
I
v
b

G
J
K
N

a

A
R
R
A

K
P
A
R
s

1

t
t
a
b
a
R
h
T
s
a
v

0
d

Antiviral Research 82 (2009) 157–165

Contents lists available at ScienceDirect

Antiviral Research

journa l homepage: www.e lsev ier .com/ locate /ant iv i ra l

nhibition of porcine reproductive and respiratory syndrome
irus replication by adenovirus-mediated RNA interference
oth in porcine alveolar macrophages and swine

uangming Li, Ping Jiang ∗, Yufeng Li, Xianwei Wang, Juan Huang, Juan Bai,
un Cao, Biyue Wu, Nianqu Chen, Basit Zeshan
ey Laboratory of Animal Diseases Diagnostic and Immunology, Ministry of Agriculture, College of Veterinary Medicine,
anjing Agriculture University, Tong Wei Road 6#, Nanjing 210095, Jiangsu, China

r t i c l e i n f o

rticle history:
eceived 3 September 2008
eceived in revised form 2 February 2009
ccepted 26 February 2009

eywords:
RRSV
denovirus vector
NAi
hRNA

a b s t r a c t

Porcine reproductive and respiratory syndrome virus (PRRSV) has been mainly responsible for the heavy
economic losses in many swine-producing regions. Current vaccination strategies and antiviral drugs
provide only limited protection. Consequently, there is a need to develop a new antiviral strategy. In this
study, two recombinant adenoviruses expressing short-hairpin RNAs (shRNAs) directed against ORF1b of
PRRSV S1 strain were constructed and the inhibition of PRRSV replication was determined. The results
showed that pretreatment with these shRNAs delivered by recombinant adenovirus could induce a sig-
nificant inhibition of viral RNA and protein level in Marc-145 cells infected with PRRSV S1 strains. One
recombinant adenovirus (rAd-P2) was found to be also effective in inhibiting the replication of highly
virulent PRRSV SY0608 strain in Marc-145 cells and porcine alveolar macrophages at both the protein
and ORF1b mRNA level. The antiviral effect was dose-dependent and sustained for at least 96 h. Twenty
6-week old piglets were assigned to four groups each with five piglets. Groups 1 and 2 were inoculated
intramuscularly with rAd-P2 and mock construct rAd-mP2 individually. After 24 h, groups 1, 2 and 3 were
challenged intramuscularly with the SY0608 strain. Group 4 remained unchallenged but with PBS as

mock. The results showed that the viral load of PRRSV in serum and lung tissue of swine was suppressed
effectively by rAd-P2. The clinical signs and pathological lesions in the pigs inoculated with rAd-P2 were
milder than those in rAd-mP2 negative and PRRSV control. These results indicated that shRNAs mediated
by the adenovirus could inhibit PRRSV infection sufficiently in vitro as well as in vivo. RNAi mediated by

migh
d-P2
recombinant adenovirus
protective efficiency of rA

. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is one of
he most economically significant viral diseases in the swine indus-
ry, which characterized by reproductive problems in sows such
s poor farrowing rates, premature farrowings, and increased still-
irths, as well as respiratory problems in piglets such as pneumonia
nd atrophic rhinitis (Collins et al., 1992; Wensvoort et al., 1991).
ecently, a highly pathogenic PRRSV spread wildly in many swine
erds in China and caused serious economic losses (Li et al., 2007b;

ian et al., 2007). The current commercial PRRSV vaccines do not
ufficiently protect pigs from PRRSV infection. Therefore, it is imper-
tive to develop new antiviral strategies to prevent and control this
iral infection.

∗ Corresponding author. Tel.: +86 25 84395504; fax: +86 25 84396640.
E-mail address: jiangp@njau.edu.cn (P. Jiang).

166-3542/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2009.02.202
t be a potential new tool for controlling PRRSV infection. Of course, the
should be made by using a large number of pigs in future.

© 2009 Elsevier B.V. All rights reserved.

PRRSV is an enveloped, single-stranded positive-sense RNA virus
of the family Arteriviridae in the order Nidovirales. The genome of
PRRSV is approximately 15 kb in length and consists of nine open
reading frames (ORFs) (Dea et al., 2000; Wu et al., 2001). Among
them, ORF1a and ORF1b are situated at the 5′ end of the genome,
represent nearly 75% of the viral genome, and encode proteins with
apparent replicase and polymerase activity. The ORF7, situated at
the 3′ end of the genome, encodes a 14–15 kDa capsid protein (N)
constituting about 20–40% of the proteins of the virion (Mounir
et al., 1995; Nelson et al., 1995). PRRSV can persist in pigs for a
long period of time after initial infection and the infected animals
can shed infectious virus for several months, even though the pigs
have PRRSV-specific humoral and cell-mediated immune responses

(Christopher-Hennings et al., 1995; Mateu and Diaz, 2008).

