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Review Article

Introduction

Influenza viruses belong to the family Orthomyxoviridae, which 
has more than five genera. These genera include influenza virus, 
thogotovirus, and isavirus.1,2 There are four types of influenza vi-
ruses: A, B, C and D. Influenza A and B viruses infect humans, 
causing seasonal influenza epidemics and periodic pandemics due 
to antigenic drift and antigenic shift, respectively. Influenza A vi-
ruses also infect a variety of non-human species (including birds, 
pigs, horses, cats, dogs, seals and whales), and wild aquatic birds 
(such as wild ducks, geese, swans, gulls and terns) are their natural 

hosts.3,4 Influenza type C infections generally cause a mild respira-
tory illness and are not usually associated with epidemics. Influen-
za D viruses primarily infect cattle and are not known to infect or 
cause influenza in humans.5 The influenza A viruses are classified 
into 18 hemagglutinin (HA) and 11 neuraminidase (NA) subtypes. 
Influenza B viruses have no subtypes, but are described by line-
ages and strains. Common influenza A subtypes in humans include 
H1, H2, H3, N1 and N2, while the less common strains include H5, 
H7 and H9. The currently circulating influenza B viruses belong to 
one of two lineages: B/Yamagata and B/Victoria.5

Influenza A and B viruses each contain eight genomic segments 
of negative-sense single-stranded RNA (ssRNA), while the ge-
nome of influenza C virus has seven segments. Each ssRNA seg-
ment encodes at least one protein.6 For almost three decades after 
the genome of influenza A viruses was first mapped, the genome of 
influenza A viruses was thought to encode 10 proteins. However, 
new findings have revealed that this eight-segment genome could 
encode up to 18 proteins, and more proteins could be discovered 
in the future.7 The 10 proteins initially recognized are polymerase 
basic protein 2 (PB2), polymerase basic protein 1 (PB1), polymer-
ase acidic protein (PA), HA, nucleocapsid protein or nucleoprotein 
(NP) and NA, encoded by segments 1, 2, 3, 4, 5 and 6, respectively. 
They also include matrix 1 (M1) and matrix 2 (M2) proteins (from 
segment 7) and non-structural protein 1 (NS1) and non-structural 
protein 2 (NS2; also known as nuclear export protein, NEP) (from 
segment 8).6–8 The first accessory protein, PB1-F2, translated from 
the fourth AUG codon in an alternative reading frame of PB1, was 
identified in 2001. It is a small, 87-residue protein that enhances 
apoptosis in immune cells and is thought to aid viral transmission. 
Other novel proteins encoded by the genome of influenza A vi-
ruses include PB1-N40 (which is translated from the fifth AUG 
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codon that is in-frame with the PB1 start codon), PA-X (a riboso-
mal frame-shifting derivative of segment 3), PA-N155, PA-N182, 
M42 and NS3. On the other hand, the eight-segment genome of 
influenza B virus encodes 11 proteins, while the seven-segment 
genome of influenza C virus encodes 9 proteins.7–10

Proteins encoded by influenza B viruses (and their encoding 
segments) are PB1 (segment 1), PB2 (segment 2), PA (segment 3), 
HA (segment 4), NP (segment 5), NA and NB (as overlapping open 
reading frames on segment 6), M1 (segment 7), BM2 (segment 7, 

through a translational stop-start mechanism), and NS1 and NS2 
(segment 8). The BM2 protein is important for incorporation of 
the viral ribonucleoprotein (vRNP) complex into virions during vi-
rion assembly, and is therefore crucial for generation of infectious 
progeny influenza B viruses. Those encoded by influenza C virus 
(and their encoding segments) are PB2 (segment 1), PB1 (segment 
2), P3 (segment 3), hemagglutinin-esterase-fusion (HEF) (segment 
4), NP (segment 5), M1 and CM2 (segment 6), and NS1 and NS2 
(segment 7). Functions of the HEF protein include receptor bind-

