative interme-
diate (Agrawal et al., 2001). This intermediate acts as a subgenomic
promoter for transcription of the structural region mRNA (Jameel,
1999; Nanda et al., 1994). In addition, the nucleotide sequence in
RdRp (4254–4560nt) is the most conserved genomic region in 37
HEV strains in four genotypes (Zhai et al., 2006). Therefore, the RdRp
gene is expected to be a prime potential target for the development
of an antiviral strategy.

Vaccines were previously considered as the best strategy for pre-
vention of HEV infection, because all four HEV genotypes (1–4)
have a single serotype (Mushahwar, 2008; Panda et al., 2007).
However, earlier evidence has documented that, despite the pres-
ence of antibodies to HEV capsid protein, HEV is still capable of
causing infection (Panda et al., 1995; Yarbough, 1999). Moreover,
although vaccine-induced antibody might attenuate HEV infection,
it may not prevent virus excretion in the feces (Panda et al., 1995).

The reasons are that the protective neutralizing antibodies either
do not develop or are only short-lived (Jameel, 1999; Yarbough,
1999). Recently, a purified polypeptide vaccine has been produced
in insect cells infected with a recombinant baculovirus containing a
truncated HEV genomic sequence encoding the capsid antigen, and

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:huangfen6789@163.com
mailto:hxg@sjtu.edu.cn
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Table 1
Nucleotide sequences of siRNAs targeting HEV RdRp.

siRNA Nucleotide sequence

si-RdRp-1
Sense 5′-UUUCUCAAUAGCACGGAACdTdT-3′

Antisense 5′-GUUCCGUGCUAUUGAGAAAdAdA-3′

si-RdRp-2
Sense 5′-UUAUCCGAGACACAUCACGdTdT-3′

Antisense 5′-CGUGAUGUGUCUCGGAUAAdGdA-3′

si-RdRp-3
Sense 5′-UGUCUCACCAGUUGUAAACdTdT-3′

Antisense 5′-GUUUACAACUGGUGAGACAdTdG-3′

si-RdRp-4
Sense 5′-UGAUUAUACACUCUAACCCdTdT-3′

Antisense 5′-GGGUUAGAGUGUAUAAUCAdAdG-3′
F. Huang et al. / Antivira

as completed a phase 3 trial (Abreu, 2007; Krawczynski, 2007;
ushahwar, 2008; Shrestha et al., 2007). However, the safety and

fficacy of this vaccine is doubtful (Tacke and Trautwein, 2007). First
f all, the subjects were exclusively male, and it is pregnant women

nfected with HEV who have the highest mortality; secondly, the
nconsistent data in humans and in rhesus monkeys (Krawczynski,
007; Tacke and Trautwein, 2007) and finally, pigs can still suffer
rom HEV within 4–7 days post-infection, can transmit the virus
s early as the first week post-infection and can continue to do so
or at least several weeks (Halbur et al., 2001). However, the cur-
ent vaccines cannot provide complete protection prior to 6 months
Shrestha et al., 2007). Thus, it is urgent to develop a more effective
nd safer therapeutic strategy for HEV control.

RNAi is a self-defense mechanism present in eukaryotic cells,
hich specifically prevents infections induced by viruses (Plasterk,

002). It can inhibit the expression of crucial viral proteins by
irectly targeting viral mRNA for degradation (Gitlin et al., 2002;
habalina and Koonin, 2008). It has been widely used to sup-
ress viral replication by post-transcriptional regulation of gene
xpression, and has been successfully applied in infection inhibition
tudies of some viruses, such as human immunodeficiency virus
HIV) (Kumar et al., 2008; Ludwig, 2008; Saayman et al., 2008;
er Brake et al., 2009), hepatitis C virus (HCV) (DeMarini et al.,
003; Lupberger et al., 2008) as well as severe acute respiratory
yndrome-associated coronavirus (SARS-Cov) (Lu et al., 2004; Ni et
l., 2005). In the present study, RNAi as a potential antiviral ther-
peutic strategy targeting the RdRp gene was used to inhibit HEV
eplication in vitro in A549 cells and in vivo in piglets.