RNA interference (RNAi) is a natural posttranscriptional gene
silencing mechanism, which is induced by 19–27 nucleotide (nt)
small interfering RNA (siRNA) molecules homologous to the target
genes (Jana et al., 2004). Many studies have shown that short-

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:jiangp@njau.edu.cn
dx.doi.org/10.1016/j.antiviral.2009.02.202
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airpin RNA (shRNA) could suppress gene expression significantly
hen delivered into mammalian cells in vitro (Dykxhoorn et al.,

003; McManus and Sharp, 2002). In recent years, the RNAi tech-
ique has been used to induce gene silencing in a number of viruses,

ncluding foot-and-mouth disease virus (Chen et al., 2006), hepati-
is B virus (Uprichard et al., 2005), influenza virus (Tompkins et
l., 2004), porcine circovirus type 2 (Feng et al., 2008) and human
mmunodeficiency virus (An et al., 2007). It has been demonstrated
hat shRNAs directed against ORF1b, ORF5 and ORF7 regions of
RRSV could markedly inhibit virus replication in Marc-145 cells
y using plasmids expressing shRNA (Huang et al., 2006; Li et al.,
007a). However, the potential of shRNA to prevent PRRSV infection
r suppress PRRSV replication in vivo has not been established. In
his study, two recombinant adenoviruses expressing shRNA tar-
eting ORF1b of PRRSV were constructed and it was found that
hey could inhibit PRRSV replication efficiently in Marc-145 cells,
orcine alveolar macrophages and piglets.

. Materials and methods

.1. Cell cultures and viruses

Human embryo kidney cells (HEK-293A) were used to generate
ecombinant adenovirus type 5 (rAd5) and to determine virus titers.
arc-145 cells were used to grow PRRSV and to determine virus

iters. HEK-293A cells and Marc-145 cells were cultured in Dul-
ecco’s modified Eagle’s medium (DMEM) supplemented with 10%
f heat-inactivated fetal bovine serum (FBS). Cells were trypsinized
nd seeded in 96-well or 24-well plates at 20- to 24 h before
irus inoculation. Porcine alveolar macrophages were obtained
rom 3 to 5-week old piglets (serologically negative of PRRSV and
CV2) and were cultured in RPMI-1640 supplemented with 10% FBS
s described previously (Zeman et al., 1993). Macrophages were
eeded at the rate of 106 cell/ml in 96- or 24-well plates and were

llowed to adhere for 7 h. Non-adherent cells were decanted, and
ells were refilled with RPMI medium and 10% FBS. Inoculation was
one at 24 h post-seeding. All the cultures were incubated at 37 ◦C
ith 5% CO2. The high virulent PRRSV strain SY0608 (15 passages)

GenBank accession number EV144079] and virulent strain S1 (30

ig. 1. Schematic description of target viral genome, shRNA-expressing cassette, Ad5 sh
iRNA: P2 and P3. S1 and SY0608 contain a nucleotide difference within the P3 targeted se
ismatches are indicated by lowercase letters. (B) An inverted repeat directed to the ta

ranscriptional terminator. The shRNA-expressing cassette was amplified using PCR and
oly(A) transcriptional termination signal (An). The transcription of shRNA could be drive
he adenoviral backbone plasmid pAdEasy-1 into BJ5183 by electroporation, and the reco
h 82 (2009) 157–165

passages) [GenBank accession number DQ459471] were isolated
and stored in the laboratory, and were used for viral challenge.

2.2. Construction of recombinant plasmids and production of
recombinant adenovirus

The shRNA-expressing plasmids pSUPER-P2, pSUPER-P3 and
pSUPER-mP2 were constructed as described previously (Huang et
al., 2006; Li et al., 2007a). pSUPER-mP2 which had three differ-
ent nucleotides from the wild-type shRNA, pSUPER-P2, was used
as a negative control (Fig. 1A). To construct recombinant aden-
ovirus shuttle vectors, the primers containing Kpn I enzyme site
in the sense primer and Xho I in the antisense primer were used.
PH1-shRNA-expression cassettes were amplified from the pSUPER
constructs, respectively, and then inserted into the kpn I/xho I sites
of pAdTrack-CMV (Stratagene, La Jolla, CA) (He et al., 1998). The
resultant recombinant shuttle vectors, in which the expression of
shRNAs could be driven by both PH1 and PCMV, were confirmed by
sequencing and designated as pCMV-P2, pCMV-P3 and pCMV-mP2,
respectively (Fig. 1).