Fig. 1. Schematic diagram of the life cycle of influenza viruses showing the sites of action of the two main groups of currently available traditional 
anti-influenza drugs. Green arrows depict important steps in the life cycle of influenza viruses; red arrows show the sites of action of M2 ion chan-
nel blockers and NA inhibitors; black arrows represent the sequence of events during transcription, translation, and genomic replication: after nuclear 
import of vRNA, transcription by viral RNA-dependent RNA polymerase produces initial mRNA transcripts (pre-mRNA) which then undergo a maturation 
phase (including splicing) before export into the cytoplasm where translation occurs to produce new viral proteins; some newly produced viral proteins 
(such as polymerases and NEP) are translocated back into the nucleus for initiation of genome replication and subsequent export of progeny vRNPs.
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ing, esterase activity and membrane fusion, while CM2 may have 
a role in genome packaging and uncoating during replication of 
influenza C viruses.8,9 Treatment of seasonal influenza and preven-
tion of pandemic influenza have become major issues in recent 
years, due to a high rate of evolution of influenza viruses and ensu-
ing resistance to existing anti-influenza drugs and vaccines. Novel 
and efficient treatment strategies are therefore urgently needed. 
This review discusses the prospects and use of small interfering 
RNAs (siRNAs) as treatment of influenza. Challenges associated 
with siRNA interference are also highlighted.

Life cycle of influenza virus and currently available options 
for influenza therapy

Influenza viruses replicate in the host cell nucleus, unlike most 
RNA viruses. As shown in Figure 1, their replication cycle can be 
divided into the following stages: attachment to host cell receptors; 
viral entry by endocytosis; release of viral nucleocapsid into the 
cytoplasm by fusion of viral and endosomal membranes (medi-
ated by low pH within the endosome); transport of viral negative-
sense RNA into the nucleus; primary mRNA transcription by viral 
polymerases; transport of primary mRNA transcripts into the cyto-
plasm and subsequent translation to produce new polymerase, NP, 
NS1 and NS2 proteins; transport of newly produced viral proteins 
back into the nucleus to initiate genomic replication and secondary 
mRNA transcription; assembly of viral ribonucleoprotein complex 
in the nucleus and subsequent export to the cytoplasm; and release 
of new virions from infected cells through budding from the api-
cal side of cytoplasmic membrane. The release of progeny virions 
from infected cells is achieved through the activity of NA proteins, 
which cleave and remove sialic acid receptors from cellular glyco-
proteins and glycolipids.10–12

Two major classes of drugs have been used for treatment of 
influenza virus infection. These are the M2 ion channel blockers 
and inhibitors of NA (Fig. 1).

M2 ion channel blockers

The M2 protein is an ion (proton) channel that allows proton trans-
location through the virion envelope, thereby leading to acidifica-
tion of the viral core and subsequent dissociation and release of 
the vRNP complex in the host cell cytoplasm. This step is vital 
for the function of viral RNA-dependent RNA polymerase (RdRP) 
and expression of viral genes.13 M2 ion channel blockers, which 
include amantadine and rimantadine (adamantanes), were the first 
generation of influenza antiviral agents. They inhibit this important 
function of the M2 protein, but due to high resistance, their use is 
now largely discontinued and replaced by NA inhibitors.14–16 In 
addition, their efficacy was restricted to influenza A viruses only, 
since influenza B viruses do not possess the M2 protein.17

Inhibitors of NA

As stated earlier, the NA protein cleaves and removes sialic acid 
receptors from cellular glycoproteins and glycolipids, thereby re-
leasing new virions from infected cells.6,10 Thus, inhibitors of NA 
interrupt an established infection in its late stages by inhibiting 
the release of virions from infected cells. This leads to accumula-
tion of virions at the apical cell surface, consequent inhibition of 
viral penetration of mucous secretions, and prevention of spread to 
other cells.15,18 The three currently approved anti-influenza drugs 

in the U.S., recommended by the Centers for Disease Control and 
Prevention (CDC), are all inhibitors of NA. They are oseltamivir 
(oral), zanamivir (inhalational), and peramivir (intravenous/intra-
muscular).19

NA inhibitors are active against most influenza A and B viruses 
and elicit fewer side effects, but development of resistance to os-
eltamivir and zanamivir by different influenza viruses has been 
reported.20 For instance, sporadic oseltamivir-resistant 2009 H1N1 
virus infections have been reported, occasionally with rare epi-
sodes of limited transmission, and more of such cases can be ex-
pected.20–23 In fact, oseltamivir-resistant 2009 H1N1 virus strains 
have been reported to emerge within 48 hours after initiation of 
treatment.24 In addition, transmission of oseltamivir-resistant in-
fluenza B virus strains or 2009 H1N1 virus strains acquired from 
persons treated with oseltamivir rarely occurs but has been docu-
mented, and clinical isolates with reduced susceptibility to zanami-
vir have been obtained occasionally from immunocompromised 
children on prolonged therapy.21, 25–27 Development of resistance 
to zanamivir or oseltamivir has also been identified during treat-
ment of seasonal influenza.23,28

