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ABSTRACT

Background: Small interfering RNA technology has been considered a prospective alternative 
antiviral treatment using gene silencing against influenza viruses with high mutations rates. 
On the other hand, there are no reports on its effectiveness against the highly pathogenic 
avian influenza H5N1 virus isolated from Indonesia.
Objectives: The main objective of this study was to improve the siRNA design based on the 
nucleoprotein gene (siRNA-NP) for the Indonesian H5N1 virus.
Methods: The effectiveness of these siRNA-NPs (NP672, NP1433, and NP1469) was analyzed 
in vitro in Marbin-Darby canine kidney cells.
Results: The siRNA-NP672 caused the largest decrease in viral production and gene 
expression at 24, 48, and 72 h post-infection compared to the other siRNA-NPs. Moreover, 
three serial passages of the H5N1 virus in the presence of siRNA-NP672 did not induce any 
mutations within the nucleoprotein gene.
Conclusions: These findings suggest that siRNA-NP672 can provide better protection against 
the Indonesian strain of the H5N1 virus.
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INTRODUCTION

The battles against bird flu from the highly pathogenic avian influenza virus (HPAI) H5N1 
are still very far from over because the threats posed by the spontaneous reemergence of 
these viruses remain. Outbreaks of H5N1-associated disease have been reported across many 
nations of the Afro-Eurasia continents [1]. The virus can infect various host species, ranging 
from birds to mammals, including humans. In Indonesia, the initial outbreak occurred in 
2003 in poultry farms in East Java Province and then spread widely to most regions [2]. As a 
member of the influenza A (Orthomyxoviridae family), the H5N1 virus has undergone rapid 
mutation due to the negative sense, segmented RNA genome of the virus [3,4].
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From a public health perspective, the WHO reported that as of 2018, there had been 
approximately 840 human H5N1 infections worldwide. In addition, Indonesia has reported 
the second-highest number of cases, with 200 people infected and 168 deaths. Despite the 
number of human cases decreasing significantly, the threat posed by this virus should not be 
ignored. The virus still circulates in the field with many exposure routes to humans, such as 
poultry in human settlements, live bird markets, poultry farms, wild birds, pet birds, poultry 
products, by-products, and waste [2]. Therefore, specific and effective antiviral against HPAI 
H5N1 infections is needed to address anticipated disease outbreaks. Thus far, the treatment 
for influenza infections depends on antiviral based on neuraminidase inhibitors, such as 
Oseltamivir and Zanamivir [5,6]. Unfortunately, several strains of influenza viruses have 
become resistant to neuraminidase inhibitors [7-9]. Therefore, the development of new 
antivirals is essential to anticipate virus mutants resistant to existing antivirals.

The recent progress in the epigenetic field provides an alternative for antiviral developments 
based on gene silencing using RNA interference, such as small interfering RNA (siRNA) 
that is designed efficiently, relatively inexpensive, and flexible for changes with high potency 
and specificity against the influenza virus infection [10,11]. Several types of research have 
been dedicated to exploring the effectiveness of siRNA against influenza virus infections 
by targeting six viral genes, including polymerase base 2 (PB2), polymerase base 1 (PB1), 
polymerase acidic (PA), nucleoprotein (NP), matrix (M), non-structural (NS) genes [12-15]. 
These studies revealed worthy prospects against influenza virus infections, particularly 
siRNAs targeting the NP gene. On the other hand, there are no reports on the siRNA studies 
of the H5N1 viruses circulating in Indonesia. The circumstances of the Indonesian HPAI 
H5N1 showed significant alterations, such as clade evolution, genotypic and phenotypic 
changes [16-18]. Therefore, this study aimed to improve the siRNA design targeting the NP 
gene (siRNA-NP) against the Indonesian H5N1 virus.