The recombinant shuttle vectors were linearized with Pme I and
cotransformed with the pAdEasy-1 into E. coli BJ5183 by electro-
poration. Positive clones were selected and confirmed by making
DNA minipreps and Pac I digestion. The resulting adenoviral plas-
mids were linearized with Pac I, purified by ethanol precipitation,
and transfected into HEK-293A cells. The cells in each well were
transfected with 1 �g of linearized plasmid DNA using 3 �l of Trans
FastTM Transfection Reagent (Promega). The recombinant aden-
ovirus yields of rAd-P2, rAd-P3 and rAd-mP2 (negative control),
were confirmed by the expression of green fluorescent protein
(GFP). To generate high-titer viral stock, adenoviruses rAd-P2, rAd-
P3, and rAd-mP2 were harvested and passaged three times in
HEK-293A. Final virus yields were 109.0 CCID50/ml.
2.3. Viral challenge in vitro

To assess the capacity of rAd5 to inhibit PRRSV replication in
vitro, Marc-145 cells and porcine alveolar macrophages (PAMs), sus-
ceptible to rAd5 infection but not permitting productive replication,

uttle vector and rAd5 DNA. (A) Genomic structure of PRRSV and position of target
quence. mP2 had three different nucleotides from P2 was used as negative control.
rget site in PRRSV genome was cloned into vector under the control of PH1 and a
subcloned into Ad5 shuttle vector pAdTrack-CMV under the control of PCMV and a
n by either PCMV or PH1. (C) The resultant Ad5 shuttle vector was cotransfected with
mbinant adenoviral DNAs were generated by homologous recombination.
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ig. 2. Quantification of GFP intensity in Marc-145 cells. The fluorescence in each
evel of GFP intensity was measured by chemiluminescence’s detector (B). The pictu
hown here was one of three experiments.

ere seeded and incubated overnight at 37 ◦C with 5% CO2. When
he cells reached 80–90% confluency, they were inoculated with
Ad5 at a multiplicity of infection (MOI) of 500 in RPMI-1640
edium with 2% fetal calf serum. At 24 h post-inoculation, the cells
ere challenged with PRRSV at a MOI of 10 without removing the

Ad5 suspension. At 48–72 h post-challenge (hpc), the cells were
xamined microscopically for GFP expression and cytopathogenic
ffects (CPE). The relative level of GFP expression in the cells was
easured by a chemiluminescence’s detector using Gene5 software

BioTek Instruments, Inc., Winooski, VT). Briefly, the OD485 values
n the wells inoculated with different rAd5 were examined individ-
ally. After averaging the score from images of each treatment, the
core for background (non-rAd5 treatment) was subtracted to gen-
rate the data presented in Fig. 2. The cells were analyzed by IFA,
nd the supernatants and cell lysates were collected for real-time
CR and Western blotting analysis, respectively.

.4. Indirect immunofluorescence assay (IFA)

Marc-145 cells or macrophages seeded in 96-well plates were
xed in ethanol. Following three washes in phosphate-buffered
aline (PBS, pH 7.4), the fixed cells were incubated with monoclonal
ntibody (McAb) against the N protein (kindly provided by Dr. D.A.
enfield and E.A. Nelson in South Dakota University, Vermillion, SD)
nd mice serum antibody against ORF1b of PRRSV SY0608 (made
ith the recombinant protein expressed in E. coli in the labora-

ory) for 1 h at 37 ◦C. Unbound antibody was washed three times
ith PBS containing 0.1% Tween-20. Fluorescein-conjugated goat

nti-mouse antibody (Boster Bio-Tech Co. Ltd., Wuhan, China) was
dded and incubated for 1 h at 37 ◦C. After three washes with PBS,
ositive signal was analyzed under fluorescence microscopy (Zeiss
xiovert 200).

.5. Analysis of PRRSV ORF1b gene in Marc-145 cells and
acrophages by real-time PCR
Total RNA was extracted from Marc-145 or macrophages cul-
ures with TRIzol® Reagent (Invitrogen, Carlsbad, CA). Reverse
ranscription was carried out using MLV-RT (Promega, Madison,

I) in 25 �l reaction mixture containing 2 �g RNA according to the
anufacturer’s instructions. One microliter of RT reaction mixture
as first observed under an inverted fluorescence microscope (A), and the relative
ere taken with an inverted fluorescence microscope. Magnification, 200×. The data

was submitted to real-time PCR analysis by using ORF1b-specific
primers (sense: 5′-CCT AAT GCT ACT CCG GTG ACT GA-3′; anti-
sense: 5′-TGG TCG GCA CAT ACA ACT CAA-3′), and SYBR® Green
Realtime PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan), according
to the Manufacturer’s recommendations. The reaction procedure
was 95 ◦C 2 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for
1 min. �-actin gene served as an internal reference (Li et al., 2007a).
Cycle times of the internal reference that varied by >1.0 unit in trip-
licate were discarded. The relative amount of target gene mRNA was
normalized to that of �-actin mRNA in the same sample. To con-
firm specific amplification, melting curve analysis of the RT-PCR
products was performed according to the Manufacturer’s proto-
col. Real-time PCR was performed in an ABI PRISM 7300 sequence
detection system and analyzed with ABI PRISM 7300SDS software
(Applied Biosystems, Foster City, CA).

