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Avian influenza virus H5N1 causes widespread infection in the birds and human respiratory tract, but
existing vaccines and drug therapy are of limited value. Here we show that small interfering RNAs (siRNAs)
specific for conserved regions of the viral genome can potently inhibit influenza virus production in cell
lines, embryonated chicken eggs and BALB/c mice. siRNA expression plasmid pBabe-Super was chosen
in the study, which directed the synthesis of small interfering RNAs in cells. The inhibition depended
on the presence of a functional antisense strand in the small interfering RNA duplex, suggesting that
viral mRNA is the target of RNA interference (RNAi). Among the three small interfering RNA expression
plasmids we designed, we found that small interfering RNA for nucleocapsid protein (NP) had a specific
effect in inhibiting the accumulation of RNAs in infected cells because of a critical requirement for newly
synthesized nucleocapsid proteins in avian influenza viral RNA transcription and replication. The findings
reveal that newly synthesized nucleocapsid, polymerase A (PA) and polymerase B1 (PB1) proteins are
required for avian influenza virus transcription and replication and provide a basis for the development
of small interfering RNAs as prophylaxis and therapy for avian influenza infection in birds and humans.
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1. Introduction

Avian influenza virus (AIV) was one of the first viral diseases
described in poultry. Clinically, AIV was probably first described
by Perroncito in 1878, and the disease was shown to be caused
by a filterable agent by several groups in 1901 (Alexander, 1986).
Since 1996 when highly pathogenic H5N1 virus is isolated from a
farmed goose in Guangdong Province, China, H5N1 has become one
of the most devastating bird and human'’s catastrophes in history.
Especially in 1997, human infections with avian influenza H5N1
are first reported in Hong Kong. Altogether, 18 cases (6 fatal) are
reported in the first known instance of human infection with this
virus (WHO, 2007).

The threat of a new avian influenza pandemic persists because,
despite intensive efforts, existing vaccines and therapy for avian
influenza infection have only a limited value. Current vaccines, con-
sisting of either killed virus or recombinant surface glycoproteins,
induce only a weak IgG response. In addition, the existing vac-
cines have to be reformulated almost every year because the viral
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antigens [hemagglutinin (HA) and neuraminidase (NA)] that elicit
protective antibodies usually undergo changes, rendering the pre-
vious year’s vaccine ineffective against any new virus subtype. So,
the use of drugs for avian influenza is limited because of severe
side effects and the possible emergence of resistant viruses (Ge et
al,, 2003).

RNA interference (RNAI) is a process by which double stranded
RNA (dsRNA) directs sequence-specific degradation of messen-
ger RNA (mRNA) (Vaucheret et al., 2003; Sharp, 2001; Brantl,
2002). This phenomenon was initially observed in Caenorhabdi-
tis elegans (Fire et al., 1998), in plants (Vaucheret et al., 2003;
Baulcombe, 2002), and in mammalian cells (Elbashir et al., 2001).
In plants, it is an evolutionarily conserved response to virus infec-
tion. Naturally occurring RNAI is initiated by the dsRNA-specific
endonuclease Dicer-RDE-1, which processively cleaves long dsSRNA
into double-stranded fragments between 21 and 25nt in length,
termed short interfering RNA (Elbashir et al., 2001). Small interfer-
ing RNAs (siRNAs) are then incorporated into a protein complex that
recognizes and cleaves target mRNAs. Studies have shown that in
mammalian cells, RNAi can be triggered by introducing synthetic
21-nt siRNA duplexes into the cells (McManus and Sharp, 2002),
bypassing the requirement for Dicer-RDE-1-mediated processing
of long dsRNA. Although 21-nt siRNAs are too short to induce an IFN
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response in mammalian cells (McManus and Sharp, 2002; Kumar
and Carmichael, 1998), still with the ability to confer transient
interference of gene expression in a sequence-specific manner, they
represent a previously unrecognized class of molecules that may
have significant medical applications.

