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Induction of interferon lambda in influenza a virus infected cells treated with 
shRNAs against M1 transcript

P. ŠVANČAROVÁ1, D. SVETLíKOVÁ1, T. BETÁKOVÁ1,2*

1Institute of Virology, Slovak Academy of Sciences, Dúbravská cesta 9, 845 05 Bratislava, Slovak Republic; 
2Center for Molecular Medicine, Vlárska 3-7, 831 01 Bratislava, Slovak Republic

Received September 25, 2014; accepted May 13, 2015

Summary. – RNA interference (RNAi) represents a form of post-transcriptional gene silencing mediated by 
small interfering RNAs (siRNA) and provides a powerful tool to specifically inhibit viral infection. To investigate 
therapeutic capacity of siRNAs targeting M gene, six vectors with U1-short hairpin RNA (shRNA) expression 
system were prepared and tested in infected cells and animals. In infected cells, three of six shRNAs targeting 
M1 gene significantly (P <0,01) reduced the virus titer to 66%, 45% or 21%, respectively. Replication of IAV 
and levels of M1 RNAs were significantly reduced in the cells transfected with shRNAs, which decreased the 
virus titer. IFN-α/β altered in shRNAs-treated cells. The level of IFN-λ (type III interferon) mRNA was signifi-
cantly increased in the infected cells treated with shM22, shM349, shM522, and (type I interferon) as well as 
IP-10 (type II interferon) mRNAs were not significantly their mixtures. The increased level of IFN-λ mRNA 
corresponded to significantly increased level of RIG-1 mRNA. shRNAs inhibited influenza virus infection in 
a gene-specific manner in co-operation with IFN-λ. Some constructs targeting the M1 transcript prolonged 
the survival of infected mice. 
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Introduction

The influenza A virus (IAV) belongs to the family Or-
thomyxoviridae. Its genome contains eight segments of 
negative sense, single-stranded RNA (vRNA), each en-
capsidated into ribonucleoprotein composed of the viral 
RNA-dependent RNA polymerase and multiple copies of 
the viral nucleoprotein. The approximately 13 kb genome 
encodes up to 16 proteins: PB1, PB2, PA, NP, HA, NA, M1, 
M2, NS1, NEP, PB1-F2, PB1-N40, PA-X, PA-N155, PA-N182 
and M42 (Wise et al., 2009, 2011, 2012; Jagger et al., 2012; 
Muramoto et al., 2013). 

The matrix protein M1 is a multifunctional protein play-
ing many essential roles throughout the virus life cycle. M1 
protein is a major structural protein, which associates with 
ribonucleoprotein and the cytoplasmic tails of hemagglutinin 
and neuraminidase (Harris et al., 2001). This protein plays 
key roles in controlling RNP trafficking and virion assem-
bly. During the entry of the virus, the M1-RNP interaction 
must be disrupted to enable the transport of RNPs into the 
nucleus (Martin and Helenius, 1991; Bui et al., 1996). Fol-
lowing the late' synthesis of M1, some molecules enter the 
nucleus (Bucher et al., 1989) and interacts with RNPs. NEP 
links this complex with the cellular nuclear-export protein 
CRM1, which mediates RNP export (Neuman et al., 2000; 
Elton et al., 2001).

 Influenza is a major cause of morbidity and mortality 
around the world. Available vaccines provide only partial 
protection and are ineffective against unexpected strains 
due to antigenic drift and antigenic shift. The therapeutic 
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benefit of antiviral agents is limited by the drug resistance 
and antigenic changes. Therefore, new strategies for the 
prevention and treatment of IAV are currently being sought. 
RNAi represents a novel technology for inhibiting the rep-
lication of IAV. 