Inhibitors of viral RNA synthesis

Although ribavirin, a nucleoside analogue, shows activity against 
influenza viruses, it is less active against the influenza viruses than 
M2 channel blockers or NA inhibitors.29,30 Several reports also 
posited that significant safety issues, such as the risk of hemolytic 
anemia and of teratogenicity, present additional challenges to ad-
dress if ribavirin is to be used for the treatment of influenza.30,31

Combination therapy with amantadine, oseltamivir and ribavi-
rin

A triple combination antiviral drug (TCAD) regimen composed 
of amantadine, ribavirin and oseltamivir produced considerable 
antiviral effect against drug-resistant seasonal and 2009 H1N1 
influenza viruses in vitro.32,33 However, in a retrospective study 
on critically-ill A/H1N1pdm09 influenza patients, those who were 
treated with TCAD showed little additional toxicity and an insig-
nificant trend towards lower mortality than those who were treated 
with only oseltamivir.34 Thus, results from in vitro assessment of 
TCAD do not necessarily imply good in vivo antiviral activity, and 
safety of TCAD has not been fully investigated.

Problems associated with influenza vaccination and chemo-
therapy

Several factors contribute to the complexity associated with pre-
vention and treatment of influenza. These include the following: 
high rate of mutation; genetic reassortment; and high risk human 
populations.

High rate of mutation

RNA viruses, including influenza viruses, generally mutate faster 
(typically at or near the error threshold for maintaining the integrity 
of genetic information) than DNA viruses, due to lack of exonu-
clease proofreading activity of the virus-encoded RdRP. Mutation 
rates for RNA viruses were found to range from 10−6 to 10−4 sub-
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stitutions per nucleotide per cell infection (s/n/c) for RNA viruses, 
in comparison to 10−8 to 10−6 s/n/c found for DNA viruses.35 This 
high mutation rate contributes to the highly adaptive capacity of 
RNA viruses.36,37 High mutation rates may also increase the rate 
at which RNA viruses, including influenza viruses, adapt to a new 
host, acquire a new route of transmission, escape from host immune 
surveillance, or become resistant to existing vaccines and antiviral 
drugs.38,39 For instance, resistance to oseltamivir and zanamivir has 
been attributed to mutations in the NA and HA genes.40–43

In addition, although most viral mutations are either lethal or 
highly detrimental to the virus, influenza viruses have been found 
to have considerable mutational robustness, with mutations in 
genomic segments 4 (HA) and 6 (NA) appearing to be less ardu-
ously accommodated than elsewhere in the genome.37,39 This rela-
tive ease of accumulation of mutations in the HA and NA genes 
may allow the virus to escape from the host’s specific immunity 
and sensitivity to available drugs.44 A typical example is H275Y 
mutation in the NA gene of influenza viruses. Because oseltamivir 
loses its ability to bind to and inhibit the function of the mutant’s 
NA proteins, such mutants become resistant to oseltamivir and 
they spread more easily to other uninfected cells.45

Genetic reassortment

Genetic reassortment or ‘genetic mixing’ usually occurs between 
genomic segments of co-infecting influenza viruses in a permis-
sible host. The domestic pig, which has been termed a ‘mixing 
vessel’ for influenza viruses, can be co-infected with avian and hu-
man influenza viruses, leading to genetic reassortment and genera-
tion of novel strains of influenza viruses through antigenic shift. 
Reassortment, which typically occurs within a genus and not be-
tween different genera, can produce new genome constellations.13, 
46–48 Preventive strategies targeting the human-swine interface are 
therefore important for prevention of future pandemics.49

Human infection by ‘variant’ influenza viruses

Swine influenza viruses do not normally infect humans. However, 
sporadic human infections with typical swine influenza viruses 
have occurred, and these are called ‘variant’ viruses (denoted by 
adding ‘v’ to the end of the virus subtype designation). Human 
infections with variant H1N1 (H1N1v), variant H3N2 (H3N2v), 
and variant H1N2 (H1N2v) swine influenza A viruses have been 
detected in the United States. Most commonly, human infections 
with these variant viruses have occurred in people with significant 
exposure to infected pigs. This category includes live-pig handlers 
at abattoirs and slaughter slabs, pig farm workers, and children 
who have close contacts with pigs at fairs.50,51 While the efficacy 
of currently available anti-influenza drugs for treatment of these 
variant viruses is akin to that of seasonal influenza viruses, some 
variant viruses, specifically currently circulating H3N2v viruses, 
are known to acquire the M gene of the 2009 pandemic H1N1 in-
fluenza virus. This makes H3N2v infect humans more easily than 
is typical for other swine influenza viruses.52