To circumvent the high cost of synthetic siRNA and to estab-
lish stable gene knock-down cell lines by siRNA, several plasmid
vector systems were designed to produce siRNA inside cells
driven by RNA polymerase IlI-dependent promoters such as U6
and H1-RNA gene promoters (Brummelkamp, 2002; Paddison
et al, 2002; Sui et al., 2002; Miyagishi and Taira, 2002; Paul
et al., 2002). With these plasmid vectors, the phenotypes of
gene silencing could be observed by stable transfection of cells
(Brummelkamp, 2002). Nevertheless, transient siRNA expression,
with low and variable transfection efficiency, remains the prob-
lems for chemically synthesized and vector derived siRNA. Recently,
several virus vectors have been developed for efficient delivery
of siRNA into mammalian cells (Devroe and Silver, 2002; Barton
and Medzhitov, 2002; Xia et al., 2002). Retroviral vectors were
designed to produce siRNA driven by either U6 or H1-RNA promoter
for efficient, uniform delivery and immediate selection of stable
knock-down cells (Devroe and Silver, 2002; Barton and Medzhitov,
2002).

In this study, we describe a DNA vector-based approach uti-
lizing the well-defined polymerase Il H1-RNA promoter to drive
efficient expression of siRNA in MDCK cells, embryonated chicken
eggs and BALB/c mice. Our results demonstrate efficient and spe-
cific knock-down of NP gene in different cell lines and indicate a
promising application of this adenovirus system in avian influenza
virus inhibition.

2. Materials and methods

2.1. Viruses and assays

Avian influenza viruses (A/chicken/Qinghaihu/726/2005), sub-
types H5N1, were stored in National Research Center for Wildlife
Born Diseases, Institute of Zoology. The viruses were grown in the
allantoic cavity of 10-day-old embryonated chicken eggs (Chinese
Academy of Agriculture, Beijing, China) at 37 °C. Allantoic fluid was
harvested 48 h after virus inoculation and stored at —80°C. Virus
titer was measured by hemagglutination assays. The hemagglu-
tination assay was carried out in V-bottom 96-well plates. Serial
2-fold dilutions of virus samples were mixed with an equal vol-
ume of a 0.5% suspension (vol/vol) of chicken erythrocytes (Chinese
Academy of Agriculture, Beijing, China) and incubated onice for 1 h.
Wells containing an adherent, homogeneous layer of erythrocytes
were scored as positive.

2.2. Plasmid constructs

The RNA polymerase IIl H1-RNA gene promoter was used in our
study. H1-RNA promoter from pBabe-Puro was cloned into the pro-
moterless shuttle vector pSuper (Oligoengine) to get a new shuttle
vector designated pBabe-Super (Institute of Zoology, Beijing, China)
which can drive the expression of siRNA in recombinant adenovirus.
The 60 nt oligonucleotides encoding avian influenza virus NP, poly-
merase A (PA) and polymerase B1 (PB1) specific siRNAs were:

Oligo-NP:
5-GATCCCCGCAATGGACTCCAACACTCTTCAAGAGAGAGTGTTGGA
GTCCATTGCTTTTTA-3’
3’-GGGCGTTACCTGAGGTTGTGAGAAGTTCTCTCTCACAACCTCAGGT
AACGAAAAATTCGA-5'

Oligo-PA:
5-GATCCCCCAAGTTTCAAGGCCCATGTTTCAAGAGAACATGGGCCTT
GAAACTTGTTTTTA-3’
5-AGCTTAAAAACAAGTTTCAAGGCCCATGTTCTCTTGAAACATGGG
CCTTGAAACTTGGGG-3’

Oligo-PB1:
5-GATCCCCGGAATGAGAAGAAGGCTAATTCAAGAGATTAGCCTTCT
TCTCATTCCTTTTTA-3’
5-AGCTTAAAAAGGAATGAGAAGAAGGCTAATCTCTTGAATTAGCCT
TCTTCTCATTCCGGG-3'

These oligonucleotides were annealed and ligated to the Bglll
and HindlIII sites of pBabe-Super to get plasmids pBabe-NP, pBabe-
PA, pBabe-PB1 and confirmed by EcoRI digestion. The inserted
sequences were confirmed by DNA sequencing (Takara, Japan).