. Materials and methods

.1. Target sequences and plasmid construction

The positive HEV characterized as genotype 4 (GenBank acces-
ion no. AY594199), isolated from swine feces from Shanghai
uburbs, China, was used as template in a reverse transcrip-
ion nested polymerase chain reaction PCR (RT-nPCR) to amplify
dRp gene (717 base pairs). The external forward primer and
everse primer were 5′-AGCTCGGCCCTATTAGTGTCA-3′ and 5′-
TCCGATCAGGTTATGTAC-3′ respectively. The internal forward
rimer and reverse primer were 5′-GAGCTTTTTGAGCTTGTG-3′ and
′-CCCAATAGGCCTAAAATCTAC-3′, respectively. RT-nPCR analysis
as conducted using an AMV Reverse Transcriptase XL for RT-

CR (Takara, Japan) according to the manufacturer’s directions. The
everse transcription reaction protocol was performed at 42 ◦C for
0 min, 86 ◦C for 15 s. The 2 �l cDNA that resulted was amplified
y nested PCR at 94 ◦C for 2 min, followed by 94 ◦C for 30 s, 42 ◦C
or 30 s and 72 ◦C for 1 min, and repeated for 29 cycles. The PCR
roducts were detected on an agarose gel containing 0.5 �g/ml
thidium bromide. The amplified DNA fragment was inserted into
he multicloning site of a eukaryotic expression vector pcDNA3.1
ontaining the reporter gene of enhanced green fluorescence pro-
ein (eGFP), using standard cloning procedures with the restriction
ites of BamHI (30 ◦C digestion) and BstXI (45 ◦C digestion). The
GFP gene was located downstream of the target genes.

.2. Design and synthesis of siRNA

Four small interfering RNA (siRNA) targeting the RdRp
ene was designed according to Qiagen’s guidelines

http://www.qiagen.com) and the sequences are shown in Table 1.
he siRNA duplexes have been designed using the Hiperformance
esign Algorithm licensed from Novartis AG, integrated with a
tringent in-house homology analysis tool. The highest-ranking
iRNA duplexes generated by the algorithm were chosen as repre-
Scrambled
Sense 5′-UUCUCCGAACGUGUCACGUdTdT-3′

Antisense 5′-ACGUGACACGUUCGGAGAAdTdT-3′

senting the best combination of activity and specificity. Scrambled
siRNA, constructed from a random sequence heterology with the
HEV sequence, served as a negative control for identification of
the specificity of HEV siRNA. GAPDH siRNA served as a control in
the experiments to confirm that the transfection procedure and
cell cultures supported gene silencing. The siRNAs were diluted
with RNase-free buffer to obtain a 20 �M solution. The solution
was denatured by heating at 90 ◦C for 1 min, and then incubated at
37 ◦C for 60 min, and either used immediately or stored at −20 ◦C
in an RNase-free environment.

The corresponding small hairpin RNA (shRNA) expression vec-
tors containing a human U6 polymerase III (Pol III) promoter and
neomycin resistance gene (NEOr) (McIntyre and Fanning, 2006;
Saayman et al., 2008) were constructed and extracted by the Endo-
free plasmid Maxi kit (Omega, America).

2.3. Virus challenge in A549 cell

2.3.1. Cell culture and plasmid transfection
A549 cell line was used in this study. Cells were trypsinized

and used at 0.5–2.0 × 105 per well, diluted in 500 �l antibiotic-free
growth medium in 24-well plates. Cells were 80–90% confluent
at the time of transfection. One microgram of pcDNA3.1-RdRp-
eGFP recombinant plasmid and each of 20 nM siRNAs (0.5 �l) were
transfected using 1.5 �l Lipofectamine 2000 (Invitrogen, America)
according to the manufacturer’s instructions. Four to six hours
post-transfection, the cell culture was replaced with fresh growth
medium. The optimal combination of four parameters for each
cell line, including the highest transfection efficiency, the lowest
non-specific effects, the conditions for the most efficient delivery
of siRNA, and the concentration of Lipofectamine 2000, was first
determined in preliminary experimentation. Cells were incubated
at 37 ◦C for 48 h for mRNA expression level observation, and for 72 h
for protein expression level determination. The transfection and
suppression efficiencies were assessed by measuring the eGFP fluo-
rescence intensity of transfected cells with an inverted fluorescence
microscope (Nikon TE2000, Japan). The pcDNA3.1-eGFP empty vec-
tor plasmid was transfected with each siRNA to test non-specific
effects and scrambled siRNA was used to establish the specificity.
GAPDH siRNA was used as a criterion of the efficiency of inhibition
and as a control to determine any cytotoxicity induced by transfec-
tion.
2.3.2. Virus challenge in A549 cells
HEV has been successfully cultured in A549 and PLC/PRF/5 line