MATERIALS AND METHODS

Study design, time, and location
This paper presents the results of experimental laboratory research to design an antiviral 
based on the siRNA-NP that inhibits Indonesian H5N1 virus infections as in vitro challenge in 
Madin-Darby canine kidney (MDCK) cell cultures. The study was conducted in the Virology 
Laboratorium of the Indonesian Research Center for Veterinary Science (IRCVS), Bogor, 
Indonesia, with the time of research from 2018–2020.

Design and construction of siRNA-NP for the Indonesian H5N1 viruses
The sequences of siRNA-NP were designed by the siDirect version 2.0 software (http://
sidirect2.rnai.jp) using the consensus of 210 NP gene sequences of the H5N1 viruses 
circulating in Indonesia that retrieved from the Genbank NCBI database on February 19, 
2018. Fig. 1 presents the scheme of this siRNA design. Subsequently, two sequences of 
siRNA-NP from the software were selected for further analyses. Moreover, the siRNA-NP1496 
sequence was included for comparison [13]. The siRNA oligonucleotides were synthesized, 
desalted, and duplexed before shipment using HP Custom siRNA without modification 
(Qiagen, Germany). Table 1 lists the sequences of this designed siRNA-NP.
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Selection, propagation, and titration of the Indonesian H5N1 virus
The Indonesian H5N1 virus was selected from the IRCVS collection. The selected virus 
isolate was A/bird/Bogor/BR7.Lovebird/2015 belonging to clade 2.1.3 was already confirmed 
positive by reverse transcriptase-polymerase chain reaction (RT-PCR) for the H5N1 virus 
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Fig. 1. siRNA design for the nucleoprotein gene of the Indonesian H5N1 viruses using the siDirect Version 2.0 software. Two selected siRNA sequences were 
marked by blue color. 
siRNA, small interfering RNA.

Table 1. Design of the siRNA-NPs used in the study
siRNA-NP Orientation Sequence (5′-3′)
siRNA-NP672* Target CATCCTCAAAGGGAAATTCCA

Sense UCCUCAAAGGGAAAUUCCATT
Antisense UGGAAUUUCCCUUUGAGGATG

siRNA-NP1433* Target CCTTTGACATGAATAATGAAG
Sense UUUGACAUGAAUAAUGAAGTT
Antisense CUUCAUUAUUCAUGUCAAAGG

siRNA-NP1496† Target GGATCTTATTTCTTCGGAG
Sense AUCUUAUUUCUUCGGAGTT
Antisense CUCCGAAGAAAUAAGAUCC

siRNA-NP, small interfering RNA design targeting the nucleoprotein gene.
*siRNA-NP from siDirect version 2.0 (http://sidirect2.rnai.jp/); †The control of siRNA-NP.

http://sidirect2.rnai.jp/
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and free from the Newcastle disease virus contamination [19-23]. The viral stock was grown 
in the allantoic cavity of 10-day-old embryonated chicken eggs in 37°C incubators [24]. The 
allantoic fluid was harvested 48 h after inoculation and stored at −76°C. Two methods of viral 
titration were used: hemagglutination (HA) and 50% tissue culture infectious dose per mL 
(TCID50/mL) tests. The HA test based on the red blood cell agglutination of hemagglutinin 
was conducted using the OIE standard method in a 96-well microplate V shape with two 
serial dilutions. The TCID50/mL was conducted in MDCK cells in the 96-well/plate with 10 
serial dilutions using Reed and Muench methods. Subsequently, the multiplicity of infection 
(MOI) was derived empirically from the TCID50/mL titer.

Cell culture for in vitro studies
The MDCK cells were used because the highly pathogenic influenza virus could grow well, 
resulting in an observable cytopathic effect without trypsin supplementation. The MDCK 
cells were grown in Dulbecco’s modified eagle medium at 37°C in the presence of 5% CO2 
with supplementation of 10% fetal bovine serum, 50 µg/mL gentamicin, and 250 ng/mL 
amphotericin B.