RNAi comprises gene silencing mediated by short double-
stranded RNAs which are known as siRNAs. Inside the cell, 
siRNAs associate with the RNA-induced silencing complex 
- RISC and the guide strand anneals to its complementary 
target mRNA and facilitates the cleavage by Argonaute 2, 
a core endonuclease of RISC (Grishok et al., 2001; Hutvagner 
et al., 2001; Ketting et al., 2001; Miyoshi et al., 2008; Sakurai 
et al., 2011). shRNA can be generated from plasmid or viral 
expression constructs and represents an alternative RNAi 
approach (Gobeil et al., 2008; Blakely et al., 2011; Betáková 
and Švančarová, 2013). shRNAs are expressed in the nucleus 
and associate with RISC only after being processed by two 
separate endonucleses, Drosha and Dicer (Kim and Rossi, 
2009). 

Conserved M gene provides a suitable target for IAV 
inhibition. Transfection of cells with some M1-specific 
siRNAs resulted in reduced replication of IAV (Ge et al., 
2003, 2004; Hui et al., 2004; Zhou et al., 2007). In the present 
study, we demonstrated the effect of shRNAs targeting the 
M gene on the treatment of an established IAV infection. 
The mRNA levels of M1, IFN-α, IFN-β, IFN-γ, IFN-λ, and 
RIG-1 were compared in the cells. Five shRNAs targeting the 
M1 transcript and one shRNA targeting the transcriptional 
region common to both M1 and M2 were constructed and 
their potential to inhibit IAV in MDCK cells and mice were 
investigated. 

Materials and Methods

Cells and viruses. MDCK (ATCC CCL) cells were grown in 
Dulbecco's modified Eagle's medium (DMEM) containing 10% 
FCS. Influenza virus A/PR/8/34 was cultured in 10-day-old fertile 
hen's eggs.

Plasmid construction. The siRNAs targeting the M gene of  
A/PR/8/34 virus were designed using siRNA Target Designer-Version 
1.51 (Promega). The sequences and names of the constructs are listed 
in the Table 1. The M sequence represents a mutated sequence, which 
was used as a control. The oligonucleotides were cloned into the 
pGeneClipTM vector using GeneClipTM U1 Hairpin Cloning Systems 
(Promega) according to the manufacturer's instruction. The plas-
mids were purified using the PureYield Plasmid Miniprep System 
(Promega). The MDCK cells were transfected with the shRNA-
vectors using TransPassTM HeLa Transfection Reagent (New England 
Biolabs) according to the manufacturer's protocol and transfection 
efficiacy was confirmed via fluorescence microscopy. 

Fluorescence microscopy. MDCK cells were grown on glass cover-
slips and transfected with 2 µg, 4 μg, 8 μg or 10 μg of shRNA vector. 

Twenty-four hours after transfection, the cells were fixed with 4% 
paraformaldehyde and viewed using an Olympus IX70 microscope. 
The images were captured using Silicon Graphics Delta vision.

Antiviral assay in MDCK cells. A confluent monolayer of 
MDCK cells in 24-well plates was infected with influenza  
A/PR/8/34 virus at a multiplicity of infection (MOI) of 0.05 for 1 hr 
at room temperature. After adsorption, the cells were washed with 
PBS and then cultured in serum-free DMEM containing trypsin 
(2 µg/ml) at 37°C. After 16 hr, the infected cells were transfected 
with shRNA vectors using TransPassTM HeLa Transfection Rea-
gent (New England Biolabs) as described above. Four hours after 
transfection, the transfection medium was removed and the cells 
were incubated in DMEM containing trypsin (2 µg/ml) at 37ºC. 
Twenty-four hours post-transfection, the cells were scraped and 
centrifuged at 500 x g for 2 min. Viral titers in the supernatants 
were determined via plaque assay as described by Svetlikova (2010). 
RNA isolation. RNA from shRNA-transfected and infected cells 
was extracted using the SV Total RNA Isolation System (Promega). 
RNA yields were evaluated by spectrophotometer at 260 nm. 400 
ng of RNA was reverse transcribed using random hexa-nucleotide 
primers and MuLV reverse transcriptase (Finnzymes).