2.6. Quantitative RT-PCR for PRRSV in serum and lung tissues

Total RNA was extracted from serum and lung tissues as above
and ORF7 mRNA of PRRSV SY0608 was detected as described
previously (Huang et al., 2006). For each assay a standard curve
was generated using serially diluted PRRSV SY0608 standard of
100–108 CCID50/ml.

2.7. Western blotting assay

Marc-145 cells plated in six-well plates were harvested in lysis
buffer (50 mM Tris–HCl, pH 8, 6.25 mM EDTA, 1% NP-40, 0.4% deoxy-
cholate) and subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by blotting onto nitrocel-
lulose (NC) membrane (Pall Co., Ann Arbor, MI). The membrane
was incubated with anti-N monoclonal antibody and rabbit anti-
�-actin antibody (Bios Biotech Co., Ltd, Beijing, China), followed by
incubation with peroxidase-conjugated goat anti-mouse antibody
or peroxidase-conjugated SPA. The proteins were visualized by
enhanced chemiluminescence (Denville Scientific Inc., Metuchen,
NJ).
2.8. Viral challenge assay in pigs

Twenty 6-week old piglets (Duroc × (Landrace × Domestic
breeds), weighing 12.5–15.0 kg) free from PRRSV, PRV and PCV-2
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ere randomly divided into four groups of five animals each and
oused separately in disease-secure isolated facilities. Group 1 and
were inoculated intramuscularly with recombinant adenovirus

Ad-P2 and rAd-mP2 (4 × 109 CCID50 per piglet) individually, while
he group 3, untreated with rAd5, was used as PRRSV challenge con-
rol. Group 4 was inoculated with PBS and served as mock. After
4 h, all the pigs in groups 1–3 were challenged intramuscularly
ith 2 × 104.0 CCID50 of PRRSV SY0608 (15 passages). The animals
ere monitored daily for body temperature and clinical signs of
isease until 9 days post-challenge (dpc). On 1 and 5 dpc, the blood
nd serum samples were collected for PRRSV titration using quanti-
ative RT-PCR. On 9 dpc, all piglets were euthanized and necropsied,
nd the lung tissues were collected for viral RNA and pathological
xaminations.

.9. Pathological examinations

All the piglets were necropsied and the macroscopical lung
esions of the animals were evaluated in a blind manner based
n the approximately volume that each lobe contributes to the
ntire lung as described by Halbur et al. (1995). The sections
5 �m thick) of 10% neutral buffered formalin-fixed, paraffin-
mbedded lung tissues were processed for hematoxylin and eosin
HE) staining. Interstitial pneumonia was evaluated based on
he increased thickness of the alveolar walls, accumulation of

ononuclear inflammatory cells and proportion of infected tis-
ue.
.10. Statistical analysis

Results were analyzed for significance by one-way ANOVA test
sing SPSS software version 16.0. The mean difference was consid-
red significant at the 0.05 level.

ig. 3. Inhibition of PRRSV S1 (A and C) and SY0608 (B and D) replication by rAd5 in Mar
ith rAd-P2, rAd-P3 or rAd-mP2 at 500 MOI. After 48–72 h incubation, the cells were exam
ere detected by CCID50 (C and D). The pictures were taken with an inverted fluorescenc
h 82 (2009) 157–165

3. Results

3.1. rAd5 expressing shRNA inhibit replication of different PRRSV
isolates in Marc-145

Two recombinant adenoviruses expressing shRNA directed
against different regions of ORF1b gene of PRRSV S1 were con-
structed and designated as rAd-P2 and rAd-P3, respectively. It was
found that there was a single mismatched nucleotide between
shRNA expressed by rAd-P3 and the target site in ORF1b gene
of new highly virulent strain SY0608, based on sequence analy-
sis (Fig. 1). Another recombinant adenovirus rAd-mP2 which had
three different nucleotides from the wild-type shRNA expressed
by rAd-P2 was constructed and used as a negative control. All three
rAd5 recombinants could express GFP in cells at 48 h post-infection
(Fig. 2A).