In vitro test of siRNA-NP against the Indonesian H5N1 virus
As an antiviral substance, the designed siRNA-NP should effectively inhibit the viral H5N1 
replication. For in vitro studies, the MDCK cells grown in the 24 wells/plate were transfected 
with each siRNA-NPs at a concentration of 32 nM in a volume of 500 µL of OptiMEM using 
Lipofectamine 2000 (Invitrogen, USA). Approximately 24 h after transfection, the MDCK 
cells were infected with the H5N1 virus at an MOI = 0.1. The effectiveness of the siRNA-
NPs against the H5N1 infection was analyzed at 24, 48, and 72 h post-infection for both the 
control and treatment groups. By contrast, the supernatant was analyzed for virus titer using 
the HA and TCID50/mL test; the cells were analyzed for the viral gene expression level.

Analyses of viral gene expression level
The two-step quantitative RT-PCR based on SYBR Green was conducted to measure the 
expression level of the NP gene as the primary target of the siRNA-NPs. The expression level 
of other genes, such as PA, H5, N1, M, and NS was also analyzed as an indirect effect of the NP 
gene silencing. Briefly, the total RNA was extracted from MDCK cells using a total RNA Minikit 
(Blood/Cultured Cell) (Geneaid, RB100). The complementary DNA (cDNA) was synthesized 
using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, FSQ30-301). qPCR 
was conducted from the cDNA using PowerUp SYBR Green Master Mix (Applied Biosystem, 
4391178) in Applied Biosystem 7300 Real-Time PCR systems. Table 2 lists the set of primers for 
the H5N1 viral genes. The gene expression level was calculated as a relative expression using the 
Livak method (2-ΔΔct) with the housekeeping gene (γ-Actin) as a normalizer.

Effect of siRNA-NP repeat exposure for virus mutation
As an antiviral substance, the designed siRNA-NPs should effectively inhibit the H5N1 virus 
infection without a significant virus mutation outcome. The effect of the siRNA-NPs on the 
NP gene was analyzed by inhibiting the virus infection in the MDCK cells repeatedly using 
respective siRNA-NPs for three passages. Briefly, the MDCK cells grown in the 24 wells/plate 
were transfected with each siRNA-NPs with a concentration of 32 nM in volume 500 µL of 
OptiMEM using Lipofectamine 2000 (Invitrogen). Approximately 24 h after transfection, the 
cells were infected with the H5N1 viruses. Forty-eight hours post-infection, the cell media 
were harvested for the next passage of infection. After the three serial passages of infection, 
the virus RNA was extracted from the cell media using QIAamp Viral Mini Kit (Qiagen). 
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The NP gene fragment was amplified from position 629 to 1538 by the RT-PCR using the 
SuperScript III one-step RT-PCR system with Platinum Taq DNA polymerase (Invitrogen). 
Table 2 lists the primer set used for the NP gene sequencing. Subsequently, the RT-PCR 
product was purified using a QIAquick PCR purification kit (Qiagen) and delivered to 
Macrogen for DNA sequencing.

Statistical analysis
Parametric or non-parametric statistical analyses were used to compare the control and 
treatment groups using IBM SPSS statistic 21 software. The p values less than 0.05 were 
considered significant.

RESULTS

Three siRNA designs targeting the conserved regions of the NP gene (siRNA-NP672, siRNA-
NP1433, and siRNA-NP1496) were evaluated to study the inhibition effect for the Indonesian 
avian influenza H5N1 virus clade 2.1.3 (A/bird/Bogor/BR7.Lovebird/2015) replication in vitro 
in MDCK cells. As shown in Table 3, virus production (titer in HA units) in infected cell 
culture supernatants was significantly lower in the specific siRNAs-treated cells than in the 
control group with no siRNA-NP (mock) at 72 h post-infection (p < 0.05), except for siRNA-
NP1433. Among these siRNAs, the siRNA-NP672 showed the highest inhibition activity at 72 
h post-infection. The virus production inhibited with this siRNA was approximately 41 times 
lower than virus infection without intervention (mock). The siRNA-NP1433 and siRNA-
NP1496 showed similar results in inhibiting the H5N1 viral production by approximately 
four times lower than the virus control (mock) at 72 h post-infection. The viral infectivity 
analysis reflected by the TCID50/mL titer also showed similar results (Table 3) as the previous 
stage of the study, where the siRNA-NPs caused a significant decrease in the infectious viral 
particles (p < 0.05). Furthermore, the siRNA-NP672 also provides the highest reduction of 
the infectious viral titer among all treatment groups in the 24, 48, and 72 h post-infection in 
approximately 3,160 times that of the virus control (mock) at 72 h post-infection. Moreover, 
the siRNA-NP1433 and siRNA-NP1496 had a comparable degree of infectious virion titer 
reduction of approximately 32–50 times lower than the virus control (mock).