Need for commencement of influenza treatment at the onset of 
disease

Ideally, influenza drugs should be administered early during the 
course of the disease, optimally within 48 hours of onset of symp-
toms.2,16 This may be difficult to achieve, especially in developing 

countries, either due to unavailability or inaccessibility of drugs, or 
inability of affected persons to correctly attribute the non-specific 
clinical signs noticeable at this early stage to influenza.49

High-risk human populations

Influenza is typically mild, usually with recovery occurring in less 
than two weeks. However, complications, such as pneumonia, 
bronchitis, sinus infections and ear infections, may occur in some 
high-risk groups. Such complications could result in hospitaliza-
tion and sometimes death. Vulnerable groups include: children 
younger than 5 (especially those below 2) years-old; elderly people 
who are at least 65 years-old; women during pregnancy and up to 
two weeks postpartum; residents of nursing homes and other long-
term hospices; persons with immunodeficiency disorders, such as 
acquired immune deficiency syndrome; and American Indians and 
Alaskan natives (who have been found to have higher likelihood 
for hospitalization due to influenza than the general U.S. popula-
tion).53,54 This vulnerable population, therefore, has greater need 
for treatment because while they constitute <20% of the overall 
population, the highest mortality rates during seasonal influenza 
are usually associated with them. However, their low tolerance for 
anti-influenza drugs puts a limit on their use of these drugs.43 This 
could become a serious problem if not adequately managed.

siRNAs: Historical Highlights

The discovery of RNA interference (RNAi) in the 1990s revolu-
tionized our understanding of gene regulation. RNAi is a naturally 
occurring endogenous post-transcriptional cellular mechanism 
that regulates RNA expression.55,56 In the early 1990s, research-
ers observed that RNA inhibited protein expression in plants and 
fungi.57 This phenomenon, which was not well understood at the 
time, was known as post-transcriptional gene silencing (PTGS), 
quelling, and co-suppression.58,59 In 1998, Andrew Fire and Craig 
C. Mello observed, in the nematode Caenorhabditis elegans, that 
double-stranded RNA (dsRNA) was the source of sequence-specif-
ic inhibition of protein expression, which they referred to as RNA 
interference.60 They later won the Nobel Prize in Physiology or 
Medicine, in 2006, for their discovery of RNA interference. Key 
events in the history of RNAi are summarized in Table 1.58–70

siRNA (also referred to as short interfering RNA or silencing 
RNA) is a class of 18–26 (typically 21–25) base-pair long dsR-
NA, which function within the RNAi pathway by interfering with 
the expression of specific genes with complementary nucleotide 
sequences by degrading mRNA after transcription, thereby result-
ing in no translation.56,71 The earliest suggestion that a synthetic 
siRNA can act as an antiviral came in 2001 when the growth of 
respiratory syncytial virus (RSV) was inhibited by synthetic, 21 
nucleotide-long, dsRNA molecules that degraded the essential vi-
ral mRNAs, thereby preventing specific viral protein formation.65 
The first report in which the siRNA-based approach was success-
fully used against influenza was made in 2003.66

Mechanism of RNAi

Several pathways exist for RNAi. These are microRNA (miRNA), 
siRNA, short hairpin RNA (shRNA), and the germ line–specific 
PIWI-interacting RNA (piRNA) pathways.57, 72–75 Initially, silenc-
ing of specific genes in mammalian cells was difficult because of 
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Table 1.  Important landmarks in the history of RNA interference

Key Events Timeline Reference
Co-suppression of endogenous chalcone synthase (CHS) gene in petunias  
plant

1990 Napoli and Jorgensen58

Quelling of endogenous gene in the fungi Neurospora crassa 1992 Romano and Macino59

First documentation of RNAi in animals (Caenorhabditis elegans) using  
antisense RNA

1995 Guo and Kemphues61

Explication of dsRNA as the basis of sequence-specific inhibition of  
protein expression; Coinage of the term RNA interference

1998 Fire et al.60

Discovery of siRNAs as mediators of RNAi through gene ‘knock down’ 2000 Hammond et al.; Zamore et al.62,63

Discovery of RNA-induced silencing complex (RISC) 2001 Bernstein et al.64

Elucidation of the Dicer as a requisite for the initiator phase of RNAi  
pathway

2001 Bernstein et al.64

Earliest indication of use of synthetic siRNA as antiviral agents  
(inhibition of growth of RSV)