In order to investigate whether the replication of the high
pathogenic strain SY0608 and the traditional strain S1 could both
be inhibited by rAd-P2 and rAd-P3, Marc-145 cells were challenged
with PRRSV 24 h post-inoculation with the rAd5 individually. After
incubation for 48 h, the cells were examined for GFP expression and
CPE, and the culture supernatants were collected and the virus yield
was determined by CCID50. The results showed that the frequency
of GFP expressing cells was almost the same in the wells inocu-
lated with the rAd5 individually (Fig. 2). In the presence of rAd-P2
and rAd-P3, there was no CPE induced by PRRSV S1, and the titer of
PRRSV S1 was reduced significantly by approximately 100–1000-
fold, respectively (P < 0.05). When challenged with SY0608, only
rAd-P2 could prevent CPE from SY0608 infection effectively, and the

titer of PRRSV SY0608 was reduced significantly by approximately
100- to 1000-fold (P < 0.05) (Fig. 3). Thus, rAd-P2 was competent
to suppress the replication of the two PRRSV strains, and it was
selected in the following studies in which only SY0608 strain was
used for challenge.

c-145 cells. Cells were challenged with PRRSV (at 10 MOI) at 24 h after inoculation
ined for CPE (A and B) and then culture supernatants were collected and virus yields
e microscope. Magnification, 200×. The data shown was one of three experiments.
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Fig. 4. Suppression of PRRSV SY0608 replication by rAd-P2 in Marc-145 cells at different levels. Cells seeded in 96-well plates were inoculated with rAd5 at 500 MOI, and
c ere fi
( sis wi
c T-PCR
w n her

3
a

d

F
c
a
T

hallenged with PRRSV SY0608 (at 10 MOI) at 24 h post-inoculation. At 72 hpc, cells w
A). In other experiments, cells were collected and lysed for Western blotting analy
ultures were collected for determination of the ORF1b mRNA level by quantitative R
as normalized to the level of �-actin mRNA in the same sample (C). The data show

.2. rAd-P2 suppresses replication of SY0608 strain in Marc-145

t different levels

Cells treated with rAd-P2 were challenged with PRRSV and
etected by IFA, Western blotting analysis using monoclonal

ig. 5. Inhibition of virus replication induced by rAd-P2 in porcine alveolar macrophages.
hallenged with PRRSV SY0608 at 10 MOI at 24 h post-inoculation. At 72 hpc, cytopathoge
nti-ORF1b antibody (Magnification, 200×) (B). In another experiment, ORF1b mRNA was
he level of ORF1b mRNA was normalized to the level of �-actin mRNA in the same samp
xed and PRRSV were detected by IFA with antibody to ORF1b (Magnification, 200×)
th anti-N monoclonal antibody and anti-�-actin monoclonal antibody (B), and cell
. The mRNA of �-actin served as an internal reference and the level of ORF1b mRNA
e was from one of three experiments.

antibody against N protein or antibody against ORF1b protein, and

ORF1b mRNA level was determined by real-time PCR. As shown
in Fig. 4, ORF1b and nucleocapsid (N) protein level of PRRSV were
depressed by rAd-P2 as detected by IFA and Western blot. ORF1b
mRNA level of PRRSV was decreased significantly by rAd-P2 in

Macrophages seeded in 96-well plates were inoculated with rAd5 at 500 MOI, and
nic effects of macrophages were observed (A), and cells were fixed and stained with
detected by real-time RT-PCR. The mRNA of �-actin served as an internal reference.
le (C), and virus titers in cell cultures were detected at 72 h post-challenge (D).
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Fig. 7. Rectal temperatures of pigs in different groups at different time post-
challenge. Twenty 45-days old pigs were divided randomly into four groups and
five for each. Groups 1–2 were inoculated intramuscularly with rAd-P2 and rAd-

9

62 G. Li et al. / Antiviral R

omparison to those in the control groups (P < 0.05). It indicated
hat the inhibition was done by shRNA expressed by rAd-P2 directly
gainst viral genomic RNA.

.3. rAd-P2 inhibits replication of SY0608 strain in macrophages
t protein and mRNA levels

Porcine alveolar macrophages seeded in 96-well plates were
noculated with the rAd5 and challenged with PRRSV SY0608 using
he same procedure as in Marc-145 cells and at 72 hpc, PRRSV was
etected with different methods. The results showed that in the
resence of rAd-P2 there was almost no CPE induced by PRRSV,
nd the frequency of fluorescence-stained cells by IFA using anti-
ody against ORF1b were reduced significantly, when compared
ith those of the rAd-mP2 and PRRSV control groups. ORF1b mRNA

evel was decreased markedly by rAd-P2 as compared to those in
ther groups (P < 0.05). The titer of PRRSV in the rAd-P2-treated
roup was significantly lower than that in the rAd-mP2 and virus
ontrol groups by approximately 1000-fold (P < 0.05) (Fig. 5).