Semi-quantitative RT-PCR. To determine the presence of mRNA 
of IFN-α, IFN-β, IP-10, IFN-λ, RIG-1, M1, and β-actin, RT-PCR 
was performed. The primers targeting β-actin, IFN-β and IP 10 
(precursor IFN-γ) were described previously (Varga et al., 2011; 
Zhang et al., 2014). The sequences of the primers were as follows: 
5'-CTT GGG ATG AGA CCC TCC TAG AC-3' (forward) and  
5'-GCA CAA GGG CTG TAT TTC TTC TC-3' (reverse) for IFN-α 
of subtypes 1- and 2; 5'-CTG ACG CTG AAG GTT CTG GAG-3' 
(forward) and 5'-AAT TCA GGT CTC GCG TGA GGA GGC-3' 
(reverse) for IFN-λ2 and 3; 5'-TGC AGT CAC GTC TTA TGT GAT 
AG-3' (forward) and 5'-CTC CCA CTG CTC GAA CCA GAA 
AC-3' (reverse) for RIG-1; and 5'-CAA GAC CAA TCC TGT CAC 
CTC TG-3' (forward) and 5'-CAA AAT GAC CAT CGT CAA CAT 
C-3' (reverse) for M1. The intensity of the obtained PCR bands was 
determined by using Gene Tools image analysis software. 

AIV infection and siRNA treatment of Balb/c mice. Mouse-adapt-
ed human influenza virus A/PR/8/34 was prepared by passaging 
in mouse lungs. Animals were treated according to the European 
Union standards and the fundamental ethical principles including 
animal welfare requirements were respected. The experiments were 
performed under light anesthesia using zoletil (50 mg/kg). All 
animal experiments were evaluated and approved by the Permit 
Number: 4370/13-221 and 1204/11-221.

Groups (n = 8) of 5-week-old female BALB/c mice (Faculty of 
Medicine, Masaryk University, Czech Republic) weighing between 
16 and 20 g were anesthetized and inoculated intranasally with 40 µl 
of mouse-adapted A/PR/8/34 virus (4 x LD50). Sixteen hours 
post-infection, the mice were intravenously injected with 10 μg 
of shRNA pre-incubated with TurboFectTM in vivo Transfection 
Reagent (Thermo Scientific) according to the manufacturer's pro-
tocol. Each evaluated group was separated into two subgroups by 
4 animals. The mice in the first subgroup were weighed daily. The 
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lungs of mice in the second subgroup were collected on the second 
day after transfection. Organ homogenates were prepared, and the 
level of IAV was determined via plaque assay. 

Statistical analyses. Significant differences in the virus titer be-
tween the control group (untreated cells) and shRNA-transfected 
or infected cells were calculated using the unpaired Student's t-test. 
P values <0.05 were considered significant. Statistical analysis was 
performed using Graph-Pad Prism software (http://www.graphpad.
com/quickcalcs/ttest1.cfm).

Results 

Cloning and expression of shRNAs

A total of 5 shRNAs (M112, M349, M408, M420, and 
M522) were chosen such that they covered the entire M1 
transcript, and one shRNA (M22) was targeting the tran-
scriptional region common to both M1 and M2 proteins. 
MDCK cells were transfected with different amounts of 
the shRNAs constructs and the transfection efficiency was 
confirmed via fluorescent microscopy. The maximal ex-
pression was detected when using 4–8 μg of DNA (Fig. 1). 
Transfection with 10 μg of DNA did not increase the number 
of transfected cells due to the high toxicity. Transfection ef-
ficiency in MDCK cells was comparable with transfection 
efficiency in HeLa cells (data not shown).

Inhibition of influenza virus replication by transient 
expression of single shRNA in MDCK cells

MDCK cells were infected with IAV for 16 hr followed by 
transfection with shRNA. Infected MDCK cells transfected 
with the mutated plasmid (shM) served as a positive control. 
Different concentrations of shRNAs were tested to determine 
the maximal inhibitory effect. Constructs shM112, shM408, 
and shM420 did not affect the replication of IAV. shM22, 

shM349, and shM522 significantly (P <0.01) reduced the 
virus titer to 66.3%, 45.2% or 21.1%, respectively (Fig. 2). 
These constructs reached their maximal efficiency at the 
concentration of 8 μg of DNA. Further increase of DNA 
concentration resulted in lower inhibition of virus replica-
tion due to toxicity (data not shown).