cells, as previously described (Huang et al., 1999; Lorenzo et al.,

http://www.qiagen.com/
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008; Tanaka et al., 2007) and only A549 cells show a typical
ytopathic effect (CPE) induced by the virus. HEV positive feces
uspension was centrifuged at 12,000 × g at 4 ◦C for 10 min, and
ltered through 0.22 �m microfilters, followed by treatment with
enicillin and streptomycin for 1 h. The virus was 10-fold serially
iluted, and each dilution was added to A549 cells in triplicate. After
days infection, the viral 50% cell culture infectious dose (CCDI50)
as calculated using the Reed and Muench Method. For HEV infec-

ion challenge, A549 cells were transfected with each siRNA, as
escribed above, 24 h before inoculation. The cell was challenged
ith HEV at 200 CCID50 for a 1 h inoculation, and then the virus was

eplaced with fresh growth medium. The infection was observed
very 12 h. Cell transfection efficiency was evaluated by transfec-
ion of Fluor-labeled GAPDH siRNA. The cells were harvested 48 h
ost-infection for Real-Time qPCR analysis and 72 h post-infection

or Western blot assay.

.3.3. Real-Time qPCR analysis
Forty-eight hours post-inoculation, the culture medium was

emoved, the cells were lysed and the total RNA was isolated
y Trizol (Invitrogen, America) according to the manufacturer’s
irections. A reverse transcription analysis was carried out using
n AMV Reverse Transcriptase XL for Real-Time PCR (Takara,
apan) according to the manufacturer’s directions. The protocol of
everse transcription reaction was performed as described above,
xcept the forward primer was 5′-GGTGGTTTCTGGGGTGAC-3′, and
everse primer was 5′-AGGGGTTGGTTGGATGAA-3′. The synthe-
ized first strand cDNA (2 �l) was added as a template for Real-Time
PCR using Premix Ex TaqTM (perfect Real-Time, Takara, Japan)
ccording to the manufacturer’s directions. The probe was 5′-
GATTCTCAGCCCTTCGC-3′ according to Jothikumar et al. (2006).
he mixtures were reacted at 95 ◦C for 30 s, followed by 95 ◦C for 5 s
nd 60 ◦C for 31 s repeated for 39 cycles. The product was expected
o be 79 bp. The housekeeping gene GAPDH served as a loading con-

rol. The Real-Time qPCR analysis was performed in the ABI PRISM
000 Real-Time PCR System (America). All procedures were per-
ormed in triplicate and data are expressed as means (±S.D.). The
ercentage of HEV mRNA expression was analyzed by compared
ith normal control.

able 2
iochemical, virological, histological and serological changes in piglets.

Group 1 Group 2 Group 3

njection None PBS sh-1
noculation None HEV HEV
linical None Severe None
ntibodies
IgM/IgG N/N P(3/3)/N N/N
ALT — ↑ —
AST — ↑ —
TBIL — ↑ —

ntigens
1–4 Day N N N
5 Day N P (2/3) N
6 Day N P (3/3) N
7 Day N P (3/3) N
Liver N P (3/3) Less
Spleen N P (3/3) Less
Kidney N P (3/3) N
Histological None Severe Mild

njection, sh-1: shRNA-RdRp-1 injection; sh-2: shRNA-RdRp-2 injection; sh-3: shRNA-Rd
linical, none: showing no clinical disease symptoms; severe: showing acute hepatitis
ntibodies (IgG and IgM) determined by ELISA 7 days post-inoculation, N: negative; P: p
hanges; ↑: significantly elevated compared with normal control. Antigens, N: HEV RNA n
idney, N: HEV antigen negative; P: HEV antigen positive; Less: HEV antigens were less
evere histological injuries; mild: mild injuries.
rch 83 (2009) 274–281