2001 Bitko and Barik65

First report on use of siRNA as anti-influenza agent 2003 Ge et al.66

Discovery of the Slicer activity of AGO2 2004 Song et al.; Martinez and Tuschl; Liu et al.67–69

Nobel Prize in Physiology or Medicine to Andrew Fire and Craig C.  
Mello for discovery of RNAi

2006 Nobel Media AB 201470

Fig. 2. Pathways of RNA interference.
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the induction of the interferon response by dsRNAs of ≥30 nucleo-
tides.75–77 However, the discovery that siRNA actually mediates 
RNAi through PTGS or ‘knock-down’ increased the level of inter-
est in their use as antiviral agents.56,63,78,79

Two key differences between miRNA and siRNA are their 
cellular origins and the nature of the dsRNA precursors of each. 
Whereas miRNAs are derived from the genome, siRNAs may be 
endogenous or arise via viral infection or other exogenous sourc-
es.80 In addition, siRNA duplexes feature perfect base-pairing, 
whereas miRNA helices contain mismatches and more extended 
terminal loops. A shRNA is a synthetic RNA molecule with a tight 
hairpin turn that could be used to silence target gene expression 
by RNAi. Although shRNA is an advantageous mediator of RNAi 
in that it has a relatively low rate of degradation and turnover, ex-
pression of shRNA in cells is usually accomplished by delivery 
of plasmids or through viral or bacterial vectors. This requirement 
for an expression vector could pose safety concerns. Moreover, 
subsequent to their expression in the nucleus, the precursors of 
shRNAs are processed by Drosha and then exported by Expor-
tin-5 to the cytoplasm, where the loop sequence of the shRNA is 
removed by Dicer. From this stage, shRNAs are processed in the 
same manner as siRNAs.81–83 Thus, although several pathways ex-
ist for RNAi, siRNA and miRNA are fundamental to RNAi. Figure 
2 shows the pathways of RNAi by siRNA and miRNA.

RNAi is therefore initiated by exposing cells to siRNA or dsR-
NAs (via transfection or endogenous expression).75 The naturally 
occurring dsRNAs are processed by the dsRNA-specific endo-
nuclease Dicer-RDE-1, which cleaves long dsRNA into smaller 
double-stranded duplexes (usually 21–23 nucleotides in length) of 
siRNA.84 The siRNAs then form a complex with the RNA-induced 
silencing complex (RISC), and subsequently guide the RISC to 
cleave target mRNAs that share sequence identity with the siRNA, 
as follows.64,75,76 After incorporation into the RIC complex, one 
strand of the siRNA duplex (referred to as the passenger strand) is 
cleaved by an endonuclease of the RISC, the Argonaute 2 (AGO2), 
leading to activation of the RISC. This strand is released.85,86 The 
other strand (referred to as the guide strand) then links the activat-
ed RISC (now with a single-strand siRNA) complex to the target 
mRNA by base pairing. Target mRNA is then cleaved and degrad-
ed by AGO2, thereby preventing translation and synthesis of as-
sociated proteins. This effectively results in a silenced gene (PTGS 
or ‘knock-down’).85,86 Thus, all of these processing pathways (of 
miRNA, siRNA, shRNA and piRNA) converge at the point of as-
semblage of the RNA into the RISC and they subsequently proceed 
through a common mode of action.74 Introduction of siRNA into 
cells, therefore, leads to down-regulation or ‘knock-down’ of tar-
get genes without triggering interferon responses.84

Advantages of siRNAs over traditional anti-influenza drugs

RNAi of specific influenza genes by siRNAs has several advan-
tages over organic anti-influenza drugs. These include the ease of 
synthesis, superior efficiency of production, and less susceptibility 
to resistance. These advantages are highlighted below:

Ease of synthesis and better efficiency of production

One of the key benefits of siRNA-based therapeutics during pan-
demic influenza is that the basic requirement for design of spe-
cific siRNAs is knowledge of the gene sequence of the pandemic 
strain. Once the sequence has been elucidated, appropriate siRNAs 
could be synthesized at relatively low cost within a short period.87 

Moreover, because the design algorithms for siRNA-based agents 
are nearly identical for any pathogen, synthetic and mass produc-
tion processes for all siRNAs are the same, and their efficiency of 
production is better.43,88