Inhibition of influenza virus replication by transient 
expression of multiple shRNAs in MDCK cells

None of the evaluated constructs fully inhibited the repli-
cation of IAV. Mixtures containing 1 μg, 2 μg, or 3 μg of each 
individual construct were applied to infected MDCK cells. 
The first mixture contained all six constructs and reduced 
the virus titer only to 47.5% (Fig. 3). Removing of construct 
shM22 from the mixture 2 resulted in a decrease of virus titer 
to 21,95% (P <0.01). The third mixture, which contained 
constructs with statistically significant inhibitory effect, 
displayed lower inhibitory effect than single shM522 and 
decreased the virus titer to 36.3%. The constructs shM112, 
shM408, and shM420, which individually did not influence 
the replication of IAV, resulted in statistically significant 
reduction of the virus titer to 56.5% (P <0.05). 

Reduction of mRNA specific to M1, RIG-1 and interfer-
ons in shRNA transfected cells

To investigate whether shRNAs inhibited IAV replica-
tion in a gene-specific manner, cells were transfected with 
shRNAs. The amount of shRNA resulting in the highest in-
hibition was tested. At 24 hr post-transfection, the cells were 
infected with IAV. Four hours later, cell lysates were used for 
RNA purification and the amount of mRNA specific to M1 
transcript was determined. As seen in Fig. 4, treatment of 
cells with shM did not inhibit transcription of mRNA-M1. 
Treatment with shM522 reduced synthesis of mRNA-M1 to 
about 30%. Consistent with the previous result, shRNAs with 
negative effect on replication of IAV significantly reduced the 

Fig. 1
Tranfection efficiency in MdCK cells

MDCK cells were transfected with 2 μg, 4 μg, 8 μg and 10 μg, of shRNA as described in Materials and Methods. Expression of green fluorescent protein 
was evaluated by fluorescence microscopy (magnification 10x).
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amount of detected mRNA-M1. Cellular β-actin levels were 
not altered by virus infection and/or shRNAs transfection. 

The IFN-α, IFN-β, IP-10 (precursor of IFN-γ) and IFN-λ 
mRNAs were also analyzed. As seen in Fig. 4, levels of 
IFN-α/β (type I interferons), IP-10 (type II interferon) and 
IFN-λ (type III interferon) mRNAs were not significantly 
changed in regard of negative or positive controls, respec-
tively. The level of IFN-λ mRNA was significantly increased 
in the infected cells treated with shM22, shM349, shM522, 
and with mixtures 2, 3, and 4. The increased level of IFN-λ 
mRNA corresponded to significantly increased level of 
RIG-1 mRNA. 

Inhibition of virus replication by shRNAs in Balb/c mice

The activities of shRNAs in Balb/c mice were tested in two 
independent trials as described in Material and Methods. 

The mice treated with the mutated plasmid shM and 
plasmids shM112 and shM408 died within 6 days (Fig. 5). 
Treatment with constructs shM522 and shM420 extended 
the survival of the mice by 1 or 2 days, respectively. Medi-
cation with shM22 or shM349 protected 1 of the 8 mice 
(Fig. 5). Morbidity was directly proportional to the weight 
loss (Fig. 6). 

To study the synergic effect of the individual con-
structs, we prepared mixtures of shRNAs targeting the M1 
transcript. Mixtures 1 and 2 consisted of all shRNAs and 
differed in construct shM22. While mixture 1 prolonged 
the survival of the mice by 2 days, the survival rate was 

Fig. 2
Inhibition of influenza virus replication in MdCK cells by shRNAs 

targeting the M1 transcript
MDCK cells were infected with A/PR/8/34, followed 16 hr later by trans-
fection with 2 μg, 4 μg, or 8 μg of shRNA. The virus titer was measured 24 
hr after transfection. The column bars represent the average results with 
standard deviations from three independently performed experiments. 
A virus titer of 100% represents the level of infection of the MDCK cells 
transfected with the mutated plasmid (PC-M). Positive control (PC) repre-
sents MDCK cells infected with A/PR/8/34 [H1N1]. Statistical significance 
(*P <0.05; **P <0.02; ***P <0.01) was determined using the unpaired 
Student's t-test.