https://doi.org/10.4142/jvs.21174
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Table 2. Set of primers for RT-PCR and qPCR based on SYBR green
Gene Primer name Sequence (5′-3′)
NP NP-F GATCAGTGGCCCATAAGTC

NP-R AATTTGAACCCCTCTGGTG
NPseqF* GGATGATAAAACGAGGGATCA
NPseqR* TTGTCATACTCCTCTGCATTG

PA PA-F GCTTCTTATCGTTCAGGCTCTTAGG
PA-R CCGAGAAGCATTAAGCAAAACCCAG

H5 H5-F CGAATTCACCAATGTGCCAG
H5-R GAGTCTGACACCTGGTGTTG

N1 N1-F TTGCTTGGTCAGCAAGTGCA
N1-R TCTGTCCATCCATTAGGATCC

M M-F CTTCTAACCGAGGTCGAAACG
M-R AGGGCATTTTGGACAAAKCGTCTA

NS NS-F CAGGACATACTGATGAGGATG
NS-F GTTTCAGAGACTCGAACTGTG

γ-Actin γ-Actin-F CATCCGGAAGGACCTTTAC
γ-Actin-R ATCTTGATCTTCATCGTGCT

NP, nucleoprotein; PA, polymerase acidic; H5, hemagglutinin; N1, neuraminidase; M, matrix; NS, non-structural.
*Set primer was used for the NP gene sequencing.
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The effects of these siRNA-NPs on the H5N1 gene expression level were analyzed by 
measuring viral mRNA transcript as a relative expression with the housekeeping gene 
(γ-actin). The siRNA-NP intervention in the viral infection in the MDCK cell caused a 
significant decrease in the viral gene expression, including NP, PA, H5, N1, M, and NS genes 
(Fig. 2). In particular, siRNA-NP672 caused the highest reduction consistently. As the main 
target of the siRNA-NPs, the level of viral NP gene expression was reduced significantly (p < 
0.05) compared to mock in 24, 48, and 72 h post-infection. Despite no significant difference 
between these siRNA-NPs, the siRNA-NP672 caused the highest reduction in the NP gene 
expression level compared to the other two siRNA-NPs. Subsequently, the indirect effects of 
the siRNA-NPs also caused a decrease in the expression level of the other genes, such as PA, 
H5, N1, M, and NS.

https://doi.org/10.4142/jvs.21174
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Table 3. Effect of siRNA-NPs on virus production in infected Marbin-Darby canine kidney cell supernatants
Group No. Viral production