.4. Inhibition of viral replication in macrophages is time- and
ose-dependent

To detect the inhibition effect–time relationship, macrophages
ere first inoculated with the rAd5 individually, followed by PRRSV
hallenge at 24 hpc. At 48, 72 and 96 hpc, the cell cultures were
arvested and the virus titers were measured by CCID50. As shown

n Fig. 6A, the inhibition effect induced by rAd-P2 could last for at
east 96 h post-infection.

ig. 6. The duration and dose-dependent inhibition of PRRSV replication in
acrophages. Cells were infected with PRRSV at 10 MOI at 24 h after inoculation
ith those rAd5 at 500 MOI individually. At 48, 72 and 96 hpc, the cell cultures were
arvested and the virus titers were measured by CCID50 (A). In another test, cells
ere incubated with the indicated rAd5 at different MOIs for 24 h, and challenged
ith PRRSV SY0608 at 10 MOI and incubated for 72 h. The cell cultures were har-

ested and the virus yield was measured by CCID50 (B). The data shown here was
rom one of three experiments.
mP2 at 4 × 10 CCID50. At 24 h after inoculation groups 1–3 were challenged with
2 × 104 CCID50 of PRRSV SY0608 intramuscularly, and group 4 was treated with PBS
as a negative control. The rectal temperatures of pigs in different groups were tested
every 12 h post-challenge.

To detect the dose-dependent suppression of viral replication,
macrophages seeded in 24-well plates were first inoculated with
the rAd5 at increasing amounts (50–2000 MOI) individually, fol-
lowed by PRRSV challenge at 24 hpc. The results showed that the
cells inoculated at a higher dose of rAd-P2 displayed a stronger
antiviral effect at each time point, relative to the lower dose groups,
as shown in Fig. 6B.

3.5. rAd-P2 decreased the pathogenicity of SY0608 strain in swine

As shown in Fig. 7, piglets in rAd-mP2 inoculated group and virus
control group developed high fever (40.0–42 ◦C) from 3 dpc. Then
the pigs displayed a range of clinical signs, including loss of appetite,
lethargy, dyspnoea, red skin, eyelid oedema, lightly diarrhea and
rough hair coats. However, piglets inoculated with rAd-P2 showed
fever which only started from 6 dpc (40.0–41 ◦C) and the rectal tem-
perature was relatively lower than that of pigs in the rAd-mP2 and
control groups during the period of 3–9 dpc (P < 0.05). At 8 dpc, three
pigs in the rAd-P2 group also showed little appetite and lethargy.
The onset of disease in pigs inoculated with rAd-P2 was markedly
delayed.

All pigs were examined for pathological lesions at 9 dpc. The
results indicated that three of five pigs from the rAd-P2 inoculated
group had minor gross lesions in lung, showing minor interstitial

pneumonia, and the rest of the piglets did not show gross lung
lesions. The gross lesion scores in piglets inoculated with rAd-P2
was significantly lower than those of rAd-mP2 group and virus con-
trol group (P < 0.05) (Table 1). No obvious microscopic lesion was

Table 1
Gross lesion score of lung of pigs in different groups after challenge.

Group Gross lesion score of lung of different pigsa Total

No. 1 2 3 4 5

rAd-P2 0.0 0.3 0.0 0.5 1.0 0.36 ± 0.186Ab

rAd-mP2 2.8 9.3 15.0 1.8 2.0 6.18 ± 2.604B

Virus control 14.7 7.8 5.3 2.4 3.0 6.64 ± 2.229
Mock 0.0 0.0 0.0 0.0 0.0 0.00 ± 0.000

a Gross lung pathology was assessed by using a gross pig lung lesion scoring sys-
tem where each lobe of the lung was evaluated for percent pneumonia and the
percent pneumonia of each lobe was added for the entire lung in a totally blind
manner.

b A = P < 0.05, rAd-P2 vs. rAd-mP2 or virus control. A = P > 0.05, rAd-P2 vs. mock
control. B = P > 0.05, rAd-mP2 vs. virus control.
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F p (A), rAd-P2 group (B), rAd-mP2 group (C) and the virus challenge control group (D) at
9 lar septum) (A). Minor interstitial pneumonitis and necrotic cell debris within the lumen
o monitis accumulated by intensive macrophage cells, normal extent of the epithelium of
a xylin and eosin staining (HE). Magnification, 400×.
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Table 2
Detection of ORF7 mRNA of PRRSV in serum of pigs with quantitative RT-PCR.

Groups Days post-
challenge

Cycle threshold
(CT)a (Mean ± S.D.)

CCID50/ml (log10)
(Mean ± SD)

rAd-P2 1 21.65 ± 0.32 1.75 ± 0.09Ab

rAd-mP2 1 20.15 ± 0.23 2.21 ± 0.07B

Virus control 1 19.73 ± 0.10 2.34 ± 0.03
Mock 1 >35.0 0.0 ± 0.0
rAd-P2 5 20.02 ± 0.10 2.24 ± 0.09C

rAd-mP2 5 12.34 ± 0.15 4.60 ± 0.05D

Virus control 5 12.58 ± 0.10 4.54 ± 0.08
Mock 5 >35.0 0.0 ± 0.0

a

ig. 8. Examination of histopathological lesions in the lungs of piglets in mock grou
dpc. There was no apparent interstitial pneumonitis within the lumen (thin alveo
f a bronchiole with mild damage to the epithelium (B). Significant interstitial pneu
large bronchus wall thickened by inflammatory cell infiltration (C and D). Hemato

bserved in the tonsils and spleens in all piglets (data not shown).
istopathological examination of lungs showed that all the piglets

n rAd-mP2 and virus control groups had clearly interstitial pneu-
onia, which was characterized by thickened increased alveolar
alls, infiltration with intensive macrophage lymphomononuclear

ells, and increased amounts of bronchiole exudates. In the rAd-
2 group only three piglets showed minor microscopic lesions of
ung and the rest exhibited no apparent interstitial pneumonia
Fig. 8). All the piglets in the mock group exhibited no pathological
esions.