2.3. Cell culture and virus infection

MDCK cells were grown in DMEM containing 10% heat-
inactivated FCS, at 37°C under a 5% CO,/95% air atmosphere.
For siRNA introduction, logarithmic-phase MDCK cells were
trypsinized, washed, and resuspended in serum-free DMEM
medium at 2 x 107 cells/ml. Cells (0.5 ml) were mixed with siRNAs
and transformed by using SuperFect Transfection Reagent (Qiagen,
Canada). Transformed cells were divided into three wells of a 6 well
plate and cultured in DMEM for 24 h, and selected with puromycin
for positive cell clones in 2 weeks. Then the culture medium (six-
well) was then removed and 100wl of H5N1 virus in infection
medium, consisting of DMEM, 0.3% BSA (Sigma, USA), was added
to each well. After incubation for 1h at room temperature, 2 ml of
infection medium containing 4 p.g/ml trypsin was added to each
well and the cells were cultured at 37 °C under 5% CO,. At different
times after infection, supernatants were harvested from infected
cultures and the virus titer was determined.

2.4. Virus and siRNA inoculation in chicken embryos

For each inoculation, 30 pl of Oligofectamine (Invitrogen, USA)
was diluted with 30 pl of DMEM (GIBCO). SiRNA expression plas-
mid (10 wg) was mixed with 30 ul of DMEM and added to dilute
Oligofectamine, and the mixture was incubated at room temper-
ature for 30 min. The mixture was then combined with 100 pl of
H5N1 virus [5000 plaque-forming units (pfu)/ml] and immediately
injected into the allantoic cavity of a 10-day-embryonated chicken
egg. The eggs were incubated at 37°C for 17 h and allantoic fluid
was harvested to measure virus titer.

2.5. RNA extraction, reverse transcription (RT), and real-time PCR

MDCK cells (1 x 107) were transfected with or without siRNA
expression plasmids, and were infected 8 h later with H5N1 virus.
One, two, and three hours after infection, culture medium was
removed and the cells were lysed by using Trizol reagent (GIBCO,
USA). RNA was isolated by following the manufacturer’s protocol.
RT was carried out by using an ImProm-II"™ Reverse Transcriptase
(Promega, USA) in a 20 pl reaction mixture, containing 200 ng of
total RNA and specific primers, at 37 °C for 1 h. One microliter of RT
reaction mixture was then used for real-time PCR by using gene-
specific primers, SYBR green PCR Master Mix (Applied Biosystems),
and SYBR green I dsDNA binding dye. Before the PCR, the mixture
was incubated at 50°C for 2 min and 95°C for 10 min. The reac-
tion was then performed at 94°C for 15s and 60°C for 30s for 40
cycles. All reactions were done in duplicate. The levels of PCR prod-
ucts were monitored with a Rotor Gene 3000 (Corbet Research)
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sequence detection system. Cycle times were analyzed at a read-
ing of 0.2 fluorescence unit. Cycle times that varied by >1.0 unit
between duplicates were discarded.

2.6. Western blot

Cells were harvested at the indicated time points after virus
infection, washed once with cold PBS and lysed in lysis buffer
(150 mM NaCl, 50 mM Tris-HCl, pH7.4, 2 mM EDTA, 1% NP-40) con-
taining protease inhibitors (Promega). Total proteins were resolved
on a 10% SDS-polyacrylamide gel and transferred onto a nylon
membrane and incubated with avian influenza positive antigens
(Harbin Veterinary Research Institute, PRC) as primary antibody,
followed by incubation with HRP conjugated rabbit anti-chicken
IgG secondary antibody (Sigma). The bands were visualized expose
to X-ray films with SuperSignal West Pico Trial Kit (Pierce, Rockford,
IL, USA).

2.7. Viral challenge assay in mice

Groups of 6-week-old female BALB/c mice (two groups of eight
each) were injected with siRNA expression plasmid pBabe-NP and
pBabe-Negative as control. Mice were infected H5N1 (100 LDsg)
virus, and recorded for body weight and mortality until all animals
were dead or were recovering 18 h later.