2.3.4. Western blot
A549 cells were harvested 72 h post-inoculation and lysed with

lysis buffer (50 mM Tris–Cl, pH 8.0, 150 mM NaCl, 1% Triton-X
100, 1 �g/ml aprotinin, and 100 �g/ml phenylmethylsulfonyl flu-
oride). An equivalent amount of total protein was separated by
10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) and electrophoretically transferred onto a nitrocellu-
lose membrane. Non-specific-binding sites were blocked with 5%
skim milk, and the membrane was incubated with primary anti-
bodies at 4 ◦C overnight. The primary antibody was HEV ORF2 (ABR,
America, 1:500 dilutions). A goat-rabbit IgG conjugated with HRP
was used as secondary antibody (Promega, America, 1:500 dilu-
tions). The GAPDH protein served as a loading control. The bands
were exposed to X-ray films with SuperSignal West Pico Trial Kit
(Pierce, America).

2.4. Virus challenge in piglets

Twenty-one 1–2 weeks piglets (500–800 g) were purchased
from Shanghai Jiao Tong University and maintained in a pathogen-
free animal facility. The study protocol was approved by Animal
Care and Use Committee (ACUC) of Shanghai Jiao Tong Univer-
sity. We followed guidelines of the Shanghai Jiao Tong University
during this study. All piglets were tested for anti-HEV IgM and
IgG by ELISA (Wantai, China). Piglets confirmed seronegative were
included in the study. Twenty-one piglets were randomly dis-
tributed into seven groups, three piglets per group. Group 1 was the
normal control, one piglet in this group was injected intravenously
with pcDNA3.1-eGFP plasmid to serve as the reporter to identify
shRNA plasmids expressed in vivo; Group 2 was injected intra-
venously with sterile PBS; Groups 3–7 was injected intravenously
with 200 �g each of five plasmids, shRNA-RdRp-1, shRNA-RdRp-2,
shRNA-RdRp-3, shRNA-RdRp-4 or shRNA-scrambled, respectively
(Table 2). All plasmids were diluted with sterile PBS. Piglets in

Groups 2–7 were intravenously inoculated with 1 ml HEV (1 ml per
pig) 24 h later. The feces were collected daily for HEV RNA detec-
tion.

Piglets were humanely euthanized, following the guidelines of
the Care and Use of Laboratory Animals, at 7 days post-inoculation

Group 4 Group 5 Group 6 Group 7

sh-2 sh-3 sh-4 sh-scr
HEV HEV HEV HEV
Mild Mild Severe Severe

N/N N/N P(1/3)/N P(3/3)/N
↑ ↑ ↑ ↑
↑ — ↑ ↑
— — — ↑

N N N N
N N P (1/3) P (1/3)
P (1/3) P (1/3) P (1/3) P (3/3)
P (1/3) P (1/3) P(1/3) P (3/3)
Less Less P (1/3) P (3/3)
Less Less P (1/3) P (3/3)
Less N P (1/3) P (3/3)
Mild Mild Severe severe

Rp-3 injection; sh-4: shRNA-RdRp-4 injection; sh-scr: shRNA-scrambled injection.
with icteric viral hepatitis or diarrhea; mild: inapparent infection. IgG/IgM: HEV
ositive; P (1/3): one of three piglets was positive. ALT, AST, TBIL, —: no significant
egative detected by RT-PCR; P: HEV RNA positive detected by RT-PCR. Liver, spleen,
intense than in positive infection. Histological, N: no histological changes; severe:
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hen all the piglets in Group 2 were confirmed to be passing
EV RNA in feces. Blood was collected for RT-nPCR detection,
LISA tests, and enzyme activity assays by automated biochem-

stry analyzer. Liver, spleen, and kidney were collected for RT-nPCR
etection (stored at −80 ◦C until used), for indirect immunofluo-
escence observation (frozen and cut into 6 �m sections), and for
istopathological examination (fixed immediately in 10% neutral
uffered formalin).