Fig. 3
Inhibition of influenza virus replication in MdCK cells by shRNA 

mixtures 
MDCK cells were infected with A/PR/8/34, followed 16 hr later by trans-
fection with a mixture containing 1 μg, 2 μg or 3 μg of each shRNA con-
struct. The virus titer was measured 24 hours after transfection. Mixture 1 
consists of shM22, shM112, shM349, shM408, shM420, and shM522; 
mixture 2 consists of the same constructs as mixture 1 except for shM22; 
mixture 3 consists of shM22, shM349, and shM522; mixture 4 consists of 
shM112, shM408, and shM420. The column bars represent the average 
results with standard deviations from three independently performed 
experiments. A virus titer of 100% represents the level of infection of the 
MDCK cells transfected with the mutated plasmid (PC-M). Positive control 
(PC) represents MDCK cells infected with A/PR/8/34 [H1N1]. Statistical 
significance (*P <0.05; **P <0.02; ***P <0.01) was determined using the 
unpaired Student's t-test.

Fig. 4 
Semi-quantitative RT-PCR analysis of M1, RIG-1 and IFN-α, IFN-β, 

IFN-γ, and IFN-λ mRNA in cells
The cells were transfected with shRNAs. At 24 hr post-transfection, the cells 
were infected with IAV. Four hours later, cell lysates were used for assess-
ment of M1, RIG-1, IFN-α, IFN-β, IFN-γ, and IFN-λ mRNA as described 
in Materials and Methods.

slightly improved after removing construct shM22 from 
the mixture (Fig. 7). Mixture 3 comprised the shRNAs with 
statistically significant inhibitory effect. None of the mice 
were completely protected and their survival rate was not 
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prolonged. On the other hand, administration of mixture 
4 comprising constructs that did individually not influence 
the replication of IAV resulted in activity comparable with 
mixture 2 (Fig. 7 and Fig. 8).

discussion

RNAi had been used as an effective antiviral strategy for 
its specific silencing of viral gene expression in cells and 
mice. The M1 protein appears to be a suitable target for 
siRNA due to its conservativeness. Most of these experiments 
were designed such that the cells were first transfected with 
a siRNA or shRNA, followed by infection with IAV 3–24 hr 

Fig. 5 
Survival rate after treatment with shRNA against the M1 transcript

BALB/c mice were infected with A/PR/8/34 (4xLD50). After 16 hr, 10 μg 
of shRNA was intravenously administered to the mice. The protection rate 
is calculated as the number of surviving animals/total number of animals 
x 100% (n = 8) at each time point. NC represents mice injected with PBS, 
PC is positive control, infected mice treated with mutated plasmid. 

Fig. 6 
The mean body weight ± Sd of mice that survived the infection after 

treatment with shRNA against M1 transcript
The values are the means of 2x4 mice per group. Statistical significance 
*P <0.05. NC represents mice injected with PBS, PC is positive control, 
infected mice treated with mutated plasmid.

Fig. 7 
Survival rate after treatment with shRNA mixtures

BALB/c mice were infected with A/PR/8/34 (4xLD50). After 16 hr, mixtures 
of shRNAs (10 μg of each shRNA) were intravenously administered to the 
mice. Mixture 1 consists of shM22, shM112, shM349, shM408, shM420, 
and shM522; mixture 2 consists of the same constructs as mixture 1 except 
for shM522; mixture 3 consists of shM22, shM349, and shM22; mixture 4 
consists of shM112, shM408, and shM420. NC represents mice injected with 
PBS, PC is positive control, infected mice treated with mutated plasmid. 
The protection rate was calculated as the number of surviving animals/total 
number of animals x 100% (n = 2x4) at each time point. 

Fig. 8 
The mean body weight ± Sd of the mice that survived the infection 

after treatment with mixtures of shRNAs
The values are the means of 2x4 mice per group. Statistical significance 
*P <0.05. NC represents mice injected with PBS, PC is positive control, 
infected mice treated with mutated plasmid.

later (Ge et al., 2003; Hui et al., 2004; Zhou et al., 2004, 2007; 
Zhiqiang et al., 2010). 