3. Results
3.1. Design of siRNA expression plasmids for avian influenza virus

Avian influenza virus has a segmented RNA genome. Three of
the eight RNA segments encode three components of the RNA tran-
scriptase (PA, PB1, and PB2) and one encodes nucleocapsid protein
(NP). Among Avian influenza viruses, 16 HA subtypes and 9 NA sub-
types are known. Extensive differences in nucleotide sequences are
also present in other genes among virus isolates from humans and
different species. To design siRNAs that remain effective despite
antigenic drifts and antigenic shifts, we focused on regions of the
viral genome that are conserved among different subtypes and
strains of virus from chicken, duck and swine. Besides having no
more than 1 mismatch in the 21 nucleotides among different virus
subtypes and strains, the siRNAs designed did not share identity
with any known human gene. We designed and tested a total of
3 siRNA expression plasmids for NP, PA, PB1 genes. No siRNA for
HA and NA was designed because they contain no stretch of con-
served 21 nucleotides, a result of extensive variations in these genes
among different virus isolates from humans and various other
species.

3.2. Inhibition of influenza virus production in a cell line

To test whether the siRNAs from plasmids inhibited avian
influenza virus production, we first examined their effects in MDCK
cells. SiRNAs expression plasmids (10 g) were introduced into
MDCK cells (1 x 107) by SuperFect Transfection Reagent (Qiagen),
and 8 h later the cells were infected with H5N1 virus at a multiplic-
ity of infection (moi) of 0.001, 0.01, or 0.1. At different times after
infection, culture supernatants were harvested, serially diluted, and
assayed to determine the virus titer by using an HA assay. As a con-
trol, pBabe-Negative was similarly introduced into GFP-expressing
MDCK cells, followed by virus infection. Virus titer was assayed as
above and GFP expression was assayed by flow cytometry. As shown
in Fig. 1, in mock transfection (no siRNA expression plasmid), virus
titers in the infected cultures increased over time, reaching peak
values between 48 and 60 h. Transfection of GFP control vector did
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Fig. 1. SiRNAs interfere with avian influenza virus production in MDCK cells. Inhi-
bition of avian influenza virus production in MDCK cells after transfection with
selected siRNA expression plasmids. MDCK cells were first transformed with siRNA
expression plasmids and selected with puromycin in 2 weeks for positive clones,
and then infected with H5N1 virus at a moi of 0.01. Viral titers in the culture super-
natants at different times after infection were measured by HA assay. HA units are
arithmetic means based on titer endpoints of arithmetic dilutions. Virus titers (HA
units) from five siRNA-treated cultures are shown over time. pBabe-NP, etc., are
siRNA expression plasmids specific for different viral genes. For example, pBabe-NP
indicates a siRNA specific vector for NP sequence of AIV genome. Data represent the
means £+S.D. (n=3).

not affect virus production at any time point but significantly inhib-
ited GFP expression (data not shown), indicating that siRNA does
not interfere nonspecifically with avian influenza virus produc-
tion. Transfection of siRNA expression plasmids specific for avian
influenza virus generated three types of results. First, the siRNAs
from two kinds of siRNA expression plasmids (pBabe-PA and pBabe-
PB1) had no discernable effects on the virus titer, indicating that
they were not effective in interfering with avian influenza virus pro-
ductionin MDCK cells. Second, the real-time PCRresult showed that
siRNAs from pBabe-NP significantly inhibited about 70% of virus
production (Fig. 2). Third, western blot results showed that only
inhibition of pBabe-NP was pronounced while the results of the
other two vectors (pBabe-PA and pBabe-PB1) were not significant
(Fig. 3).