.4.1. Anti-HEV antibody determination
HEV IgM and IgG were separately determined using commer-
ial ELISA kits (Wantai, China), according to the manufacturer’s
irections. The kit contains both positive and negative controls. The
utoff value for IgM assay was determined based on 0.25 (0.22 for
gG) plus the mean OD450 values of sera from normal control piglets
±standard deviation).

ig. 1. Transfection of pcDNA3.1-RdRp-eGFP with siRNAs in A549 cells. The pcDNA3.1-Rd
bservation by fluorescence microscopy. (A) 1: pcDNA3.1-RdRp-eGFP plasmid transfecti
cDNA3.1-RdRp-eGFP plasmid and scrambled siRNA co-transfection; 5–8: pcDNA3.1-RdR
iRNA-RdRp-3 and siRNA-RdRp-4. Pictures were taken at 48 h post-transfection with a Ni
EV specific siRNAs detected by RT-qPCR.
rch 83 (2009) 274–281 277

2.4.2. HEV RNA detection
The total RNA of the feces was extracted by Trizol (Invitrogen,

America), according to the manufacturer’s instructions. The reverse
transcription PCR was performed as described above.

2.4.3. HEV antigens observation
Frozen tissues were cut into 6 �m sections for indirect

immunofluorescence observation. HEV-specific ORF2 primary anti-
body (ABR, America, 1:500 dilution), whose recombined protein is
completely conserved in four genotypes (1–4), designed to detect
capsid proteins of HEV genotypes (1–4), was added to sections
and incubated at 37 ◦C for 30 min. After washing with phosphate

buffered solution (PBS), FITC-labelled goat anti-rabbit secondary
antibody (Dingguo, China, 1:500 dilution) was added and incu-
bated at 37 ◦C for 30 min. After washing with PBS, slides were
observed with a Nikon TE 2000 fluorescence microscope. All spec-
imens were tested in duplicate with positives control (specimens

Rp-eGFP plasmid was transfected into A549 cells with various siRNAs 48 h before
on; 2: pcDNA3.1 plasmid transfection; 3: pcDNA3.1-eGFP plasmid transfection; 4:
p-eGFP plasmid was separately co-transfected with siRNA-RdRp-1, siRNA-RdRp-2,
kon TE2000 microscope system. (B) HEV RdRp mRNA expression was decreased by
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ig. 2. HEV protein expression inhibited by siRNAs 72 h post-inoculation. Western
lotting was performed on equal amounts of protein harvested from A549 cells 72 h
ost-inoculation. (A) 1 line: HEV inoculation alone; 2–5 lines: pre-transfected siRNAs
siRNAs-RdRp-1–4, respectively). (B) GAPDH used as a loading control.

f HEV infected swine) and negative control (specimens of normal
ontrol piglets).

.4.4. Serum liver chemistry profile
The activities of ALT, AST, and levels of TBIL in sera were mea-

ured with an automated biochemistry analyzer (Olympus 2700,

apan).

.4.5. Histopathological examination
Tissues fixed in 10% neutral buffered formalin were sectioned at

�m and stained with hematoxylin and eosin. The tissue sections

ig. 3. HEV antigens in tissues of piglets were obviously reduced by shRNA-RdRp-1. (A) 1–
iglets (Group 2) 7 days post-inoculation, observed by indirect immunofluorescence. (B

nfected piglets (Group 3) 7 days post-inoculation. Piglets were injected with shRNA-RdR
rch 83 (2009) 274–281

were examined and compared with normal controls.

3. Results

3.1. Construction of RdRp recombinant plasmids

The 747 bp RdRp gene of HEV (4114–4830 nt) was ampli-
fied by RT-nPCR and introduced into the pcDNA3.1-eGFP vector
with the restriction sites of BamHI/BstXI, to yield pcDNA3.1-RdRp-
eGFP. The recombinant plasmid was identified by digestion and
sequenced.