We were interested in the inhibition of virus replication 
in cells that were already infected. MDCK cells were infected 
with IAV for 16 hours and then were transfected with the 
shRNAs. Of six examined shRNAs targeting the M1 tran-
script, only three were able to inhibit the replication of IAV in 
MDCK cells. The construct shM349, identical with construct 
M-331 prepared by Hui et al. (2004), reduced the replication 
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of IAV in MDCK cells and prolonged the survival of the 
infected mice. However, only 50% of our shRNAs targeting 
M1 transcript inhibited the replication of IAV. It is clear that 
the oligonucleotide sequence selected for the synthesis of the 
siRNAs plays an important role in their activity. 

To improve the inhibition of virus replication, we decided 
to combine individual constructs and examine the effect 
of these mixtures on infected MDCK cells. It is interesting 
that the combination of all of the shRNAs targeting the M1 
transcript, mixture 1, did not result in better inhibition than 
the individual shRNAs. On the contrary, mixture 2 (lacking 
shM22), reduced the virus titer to 21%. Mixture 3, which 
contained constructs with statistically significant inhibitory 
effect, exhibited lower reduction of virus titer (36%) than 
individual shRNAs. Positive synergic effect (56%) was obvi-
ous when using mixture 4, which consisted of individually 
negative shRNAs.

Two or more siRNAs can multiply (synergic effect) or 
inhibit (antagonistic effect) their individual efficiency, and 
this effect cannot be predicted. A combination of siRNAs 
targeting different regions of the human hepatitis B virus 
exhibited improved inhibition of virus replication and an-
tigen expression in a cell culture system (Chen et al., 2005). 
Similarly, partial silencing of viral transcripts by individual 
shRNAs impaired but did not block vesicular stomatitis virus 
replication, but the combination of these shRNAs into a mul-
tiple shRNA vector resulted in inhibition of viral replication 
(Ramirez-Carvajal and Long, 2012). McCaskill et al. (2013) 
reported opposing results, in which pre-treatment with in-
dividual siRNAs against hendra virus genes caused greater 
than 95% inhibition of mRNA expression, while combined 
pre-treatment resulted in 30-50% silencing. 

The inhibitory effect of our shRNAs was also evident when 
MDCK cells were at first transfected with shRNAs and then 

infected with IAV. Replication of IAV and levels of M1 RNAs 
were significantly reduced in cells transfected with shRNAs 
that decreased the virus titer. These results are in coincidence 
with previous findings of other authors and confirm that IAV 
replication is inhibited in a gene specific manner (Hui et al., 
2004; Zhou et al., 2007; Švančarová et al., 2015).

Treatment of infected cells with mutated plasmid (shM) 
resulted in induction of IFN-λ mRNA. shM, however, did 
not influence the transcription of IFN-α, IFN-β, IP-10, and 
RIG-1 mRNA. Levels of IFN-α, IFN-β and IP-10 mRNAs in 
shRNAs treated cells oscillated around the control values. 
IFN-λ mRNA was induced in infected cells treated with 
shM345, shM522 and mixtures 2, 3 and 4. The immune 
stimulation elicited by control shRNA and nonspecific thera-
peutic effects of shRNAs were already described by Robbins 
et al. (2008). However, in our case the immune stimulation 
by shM did not result in inhibition of IAV replication. Our 
results confirmed that IFN-λ could play a critical role in the 
pathogenesis of IAV and IFN-λ was induced through a RIG-1 
-dependent pathway (Svetlikova et al., 2010; Okamoto et al., 
2014; Wei et al., 2014). We conclude that shRNAs inhibited 
influenza virus infection in a gene-specific manner in co-
operation with IFN-λ. 