Median titre in HA units* Median titer in log10 TCID50/mL†

24 hpi 48 hpi 72 hpi p value‡ FR§ 24 hpi 48 hpi 72 hpi p value‡ FR§

siRNA-NP672 3 1.0 (1.0–1.0) 1.0 (1.0–2.0) 1.0 (1.0–2.0) 0.043 41 1.0 (1.0–1.0) 1.5 (1.0–1.5) 2.3 (1.5–2.5) 0.046 3,160
siRNA-NP1433 3 2.0 (2.0–4.0) 4.0 (4.0–5.7) 5.7 (4.0–32.0) 0.072 4 1.7 (1.5–1.7) 2.5 (2.5–2.5) 4.3 (3.5–4.5) 0.046 32
siRNA-NP1496 3 4.0 (2.8–4.0) 4.0 (4.0–8.0) 16.0 (8.0–16.0) 0.043 4 1.5 (1.3–1.7) 3.3 (1.5–3.3) 3.7 (3.5–4.5) 0.046 50
mock 3 16.0 (8.0–16.0) 45.2 (16.0–64.0) 64.0 (32.0–64.0) NA NA 3.7 (3.5–3.7) 4.5 (4.3–4.5) 5.5 (5.5–5.7) NA NA
siRNA-NP, small interfering RNA design targeting the nucleoprotein gene; HA, hemagglutination; TCID50/mL, 50% tissue culture infectious dose per mL; NA, not 
applicable; hpi, h post-infection; FR, fold reduction.
*The virus titer expressed as HA unit was the median value (minimum-maximum); †the virus titer expressed as log10 TCID50/mL was the median value (minimum-
maximum); ‡p value, the difference between the treatment groups and the mock at 72 hpi was analyzed with Mann Whitney U test; §FR is calculated by 
comparing the mean value of the treatment groups and the mock (data not shown) at 72 hpi.
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Fig. 2. Relative expression of the H5N1 genes in the Marbin-Darby canine kidney cell as effects of the siRNA-NPs inhibition, including NP (A), PA (B), H5 (C), N1 
(D), M (E), and NS (F). The differences between groups were analyzed with one-way ANOVA post hoc Bonferroni. 
siRNA-NP, small interfering RNA design targeting the nucleoprotein gene; NP, nucleoprotein; PA, polymerase acidic; H5, hemagglutinin; N1, neuraminidase; M, 
matrix; NS, non-structural. 
*p < 0.05, †p < 0.01.
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Sequence analysis of the original NP gene of A/bird/Bogor/BR7.Lovebird/2015 showed 100% 
similarity between siRNA-NP672 and siRNA-NP1496 with its target sequence. By contrast, 
there is two nucleotides difference between siRNA-NP1433 and its target sequence. Fig. 3 
presents the outcomes of the three serial siRNA-NP exposure. For siRNA-NP672 and siRNA-
NP1496, there was no mutation on the target sequence after three serial siRNA-NP exposures. 
On the other hand, one nucleotide mutation occurred in the NP gene on position G1452T 
after three exposures to siRNA-NP1433.

DISCUSSION

The influenza virus utilizes its material genetics to hijack the host cell manufacturers to 
produce various properties for generating new virions [4,25]. The application of gene 
silencing based on siRNA technology is a powerful strategy for limiting viral infections by 
targeted degradation of viral messenger RNA, providing its sequence matched with the target 
[11]. The HPAI H5N1 viruses have been highly mutated over time. Thus, the siRNA for these 
viruses should be targeted to conserved genes. The NP gene is a promising target for gene 
silencing because it has several conserved regions present in several strains of influenza 
viruses [13,14]. The other rationale for targeting the NP gene for silencing is its important 
function in virus replication as templates for maintaining the viral genome integrity [12].

Three siRNA designs targeting the NP gene (siRNA-NP672, siRNA-NP1433, and siRNA-
NP1496) were evaluated against the Indonesian H5N1 virus clade 2.1.3. Overall, the siRNA-
NP672 provides the best result in reducing the viral expression gene level, as well as virus 
production and infectivity. The siRNA-NP1433 and siRNA-NP1496 provide a similar outcome 
in reducing the viral infection parameters. These results may be related to the position of the 
gene targets of these siRNA-NPs. Although the target gene of siRNA-NP672 is located in the 
middle part of the mRNA, both gene targets of siRNA-NP1433 and siRNA-NP1496 are located 
in the distal part, where high genetic variations occur. The siRNA-NP1496 was originally 
designed for subtype H1N1. Hence, it was also evaluated against subtypes H5N1, H6N2, 
H7N7, H8N4, and H9N2 with various reductions of viral infection [13,26-28]. This study 
confirmed that the siRNA-NP1496 is still effective in decreasing the Indonesian H5N1 viral 
infection, but the siRNA-NP672 caused a better reduction against the respective virus.
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The nucleoprotein gene sequence of A/bird/Bogor/BR7.Lovebird/2015