3.2. Suppression of HEV by siRNAs in A549 cell

3.2.1. Reduction of HEV mRNA
The suppression of RdRp in mRNA level was observed by flu-

orescence microscopy at 48 h post-transfection (Fig. 1A) and the
decrease in HEV mRNA was determined at 48 h post-inoculation
by Real-Time qPCR (Fig. 1B). The relative reduction of mRNA in
the silenced cells and unsilenced cells was calculated according
to the Pfaffl method (Pfaffl, 2001). The transcription level of RdRp
mRNA was decreased about 32-fold, 4-fold, 8-fold and 1.319-fold in
cells transfected with siRNA-RdRp-1, siRNA-RdRp-2, siRNA-RdRp-
3 and siRNA-RdRp-4, respectively. However, no significant changes
were noted in cells transfected with scrambled siRNA (Fig. 1B). The
mRNA level of GAPDH was not significantly changed in either non-
transfected or transfected cells.
3.2.2. Detection of HEV infected A549 cells by Western blot
To analyze the suppression efficiency at the pro-

tein level, A549 cells were collected for Western blot
analysis at 72 h post-inoculation. The inoculated cells expressed
the expected ORF2 protein band (71 kDa, Fig. 2A-1), while the

3: HEV antigens distributed in the liver (1), spleen (2) and kidney (3) of HEV infected
) 1–3: HEV antigens distributed in the liver (1), spleen (2) and kidney (3) of HEV
p-1 expression plasmid 24 h before HEV inoculation.
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ig. 4. The enzyme activities of AST, ALT and in level of TBIL in piglets 7 days post-i
epresent the average of three experiments, with the standard deviation indicated b

ells pre-transfected with HEV specific siRNAs showed protein
ands of decreased intensity (Fig. 2A-2–5). The bands reacted with
nti-HEV RdRp antibody. Western blot analysis showed that the

EV ORF2 protein expression was significantly reduced in cells
re-transfected with HEV specific siRNAs, especially in siRNA-
dRp-1 (Fig. 2A-2), compared with cells that were not transfected
ith siRNAs before inoculation. GAPDH was used as a loading

ontrol in this experiment (Fig. 2B).

ig. 5. Histopathological changes in piglets 7 days post-inoculation. (A) 1: livers of pig
400; 3: livers of piglets injected with shRNA-scrambled expression plasmid 24 h pre-i
xpression plasmids 24 h pre-inoculation, ×400. (B) 1: spleens of piglets in normal contro
njected with shRNA-scrambled expression plasmid 24 h pre-inoculation, ×200; 4–7: sple
re-inoculation, ×200. Tissues were stained with hematoxylin and eosin.
tion. The normal value presents the upper limits with negative deviation. The data
r bars (±S.D.).

3.3. Inhibition of HEV infection by shRNA in piglets

3.3.1. Clinical evaluation and gross and microscopic lesions

Piglets in Group 2 (inoculated HEV), Group 6 (pre-injected with

shRNA-RdRp-4) and Group 7 (pre-injected with shRNA-scrambled)
developed severe hepatitis with icteric viral hepatitis or diar-
rhea, which was consistent with previous studies (Aggarwal and
Krawczynski, 2000; Feagins et al., 2008). The piglets pre-injected

lets in the normal control group, ×400; 2: livers of piglets inoculated with HEV,
noculation, ×200; 4–7: livers of piglets separately injected with shRNA-RdRp-1–4
l group, ×200; 2: spleens of piglets inoculated with HEV, ×200; 3: spleens of piglets
ens of piglets separately injected with shRNA-RdRp-1–4 expression plasmids 24 h
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ith shRNA-RdRp-2 and shRNA-RdRp-3 showed a mild viral hepati-
is. However, no symptoms were observed in piglets injected with
hRNA-RdRp-1 expression plasmids.

.3.2. Anti-HEV antibody determination by ELISA
Elevated anti-HEV IgM was detected in all the infected piglets

n Group 2 and Group 7, and in one member of the Group 6. How-
ver, none of the piglets injected with HEV specific shRNA-RdRp-1,
hRNA-RdRp-2 or shRNA-RdRp-3 expression plasmids showed
nti-HEV IgM. Anti-HEV IgG was not detected in any of the piglets
n this study.