.6. rAd-P2 depresses the viral load of SY0608 in serum and lung
issue of swine

For quantification of PRRSV in serum and lung tissue of swine,
he same volume of serum samples were collected on 1 and 5 dpc,
nd the same weight of lung samples were collected on 9 dpc.
he total RNA of the samples was monitored for quantitative RT-
CR, and 10-fold serial virus dilutions were used to construct the
tandard curve by plotting the viral titers logarithm against the
easured CT values. The results showed that the generated stan-

ard curve covered a linear range of 101–107 CICD50/ml. The linear
orrelation coefficient (R2) between the CT and the CCID50/ml loga-
ithm was repeatedly greater than 0.990. In the presence of rAd-P2,
iral titers in serum were decreased significantly by approximately

00-fold when compared to the virus levels in the rAd-mP2 and
RRSV control groups on 5 dpc (Table 2). On 9 dpc, the viral titers
n lungs from pigs in rAd-P2 group were also significantly lower
han those in the rAd-mP2 and PRRSV control groups. There was no
etectable PRRSV in the pigs inoculated with PBS (Fig. 9). It is sug-
CT = −3.256 log10 CCID50 + 27.35.
b A = P < 0.05, rAd-P2 vs. rAd-mP2 or virus control at 1 dpc. B = P > 0.05, rAd-mP2

vs. virus control at 1 dpc. C = P < 0.05, rAd-P2 vs. rAd-mP2 or virus control at 5 dpc.
D = P > 0.05, rAd-mP2 vs. virus control at 5 dpc.

gested that the shRNAs expressed by rAd-P2 could induce effective
inhibition of viral replication in vivo.

4. Discussion

RNAi is known as a powerful tool for anti-virus and gene ther-
apy. The 21–23 nt dsRNA is competent to mediate gene-specific
silencing without adverse effects to the organisms (Elbashir et al.,
2001a,b; Huelsmann et al., 2006). RNAi techniques provide a way to

counteract virus more specifically and directly as compared to other
antiviral methods. Recently, RNAi mediated by plasmids expressing
shRNA specific to PRRSV gene has been demonstrated to be able
to suppress virus replication in Marc-145 cells (He et al., 2007a,b;
Huang et al., 2006; Li et al., 2007a). However, the plasmid-based
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ig. 9. The viral load in lung tissues of pigs assessed by quantitative RT-PCR for
RRSV on 9 dpc. The horizontal line corresponds to the median viral titers of the
roup.

trategy is not suitable to induce RNAi in vivo, because of the dif-
culty of transducing shRNA into the host cells. In contrast, viral
ector expression cassettes can deliver shRNA easily into cells with
igh efficiency and induce steady interference with long duration.
denovirus type 5 is tropic to respiratory epithelial cells and is
ompetent to transfer gene into macrophages (Mayne et al., 2003;
hinozuka et al., 2000; Yang et al., 1995). It has been reported
hat hepatitis B (Uprichard et al., 2005), prototypic arenavirus lym-
hocytic choriomeningitis virus (Sánchez et al., 2005) and porcine
ircovirus 2 (Feng et al., 2008) and foot-and-mouth disease virus
Chen et al., 2006) could be suppressed sufficiently and effectively
y adenovirus-mediated RNAi. In this study, two rAd5 expressing
hRNAs targeting the ORF1b gene of the traditional PRRSV strain
ere constructed, and one of them was found to be effective in the
resence of high virulent PRRSV SY0608 strain both in Marc-145
nd PAM cells. The shRNA delivered by rAd-P2 also worked in vivo:
he titers of PRRSV in the serum and lung tissue of swine, which
ere treated with rAd-P2 and then challenged with SY0608, were

ffectively suppressed.
ORF1ab encodes proteins with apparent replicase and poly-

erase activity. The ORF1ab polyprotein of PRRSV is predicted to
e cleaved into at least 13 nonstructural protein products, includ-

ng Nsp1�, Nsp1�, and Nsp2 to Nsp12, which are involved in virus
eplication and transcription and are associated with virulence (den
oon et al., 1995; Grebennikova et al., 2004; Nielsen et al., 2001;
nijder et al., 1994; van Dinten et al., 1996; Wassenaar et al., 1997).
he structural proteins are translated from a nested set of 3′ coter-
inal subgenomic mRNAs under the control of ORF1ab proteins.