Together, these results show that (i) some siRNAs can potently
inhibit influenza virus production in MDCK cells; (ii) influenza virus
production can be inhibited by siRNAs specific for different viral
genes, including those encoding NP, PA, and PB1.
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Fig. 2. SiRNAs interfere with avian influenza virus production in MDCK cells with
statistical diagram of real-time PCR. MDCK cells (1 x 107) were transformed with or
without siRNA expression plasmids, and were infected 8 h later with H5N1 virus. The
cells were harvested for RNA purification and real-time PCR. Data are meaning from
one out of two representative experiments and dealt with SPSS 10. Data represent

the means+S.D. (n=3).
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Fig. 3. Western blotting analysis for siRNA expression plasmids in MDCK cells with
infection of HSN1 virus. Cells were harvested after virus infection, and proteins were
collected. Total proteins were resolved on a 10% SDS-polyacrylamide gel and trans-
ferred onto a nylon membrane and incubated with avian influenza positive antigens
(Harbin Veterinary Research Institute) as primary antibody, followed by incuba-
tion with HRP conjugated rabbit anti-chicken IgG secondary antibody (Sigma). The
bands were visualized expose to X-ray films with SuperSignal West Pico Trial Kit
(Pierce).

3.3. Inhibition of virus production in embryonated chicken eggs

To extend the results in MDCK cells, we tested the ability of
siRNAs to inhibit avian influenza virus production in develop-
ing chicken embryos, a widely used in vivo model of influenza
virus infection. For siRNA transfection in the embryos, we used
Oligofectamine, a lipid-based carrier that has been shown to facil-
itate intracellular uptake of DNA oligonucleotides (Pederoso et al.,
2001). H5N1 virus alone or virus plus siRNA were injected with
Oligofectamine into the allantoic cavity of 10-day-old embryonated
chicken eggs. Allantoic fluids were collected 17 h later for mea-
surement of virus titers. When virus was injected alone (in the
presence of Oligofectamine), high virus titers were detected (Fig. 4).
Coinjection of siRNA expression plasmids for avian influenza virus,
however, reduced virus titers. The results were concordant with
those in MDCK cells. The same siRNA expression plasmid (pBabe-
NP) that potently inhibited avian influenza virus production in
MDCK cells also inhibited virus production in chicken embryos,
whereas siRNA expression plasmids (pBabe-PA, and pBabe-PB1)
that were less effective in MDCK cells were ineffective in chicken
embryos. No significant reduction of virus titer was effectively
observed when Oligofectamine was omitted. Thus, siRNAs also
interfered with avian influenza virus production in embryonated
chicken eggs.
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Fig.4. SiRNA expression plasmids interfere with avian influenza virus production in
embryonated chicken eggs. A mixture of siRNAs (10 pg), Oligofectamine, and H5N1
virus (500 pfu) was injected into the allantoic cavity of 10-day-old embryonated
chicken eggs. Allantoic fluid was collected 17 h later and assayed for virus titers as
in Fig. 2. Data represent the means+S.D. (n=3).

Table 1
Avian influenza virus specific siRNA treatments significantly decreased lung virus
titers in mice infected with H5N1 virus

Treatment Mean lung virus titer? (log TCIDsg)
Negative 6.32 + 0.34
pBabe-NP 512 £ 0.22

BALB/c mice (n=4) were treated as indicated and challenged with 1 x 10 TCIDs
of H5N1 virus. Two days later, animals were sacrificed and lungs were collected for
virus titers. Data represent the means +S.D. (n=3).

2 Expressed as log10 TCIDsp.

3.4. Treatment with siRNA expressing plasmids rapidly induced
an antiviral response in BALB/c mice

To further assess whether siRNA could inhibit influenza virus
replication in vivo, a murine model was established with avian
influenza virus infection. SiRNA expression plasmid pBabe-NP was
chosen and injected into BALB/c mice. In this assay, 200 w1 of the
mixture containing 100 pg of DNA (pBabe-NP) was injected into
6-week-old female BALB/c mice by vena caudalis. The mice were
administered intranasally under anesthesia with H5N1 viruses
18 h later. The mice were sacrificed 24 h postinfection and lung
homogenates were assayed for virus titers.