.3.3. HEV antigens in piglets inhibited by shRNAs
HEV RNA was detected in feces in Group 2 (HEV inoculated) from

days post-inoculation until human euthanization, which was con-
istent with previous studies (Feagins et al., 2008; Kasorndorkbua et
l., 2004). HEV RNA was also detected in Group 7 (pre-injected with
hRNA-scrambled) and in one member of Group 6 (pre-injected
hRNA-HEV-4) in feces on the same day. There was no HEV RNA
etected in Group 3 (pre-injected shRNA-HEV-1) throughout the
ntire study (Table 2). The presence of HEV antigens were observed
y indirect immunofluorescence in the liver, spleen, and kidney
Fig. 3A-1–3) in the inoculated group (Group 2), but no signs were
bserved in the normal control group. HEV antigens in the liver,
pleen, and kidney were obviously reduced by the shRNA-RdRp-1
xpression plasmid (Fig. 3B-1–3).

.3.4. The activities of liver enzymes
The sera were separated and enzyme activities were character-

zed using an automated biochemistry analyzer. The infected piglets
howed a significant elevation in ALT activity, 2.125 times higher
han the upper limits of normal controls (∼40), the activity of AST
as 1.825 times higher than the upper limits (∼40), and the level

f TBIL was 3.396 times higher than the upper limits (∼1.06) of
ormal controls. The activities of ALT (P = 0.0023), AST (P = 0.0021)
nd TBIL (P = 0.0018) were significantly decreased in piglets injected
ith the shRNA-RdRp-1 expression plasmid compared with HEV

nfected group (Fig. 4).

.3.5. Histopathological changes
The hepatic injuries caused by HEV infection were observed in

ll of the infected piglets. Enlarged livers were filled with inflam-
atory exudates, hepatocyte necrosis, and liver hemorrhages

Fig. 5A-2). The enlarged spleen displayed multiple hemorrhages,
ocal necrosis, and lymphocyte proliferation (Fig. 5B-2). The degrees
f hepatic and splenetic injuries were clearly attenuated in piglets

njected with the shRNA-RdRp-1 expression plasmid (Fig. 5A-4 and
-4). The shRNA-RdRp-2, shRNA-RdRp-3 or shRNA-RdRp-4 expres-
ion plasmids showed some protective effects as well (Fig. 5A-5,
6 and -7, B-5, -6 and -7). However, piglets injected with shRNA-
crambled expression plasmid showed no increased protection
Fig. 5A-3 and B-3). There was no injury in the livers or spleens
n the normal control group (Fig. 5A-1 and B-1).

. Discussion

Hepatitis E infection is now of considerably concern, as its anti-
ody is now found globally. HEV is one of the most important causes
f acute clinical hepatitis in adults in developing countries (Tei et
l., 2003). The nonstructural polyprotein RdRp of virus is involved
n the earliest stages of viral replication (Arbuthnot and Thompson,

008; DeMarini et al., 2003; Zhong et al., 2000; Brockway et al.,
003). Because of this, RdRp may prove to be the best target and
est timed strategy for suppression of HEV replication by RNA inter-

erence. As an antiviral therapy tool, RNA interference has great
romise (Kumar et al., 2008; Lupberger et al., 2008; Ni et al., 2005)
rch 83 (2009) 274–281

and represents a realistic approach for suppressing recalcitrant viral
infections such as those induced by HEV.

In the current study, HEV-specific siRNAs effectively and specif-
ically inhibited the expression of HEV RdRp gene in A549 cells.
Cells transfected with HEV specific siRNA-RdRp-1 were capable of
preventing infection of host cells by HEV. These in vitro findings
indicated that this protocol may be an effective antiviral strategy
for HEV infection.

The further demonstration of an equally efficient in vivo sup-
pression of HEV infection in piglets following injection with
HEV-specific shRNA expression plasmids is particularly encourag-
ing. In Group 3 piglets, which were injected with the shRNA-RdRp-1
expression plasmid, no HEV RNA was detected in the group
throughout the entire study. In addition, HEV antigens were obvi-
ously reduced in the liver, spleen, and kidney of these piglets, as
were activities of ALT, AST and the level of TBIL. This clear reduction
in in vivo infection symptoms is a strong indication of the potential
usefulness of the RNAi approach as an alternative to the relatively
unsuccessful vaccination approaches that have been attempted
previously.

In conclusion, the findings of the present study strongly suggest
that HEV-specific siRNA (siRNA-RdRp-1) is capable of inhibiting the
HEV expression and replication both in vitro in A549 cells and in
vivo in piglets. Thus, RNAi looks extremely promising as a potential
antiviral therapy for suppression of HEV infection.
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