hRNA specific to the ORF1b gene could suppress the gene transla-
ion and reduce the ORF1b protein in host cells as demonstrated in
orcine alveolar macrophages (Fig. 5). Thus, PRRSV replication in
acrophages transduced with shRNA was interrupted due to the

bsence of ORF1b proteins, and the cells delivered with shRNA had
ore chance to survive.
The results of the strong fluorescence of rAd5 GFP in Marc-145

nd PAM cells showed that adenovirus could deliver gene effi-
iently into infected cells. There has been a report that rAd5 GFP
RNA could be detected at 8 dpc (Chen et al., 2006). However, the

Ad5-expressed shRNA in this study was still incompetent to inhibit
RRSV replication completely in vitro and in vivo. The RNAi effect
as reduced over time post-challenge. One simple explanation is

hat shRNAs delivered by adenovirus is transient as observed with

ransfected siRNAs, because no mutation of the ORF1b gene tar-
eted by the shRNA was found by sequencing (data not shown).
nother possible reason might be the low level of recombinant ade-
ovirus in vivo, because the adenovirus is a replication-defective
irus, it could not replicate in vivo, or it might be eradicated by
h 82 (2009) 157–165

the immune system. In addition, the recent reports demonstrated
that adenovirus VA1 noncoding RNA can inhibit RNAi at physio-
logical levels of expression, which result in the failure of RNAi in
human cells (Andersson et al., 2005; Lu and Cullen, 2004). Some
RNA virus, such as flock house virus (FHV) encoded protein, B2
(Galiana-Arnoux et al., 2006), vaccinia protein E3L and influenza
protein NS1 (Li et al., 2004), could inhibit RNA silencing. Thus, the
mechanism of escaping RNAi effect for PRRSV should be detected
in future.

PRRSV replication was found in all organs and tissues, espe-
cially in macrophages, during acute infection. In order to evaluate
the capacity of the shRNA-expressing rAd5 to suppress viral repli-
cation in swine, porcine alveolar macrophages were first used to
measure the inhibition efficiency of rAd-P2. The results demon-
strated that the inhibition effect induced by the ORF1b-specific
shRNA remained sustained for at least 96 h. And the inhibition of
viral replication was dose-dependent in PAM cells. In the animal
experiments, it was found that in the presence of rAd-P2, the viral
titer in serum was decreased significantly as compared to the virus
levels in rAd-mP2 and PRRSV control groups on 5 dpc (P < 0.05).
On 9 dpc, all the pigs in rAd-mP2 and virus control groups showed
very clear clinical signs, but in the rAd-P2 group only three pigs
showed light clinical signs. Pathological observations showed that
the pneumonia in rAd-P2 inoculated pigs was significantly lighter
than that of pigs inoculated with rAd-mP2 and challenge control
group. It suggested that shRNAs expressed by rAd-P2 could induce
effective inhibition of viral replication in pigs for several days. It
may be useful for decreasing the severity of the PRRSV infection in
a pig herd. Of course, the number of the experiment animals was
very small, and the differences between the rAd-P2 and challenge
control groups in terms of clinical signs were also minor. The pro-
tective efficiency should be detected in an experiment using larger
sample sizes in the future.

PRRSV SY0608, with high pathogenicity, is a new strain of PRRSV
and wildly spread in China. It has caused a severe respiratory and
reproductive syndrome. In this study, the clinical signs and patho-
logical observation in the PRRSV control group were not as severe
as those reported previously (Li et al., 2007b). It might be related
to the pig species or the high passage of the PRRSV SY0608 used
in this study. This was also observed for another highly pathogenic
PRRSV isolate JXA1 during passage of the virus in Marc-145 cells
(unpublished data). Although the clinical signs, gross lesion scores
of lung and pathological lesions in the rAd-mP2 group were lower
than that of the PRRSV control group, there was no significant dif-
ference between those groups. Inflammatory cytokines and INF-�
may play important role in clearing virus infection (Huarte et al.,
2006; Zhu et al., 2007), and hepatitis B virus replication and gene
expression could be inhibited by inflammatory cytokines triggered
by adenovirus infection (Cavanaugh et al., 1998). Thus, inocula-
tion of adenovirus might activate the immune system and produce
some inflammatory cytokines to decrease PRRSV replication in pigs.
The production of inflammatory cytokines should be monitored in
future studies.

In conclusion, two recombinant adenoviruses expressing
shRNAs targeting ORF1b of PRRSV were constructed, and one could
inhibit highly pathogenic PRRSV replication specifically in vitro and
in vivo. The efficacy of the siRNAs should be further studied by using
a large number of pigs in the future. RNAi mediated by recombinant
adenovirus technology might be a potential new measure for the
prophylaxis of PRRSV infection.
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