Virus titers were significantly reduced in lungs of the mice
given pBabe-NP compared with that of pBabe-Negative treatment
(Table 1). The results indicated the designed siRNAs targeting with
NP gene were effective in inhibiting replication of different sub-
types of H5N1 virus in the lungs. Furthermore, NP specific siRNA
protected two of the eight mice (2/8) challenged with a lethal dose
(100 LD5p) of H5N1 virus that killed all of the control mice (Fig. 5).
The results suggested that pBabe-NP could effectively alleviate the
morbidity of the H5N1 virus infected mice and could partially pro-
tect the mice challenged with lethal dose avian influenza virus
H5N1.

In conclusion, we developed a simple siRNA delivery strategy
by combination of well-defined H1-RNA promoter and conven-
tional pBabe-Super adenovirus system. Our results demonstrate
significant downregulation of virus production in MDCK cells,
embryonated chicken eggs and BALB/c mice. With availability of
high titers of adenoviruses and uniform and rapid infection, this
technology will have a foreseeable wide application both in exper-
imental biology and molecular medicine.
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Fig.5. Avianinfluenza virus specific siRNA treatments were partially protected mice
against lethal challenge with H5SN1 virus. BALB/c mice (eight per group) were treated
with pBabe-Negative (red) or pBabe-NP (blue) and challenged with H5N1 virus. The
percent of survival rate post-challenge were shown. Data represent the means + S.D.
(n=3). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)
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4. Discussion

In this study we developed a simple siRNA delivery strategy by
combination of well-defined H1-RNA promoter and conventional
pBabe-Super adenovirus system. Our results demonstrate siRNA
expression plasmids can potently inhibit avian influenza virus pro-
duction in MDCK cells, embryonated chicken eggs and BALB/c mice.

Avian influenza virus infection is considered as a very danger-
ous bird’s disease because of easy transmission, antigenic shift and
drift of the virus, and the limited efficacy of current vaccines and
therapy. We showed that siRNA expression plasmids potently
inhibited avian influenza virus production in cell lines, embry-
onated chicken eggs and BALB/c mice. Among three siRNA
expression plasmids tested, those that target NP and a compo-
nent of the RNA transcriptase are especially effective, working
at picomolar range and after virus infection has occurred. These
results provide a basis for further development of siRNA expres-
sion plasmids for prophylaxis and therapy of avian influenza virus
infection in birds and humans. Avian influenza virus naturally
infects epithelial cells in the upper respiratory tract and lungs in
birds. SiRNA expression plasmids could be conveniently admin-
istrated via intranasal or pulmonary routes. Considering that the
number of virions is probably small at the beginning of a nat-
ural infection, sufficient amounts of siRNA may be taken up by
epithelial cells in the upper airways and lungs to inhibit virus
replication, thus, potentially achieving preventive or therapeutic
effects.

The number of NP protein molecules in infected cells has been
hypothesized to regulate the levels of mRNA synthesis versus
genome RNA (VRNA and cRNA) replication (Lamb and Krug, 2001).
Using a temperature-sensitive mutation in the NP protein, previ-
ous studies have shown that cRNA, but not mRNA, synthesis was
temperature-sensitive both in vitro and in vivo (Medcalf et al., 1999;
Shapiro and Krug, 1988). NP protein was also shown to be required
for elongation and antitermination of nascent cRNA and vRNA tran-
scripts (Shapiro and Krug, 1988; Beaton and Krug, 1986). We found
that pBabe-NP vector has a specific effect in inhibiting the accu-
mulation of RNAs in infected cells. Probably, in the presence of
NP-specific siRNA, the newly transcribed NP mRNA is degraded,
resulting in inhibition of NP protein synthesis. Without newly syn-
thesized NP, further viral transcription and replication are blocked,
S0 is new virion production.

These findings demonstrate a critical requirement for newly
synthesized NP proteins in avian influenza viral RNA transcription
and replication. The broad inhibition of all viral RNA accumulation
by pBabe-NP siRNA expression plasmid probably occurs because
the RNAs are not transcribed. Both the targeted mRNA degradation
and the resulting broad inhibition of other viral RNA transcription
make the pBabe-NP siRNA expression plasmids especially potent
inhibitors of influenza virus infection.
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