Less susceptibility to resistance

Several studies have reported that siRNA-based drugs are less sus-
ceptible to development of resistance by influenza viruses.43,79,89 
For instance, while Inoue et al. reported that oseltamivir-resistant 
2009 pandemic H1N1 virus strains have been shown to emerge 
within 48 hours after initiation of treatment, Sui and colleagues 
reported that when H1N1 and highly pathogenic avian influ-
enza (HPAI) H5N1 viruses were cultured in shM2-MDCK cells 
(MDCK cells expressing shRNAs M2-950), no mutation appeared 
in the region targeting siM2 (siRNA targeting influenza M2 gene) 
even after 40 passages of the cultures.24,79 Moreover, even if resist-
ance to a particular siRNA targeting one influenza gene segment 
develops, another siRNA, targeting another genomic segment 
could be used.43

Broad anti-influenza spectrum and long-term inhibitory effect

In a recent study, the antisense oligonucleotide designed against 
the noncoding regions (NCR) of influenza virus was able to in-
hibit the expression of the viral genome of several influenza virus 
strains. The presence of antisense oligonucleotide showed reduc-
tion of virus multiplication and pathogenesis both in vitro and in 
vivo. This implied that a single antisense oligonucleotide could 
provide protection against more than one strain of influenza A vi-
rus.90 Another in vivo study carried out by Tompkins et al. revealed 
that influenza-specific siRNA treatments directed against the NP 
and PA genes were broadly effective and protected animals against 
lethal challenge with highly pathogenic avian influenza A viruses 
of the H5 and H7 subtypes.91 Ge and co-workers also reported that 
siRNAs targeting the NP and PA gene segments (NP-1496 and 
PA-2087, respectively) provided a broadly effective inhibition of 
H1N1 influenza virus.66 This is because these siRNAs did not only 
inhibit the accumulations of specific NP or PA mRNAs, but also 
inhibited the accumulations of mRNAs for M, NS1, PB1, PB2 and 
PA or NP genes. This broadly effective inhibition was thought to be 
as a result of interferon response or activation of an RNA degrada-
tion pathway (such as phosphorylated protein kinase R, PKR) used 
by some siRNAs.92,93

Another benefit of many anti-influenza siRNAs is their long-
term inhibitory effect. In a recent report, Behera and co-workers 
observed, using three siRNAs designed against the PB2 and NP 
gene segments of HPAI H5N1 (identified as PB2-2235, PB2-479 
and NP-865), 8- to 16-fold reduction in virus HA titers, 68–80% re-
duction in viral plaque counts, and 87–94% reduction in RNA copy 
number for 48 hours (maximum observation period) after challenge 
with 100TCID50 of virus.94 Sui et al also reported that inhibition 
of propagation of H1N1 and HPAI H5N1 viruses in stable cell lines 
by siRNAs targeting the M2 gene was sustained for more than 50 
hours post-infection.79 Similar results were obtained by Ge et al. 
in MDCK cells using siRNA targeting the NP gene (NP-1496).66

Possibility of intranasal administration

It has been shown that intranasal delivery contributes to the ef-
ficacy of siRNAs more than intravenous delivery.66,91 Intranasally 
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administered siRNAs have been developed, and they are reported 
to show prompt delivery to the lungs, leading to significant protec-
tion of animals.95 They also have the added advantage of being 
effective when used therapeutically and prophylactically.87 For in-
stance, Bitko et al. reported that siRNAs administered intranasally, 
with or without transfection reagents, in the mouse model specifi-
cally inhibited respiratory viruses.95 These authors also observed 
that the degree of protection in mice was comparable to the anti-
viral activity of the siRNA in cell culture. Zhang and co-workers 
also reported that intranasal treatment of mice with siNS1 (siRNA 
targeting the NS1 gene) nanoparticles, either before or after viral 
infection, showed significant decrease in pulmonary virus titers, 
inflammation and airway reactivity, compared to controls.96 More-
over, an siRNA-based inhaler has been successfully developed 
against RSV and could also work for influenza.87

Possibility of use as anti-influenza agent in human and animals

Some previous reports showed that siRNA targeting influenza M2 
gene potently inhibited viral replication, and was effective, not 
only for H1N1 virus but also for H5N1 highly pathogenic avian 
influenza virus.79 Another study also revealed that siRNAs could 
effectively reduce the NS1 gene expression of the H5N1 avian in-
fluenza virus.97 Sirnaomics have developed a siRNA-based thera-
peutic agent against influenza virus, known as STP702. STP702 
has been shown to be effective against H5N1 (avian flu) and H1N1 
(swine flu). In this application, several siRNAs targeting conserved 
regions of the influenza virus genome have been combined to form 
a cocktail that has a multitargeted approach.88

Furthermore, Rajput et al. reported that when NS1-specific 
siRNA was administered in experimental mice, a 92% reduction 
was observed in the levels of NS1 gene expression in the lungs.98 
Significant decrease in cytokine levels and virus titers in the lungs 
were also observed. Zhou et al. also designed three siRNAs against 
the NP, PB1 and PA proteins of H5N1 avian influenza virus.99 
Their findings revealed that newly synthesized nucleocapsid, PA 
and PB1 proteins are required for avian influenza virus transcrip-
tion and replication and could serve as a basis for the development 
of siRNAs as prophylaxis and therapy for avian influenza infection 
in birds and humans.