We examined the therapeutic effect of our shRNAs in 
mice infected for 16 hours. The shRNAs were administered 
intravenously. Some constructs targeting the M1 transcript 
prolonged the survival of infected mice. This protective ef-
fect did not correlate with the efficacy of these constructs in 
vitro. The efficacy of the individual constructs increased in 
the following order: shM22 < shM349 < shM522 in vitro. In 
vivo, the maximal protective effect was displayed by shM22 
and shM112. The survival time was prolonged, and 12.5% 
of the mice survived. A much worse protective effect was 
evident for shM522, which prolonged the survival of the 

Table 1. Sequence of primers used for preparation shRNA constructs and their genomic position in IAV strain A/PR/8/34

shRNA construct ORF position
Forward primer
Reverse primer

M
5'- TCT C AT TTG CAG GCC AAG AAC TTT CAA GAG AAG TTC TTG GTA TGC AAC CCC T –3'
5'- CTG CAG GGG TTG CAT ACC AAG AAC TTC TCT TGA AAG TTC TTG GCC TGC AAA T -3'

M22 M gene
4-22 bp

5'- TCT CAA AGC AGG TAG ATA TTG ACT TCC TGT CAT CAA TAT CTA CCT GCT TTC C T -3'
5'- CTG CAG GAA AGC AGG TAG ATA TTG ATG ACA GGA AGT CAA TAT CTA CCT GCT TT -3'

M112 M gene
94-112 bp

5'- TCT CAT CGC ACA GAG ACT TGA ACT TCC TGT CAT TCA AGT CTC TGT GCG ATC C T -3'
5'- CTG CAG GAT CGC ACA GAG ACT TGA ATG ACA GGA AGT TCA AGT CTC TGT GCG AT -3'

M349 M gene 
331-349 bp

5'- TCT CCT CAA GAG GGA GAT AAC ACT TCC TGT CAT GTT ATC TCC CTC TTG AGC CT -3'
5'- CTG CAG GCT CAA GAG GGA GAT AAC ATG ACA GGA AGT GTT ATC TCC CTC TTG AG -3'

M408 M gene
390-408 bp

5'- TCT CTG CAC TTG CCA GTT GTA TCT TCC TGT CAA TAC AAC TGG CAA GTG CAC C T -3'
5'- CTG CAG GTG CAC TTG CCA GTT GTA TTG ACA GGA AGA TAC AAC TGG CAA GTG CA -3'

M420 M gene
402-420 bp

5'- TCT CTT GTA TGG GCC TCA TAT ACT TCC TGT CAT ATA TGA GGC CCA TAC AAC C T -3'
5'- CTG CAG GTT GTA TGG GCC TCA TAT ATG ACA GGA AGT ATA TGA GGC CCA TAC AA -3'

M522 M gene 
504-522 bp

5'- TCT CGT CTC ATA GGC AAA TGG TCT TCC TGT CAA CCA TTT GCC TAT GAG ACC CT -3'
5'- CTG CAG GGT CTC ATA GGC AAA TGG TTG ACA GGA AGA CCA TTT GCC TAT GAG AC -5'
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mice by just one day. A synergistic effect was detected when 
using a combination of all constructs without shM22 and the 
combination of individually negative shRNAs. Treatment 
with the combination of all shRNAs prolonged the survival 
of the mice only for two days. Interestingly, the survival rate 
significantly increased after removing shM22 from mixture 
1. One of the reasons for different combination effects as was 
seen in the case of shM22 can be explained by the possible 
competition of shRNA processing and RNAi machinery. 
The toxicity of shRNAs could be another possible reason 
for discrepancies between the activities of shRNAs in vitro 
and in vivo (Li et al., 2010; Tanudji et al., 2010; Loinger et 
al., 2012). 

The therapeutic capacity of siRNAs targeting M gene 
was investigated. Three of six shRNAs targeting M1 protein 
gene significantly (P <0.01) inhibited IAV replication in in-
fected cells. Replication of IAV and levels of M1 RNAs were 
significantly reduced in the cells transfected with shRNAs 
that decreased the virus titer. Levels of IFN-α, IFN-β and 
IP-10 mRNAs in shRNAs-treated cells oscillated around 
the control values. IFN-λ mRNA was significantly induced 
in infected cells treated with shRNAs that inhibited virus 
replication. Our data provide evidence that shRNAs targeting 
M gene inhibited influenza virus infection in a gene-specific 
manner in co-operation with IFN-λ. 
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