siRNA-NP672 and its target

Before exposure

After exposure

siRNA-NP1433 and its target siRNA-NP1496 and its target

Perfect match
between the siRNA
and its gene target

2 mismatches identified
between the siRNA
and its gene target
(T1434C & G1452A)

Perfect match
between the siRNA
and its gene target

No mutation
occurred

1 mutation occurred
(G1452T)

No mutation
occurred

Fig. 3. Mutation analysis of the nucleoprotein gene as the effect of three serial exposure of siRNA-NPs. The 
difference between the siRNA-NP and its target sequence was shown by bar marking. The mutations that 
occurred after siRNA-NP exposures are indicated by the arrows. 
siRNA-NP, small interfering RNA design targeting the nucleoprotein gene.
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The effects of the siRNA-NPs should be disrupted directly only for the NP gene expression 
level, where the expression of the other genes should not be interrupted. Nevertheless, this 
study showed that the interruption of viral gene expression occurred in the NP gene and other 
genes, including PA, H5, N1, M, and NS genes. Reducing the expression level of other genes 
may be related to its role in virus replication. This finding confirmed that the NP gene is one 
of the best targets for gene silencing [13,14,27].

The following matter related to siRNA efficacy to disturb the expression of gene target is 
the perfect match between their nucleotide sequences. A previous study showed that even a 
single nucleotide mismatch between siRNA and its target caused interference efficiency that 
reduced its effect significantly [29]. On the other hand, this study confirmed that siRNA-
NP1433 with two nucleotide mismatches exhibited comparable viral infection inhibition 
with the siRNA-NP1496 already used in several studies against the Indonesian H5N1 virus. 
siRNA NP1433 binds its target effectively and affects virus replication despite two nucleotide 
mismatches, which is a significant result because the field strains of the influenza virus can 
have considerable variations.

The last concern regarding the design of antivirals for influenza viruses is related to their 
natural behavior and properties, which are easy to mutate for surviving in the environment 
[1,4]. There is considerable evidence of influenza viruses surviving biological pressures, such 
as innate immunity, vaccination, and antiviral therapies, through escape mutations [7,30-32]. 
This concern should also be addressed for the siRNA design for antiviral agents against the 
influenza virus. In this study, a mutation of the NP gene occurred for the Indonesian H5N1 
virus after three serial exposures with the siRNA-NP1433. The two other siRNA-NPs did not 
show any mutation after three serial exposures in the viral infection in the MDCK cells.

As a limitation, this study only conducted three serial passages, so future studies should 
prolong the serial passage because the mutation effect of siRNA could occur by positive 
selection, particularly for the NP gene with a lower mutation rate compared to the H5 and 
N1 genes. Moreover, the suitable siRNAs for the influenza virus should be selected carefully 
based on recent circulating viruses in the field to avoid any drawbacks in the future. Another 
strategy to address the potential variation in circulating field strains of H5N1 would be 
to deliver multiple siRNAs simultaneously. For example, the cocktail siRNA application 
targeting NP and other influenza viral genes provides a better knockdown effect for influenza 
virus infections [14,27]. Therefore, using multiple siRNAs may account for natural variations 
and reduce the likelihood of siRNA escape mutations emerging.

In summary, this study obtained promising results in reducing HPAI H5N1 virus infections 
with the siRNA-NPs, particularly the siRNA-NP672, which exhibited the highest inhibition of 
virus replication. Future studies should focus on the most suitable systems to deliver siRNAs 
to the target cells against acute viral infection, such as the H5N1 virus, particularly the 
challenge test in animal models.
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