Concise appraisal of some synthetic anti-influenza siRNAs

In mammalian cells, the requirement for Dicer-RDE-1-mediated 
processing of long dsRNA RNAi could be bypassed by introduc-
ing synthetic 21-nt siRNA duplexes into the cells.100 While such 
21-nt siRNAs are too short to induce an interferon response in 
mammalian cells, they retain the ability to confer transient inter-
ference of gene expression in a sequence-specific manner.100,101 
These exogenous 21-nt siRNAs therefore represent a previously 
unrecognized class of molecules that may have significant medi-
cal applications.66 Their processing subsequently follows the same 
pathways as naturally occurring siRNAs. This implies that within 
the cytoplasm, the duplexes become separated by the RISC.102 Var-
ious siRNAs targeting different influenza gene segments have been 
produced. For instance, siRNA designed against the M2 (siM2) 
gene conferred long-term effective inhibition of influenza A virus 
replication. In addition, siRNA-resistant mutants did not appear 
in the targeted sequence, even after culturing the virus for 40 pas-
sages.79 Among the three siRNA expression plasmids designed by 
Zhou et al. against H5N1 avian influenza, siRNA specific for nu-

cleocapsid protein was found to have 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.99 Tompkins et 
al. also produced broadly effective anti-influenza siRNAs directed 
against the NP and PA genes.91 These siRNAs protected animals 
against lethal challenge with highly pathogenic avian influenza A 
viruses of the H5 and H7 subtypes.

Challenges associated with clinical use of anti-influenza 
siRNA

Clinical use of siRNA-based drugs has been limited as a result 
of several challenges. Questions abound on the pharmacokinetics, 
modalities for targeted delivery, and possibility of off-target or in-
advertent effects of siRNA-based drugs.102 A major limitation to 
utilizing siRNAs for treatment in humans is the development of ef-
ficient delivery systems.103 For instance, although inhaled delivery 
of naked, modified and complexed siRNAs has shown efficacy for 
respiratory targets, such delivery of naked siRNAs also has its low 
points. Such limitations include the fact that early in vivo efforts at 
topical delivery of siRNA revealed that topical formulations could 
have cytotoxic effects.102 More studies on pharmacokinetics and 
targeted delivery of specific anti-influenza siRNAs in appropriate 
animal models would be crucial in overcoming these limitations. 
In this regard, the ferret, which has been described as a model or-
ganism for influenza A virus infection studies, would be an ap-
propriate candidate.104,105 Premised on a study which reported that 
combining different delivery strategies enhanced the efficacy of 
synthetic anti-influenza siRNAs, the possibility of combining in-
tranasal delivery and another delivery strategy, such as hydrody-
namic intravenous delivery, could also be explored.91 Such combi-
nation could be assessed starting with intranasal delivery followed 
by another delivery method, or they could be tested concurrently.

Off-target effect occurs when a siRNA, subsequent to process-
ing by the RISC, knocks down unintended targets. In other words, 
it connotes a siRNA-mediated silencing of unintended mRNA 
transcripts.106 First described in 2003, siRNA-mediated off-target 
effects, which were initially thought to be inconsequential, are now 
known to produce false positives in siRNA screens, induce meas-
urable phenotypes, and may cause undesired side effects during 
clinical trials.106–111 It has been shown that off-target effects oc-
cur as a result of complementarity between the seed region of the 
siRNA (nucleotide positions 2–7) and sequences in the 3′-UTR of 
the off-targeted gene.106,109,112,113 Off-target effects have also been 
reported to be concentration-dependent. This implies that that the 
higher the concentration of the siRNA, the greater the likelihood of 
occurrence of off-target effects.106,107,114

In recent years, approaches that have been used to reduce 
siRNA-mediated off-target effects include fine-tuning of siRNA 
concentration, chemical and structural modification of siRNA, and 
application of more extensive and painstaking bioinformatics for 
improvement of siRNA design. To start with, as noted earlier, off-
target effects are concentration-dependent, and are therefore ex-
pected to be reduced as the concentration of the siRNA is reduced. 
To ensure that depletion of target gene knock-down does not occur 
along with reduction of off-target effects, studies have revealed 
that using a pool consisting of highly functional multiple siRNAs 
in place of individual siRNA could ensure production of strong on-
target gene knock-down with negligible off-target effects.106,108,111

Off-target effects could also be reduced through chemical and 
structural modification of siRNA. Chemical modifications could 
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involve either the sense strand, the antisense strand, or both strands. 
For instance, Jackson and co-workers reported that position-
specific chemical modification (2′-O-methyl ribosyl substitution 
at position 2 in the guide strand) reduced gene silencing of most 
off-target transcripts that had complementarity to the seed region 
of the siRNA guide strand.115 Dua et al. also developed a modi-
fied backbone structure for siRNA with a single nucleotide bulge 
placed in the antisense strand (termed ‘bulge-siRNA’), and found 
that presence of a bulge at position 2 of the antisense strand ena-
bled the siRNA to better discriminate between perfectly matched 
and mismatched targets, with no loss in on-target gene silencing.116

Bioinformatics could also be a veritable tool for minimizing 
siRNA-mediated off-target effects. As previously noted, off-target 
effects occur as a result of complementarity between the seed re-
gion of the siRNA and sequences in the 3′-UTR of the off-targeted 
gene. Thus, bioinformatics tools could be used, during siRNA de-
sign, to minimize off-target effects.117–119 For instance, Yilmazel 
and colleagues have designed a tool for prediction of off-target 
effects in large-scale RNAi screen data via seed region analysis 
(named ‘Online GESS’).120

Furthermore, high output screening of siRNAs is challenging 
due to inconstancy of cell culture requirements and transfection 
efficiency. To mitigate this challenge, multiple siRNAs or pools 
(3–6 siRNAs) could be used to target a specific gene. The pools 
of siRNAs can be initially screened for efficacy, before analyzing 
each siRNA in the pool. In spite of the possibility of competition 
between poorly performing and efficient siRNAs in each pool, and 
the resultant lowering of the efficacy of the pooled siRNAs, the 
relatively higher output and reduced cost of using siRNA pools 
would outweigh this potential for false negatives.102

Future directions

The acceptance of siRNA-based anti-influenza treatments is 
expected to increase significantly in the next few years. This is 
because, coupled with the enormous advantages of siRNA over 
currently approved anti-influenza therapeutic approaches, novel 
strategies for efficient delivery of siRNA-based drugs are expected 
to evolve. Most recent reports have shown that nanoparticles could 
serve efficiently for siRNA delivery. Such nanoparticles include 
acoustically propelled nanomotors for intracellular siRNA deliv-
ery and lipid-based nanoparticles used as carriers for RNAi against 
viral infections.121,122 Attempts should therefore be made, using 
appropriate animal models such as the ferret, to exploit the use 
of nanoparticles for intracellular delivery of anti-influenza siRNA-
based drugs. Furthermore, to significantly minimize siRNA-medi-
ated off-target effects while ensuring effective silencing of target 
influenza virus genes, effort should be put into using pools consist-
ing of moderate and effective concentrations of highly functional 
multiple siRNA targeting different segments of the genome of in-
fluenza viruses in place of high concentrations of a siRNA target-
ing only one gene segment.

Conclusions

An efficient siRNA-based treatment of influenza must possess a 
number of attributes, including negligible toxicity and immune 
reaction, adequate and specific tissue delivery to the upper and 
lower respiratory tracts, pharmacokinetic stability, long-term in-
hibitory effect, broad anti-influenza spectrum, and high resistance 
to development of siRNA-resistant mutants in vivo. While modali-

ties for targeted delivery and possibility of unintended effects of 
siRNA-based drugs constitute crucial challenges in need of urgent 
solutions, the use of synthetic siRNAs for treatment of influenza 
virus infections has considerable advantages over currently avail-
able traditional anti-influenza agents. These include relatively 
higher ease of synthesis and better efficiency of production, and 
most importantly, the prospect of high resistance to development 
of siRNA-resistant mutants. The advent of novel target-delivery 
strategies, such as the use of nanoparticles, and the possibility of 
reduction of siRNA-mediated off-target effects to negligible levels 
through optimization of siRNA concentration, chemical and struc-
tural modifications, and application of bioinformatics tools for im-
provement of siRNA design, are expected to significantly increase 
the acceptance and use of siRNA-based anti-influenza drugs in the 
next few years.
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