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Alesia Levanova * and Minna M. Poranen
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RNA interference (RNAi), which is mediated by small interfering RNAs (siRNAs) derived
from viral genome or its replicative intermediates, is a natural antiviral defense in plants,
fungi, and invertebrates. Whether RNAi naturally protects humans from viral invasion is
still a matter of debate. Nevertheless, exogenous siRNAs are able to halt viral infection
in mammals. The current review critically evaluates the production of antiviral siRNAs,
delivery techniques to the infection sites, as well as provides an overview of antiviral
siRNAs in clinical trials.
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RNA INTERFERENCE AS ANTIVIRAL DEFENSE

The term RNA interference (RNAi) is used to describe gene silencing at the mRNA level guided by
small complementary non-coding RNA species. There are several classes of RNAi mediators, one of
which, namely small interfering RNAs (siRNAs), facilitates antiviral immunity in plants, fungi, and
invertebrates (Ding et al., 2004). The source of siRNAs during infection is viral double-stranded
RNA (dsRNA), which is cleaved by cytoplasmic RNAse III family enzyme Dicer into 19–27 base
pair (bp) long molecules with a perfectly complementary middle region and 2-nt overhangs on
both 3

0
ends. These siRNAs are incorporated into a multiprotein RNA-induced silencing complex

(RISC). Following the strand separation, the antisense strand guides the RISC to recognize and cut
target RNA transcripts (Fire et al., 1998; Elbashir et al., 2001; Macrae et al., 2006).

Whether RNAi is a functional antiviral pathway in mammals is still contentious (tenOever,
2017), since production of siRNA molecules from long dsRNAs cannot be explicitly demonstrated
in mammalian cells due to the fact that dsRNA longer than 30 bp triggers activation of interferon
(IFN) response (Minks et al., 1979; Elbashir et al., 2001) which shuts down the natural RNAi (Seo
et al., 2013). However, mammalian cells do possess all the components of evolutionary conserved
RNAi machinery (Shabalina and Koonin, 2008) that can be harnessed to inhibit the expression
of cognate mRNA by exogenous siRNA molecules (Elbashir et al., 2001). The antiviral potential
of siRNAs was �rst demonstrated against respiratory syncytial virus (RSV;Bitko and Barik, 2001)
and thereafter numerous studies describing antiviral activity of siRNAs against viruses with DNA
and RNA genomesin vitro and in vivo have been published (Gitlin et al., 2002; Jacque et al.,
2002; Ge et al., 2003; Kapadia et al., 2003; Randall et al., 2003; Morrissey et al., 2005; Kumar
et al., 2008; Geisbert et al., 2010; Paavilainen et al., 2017; Villegas et al., 2018). RNAi-based drugs
appear to be a viable option to treat severe viral infections, against which e�ective vaccines or
speci�c cure is not yet available, such as Ebola virus or emerging viruses. Furthermore, siRNAs
are likely to become a valuable alternative to treat debilitating chronic infections caused by human
immunode�ciency virus (HIV) and hepatitis B virus (HBV). Current care for chronic hepatitis
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B infection is a combination of nucleos(t)ide analogs and
interferon (Su and Liu, 2017), while combination antiretroviral
therapy, which targets viral enzymes as well as cellular entry
receptors is used to treat HIV infection (Cihlar and Fordyce,
2016). However, these treatments are of limited e�ectiveness,
toxic, impose the risk of developing drug resistance, and life-long
since they only suppress the virus and do not lead to eradication
of infection. Conversely RNAi-based drugs have a potential to
achieve a functional cure and discontinue antiviral therapy.

PRODUCTION OF RNA MOLECULES FOR
RNAi

Selection of Target Sequences for RNAi
The �rst step in production of antiviral siRNAs isin silico
selection of highly conservative sequences in the targeted
virus genome in order to achieve strong antiviral activity and
avoid o�-target e�ects. Speci�city �lters are used to exclude
sequences with close similarity to mRNAs of human and model
animal transcriptomes. Additionally, a number of sequence-and
structure-based algorithms are applied to select the functionally
most potent siRNA sequences (Reynolds et al., 2004; Tafer, 2014).
However, this step is not needed when pools of siRNAs covering
large regions of conserved sequences are used (see Enzymatic
generation of siRNAs).

Production of siRNAs
Three approaches have been developed to generate antiviral
siRNAs: (1) chemical synthesis; (2) enzymatic production; and
(3) in vivoexpression from siRNA expression cassette or vector.

Chemical Synthesis of RNA Molecules
Molecules of ssRNA are produced by automated solid-phase
synthesis employing 20-hydroxyl protecting groups that provide
ribonucleoside phosphoramitides (Beaucage, 2008). Following
the synthesis step, cognate ssRNAs are hybridized to form
RNA duplexes. The accuracy of chemical RNA synthesis is
often compromised, resulting in products of varying length
and sequence. Therefore, each ssRNA must be tested by
matrix-assisted laser desorption-ionization mass spectrometry,
and produced siRNAs are analyzed by non-denaturing gel or
capillary electrophoresis to con�rm proper annealing of the
strands1. Albeit the cost of synthesis per nucleotide has decreased
dramatically over the past few years, chemical synthesis is still
far from an economically sound approach. However, if the cost
is not a limiting factor, this method is so far indispensable
for applications that require large amounts of ultrapure siRNA
molecules with de�ned sequence (e.g., clinical trials).

Enzymatic Generation of siRNAs
The main advantages of enzymatic production of siRNAs are
low-cost and short preparation time. Therefore, this method
can be applied for screening of the most potent siRNA
sequences. Traditionally enzymatic production of siRNAs and

1https://www.thermo�sher.com/us/en/home/references/ambion-tech-support/
rnai-sirna/tech-notes/�ve-ways-to-produce-sirnas.html.

longer dsRNAs has been based onin vitro transcription of DNA
templates containing T7 polymerase promoter (Figure 1). T7
DNA-dependent RNA polymerase (DdRp) transcribes target
DNA molecules in their sense and antisense orientation followed
by the annealing step (Donzé and Picard, 2002; Sohail et al.,
2003). The leader sequence added by T7 DdRp to the 50 end
of the synthesized ssRNA can be cleaved o� by deoxyribozyme,
while random nucleotides, that T7 DdRp might add to the 30

end of ssRNA, do not have any considerable negative e�ect on
siRNAs e�cacy and safety (Sohail et al., 2003). The bacteriophage
polymerases also incorporate 50triphosphates to their transcripts,
which can induce a signi�cant IFN response (Kim et al.,
2004). However, treatment of synthesized ssRNA with alkaline
phosphatase abrogates the IFN induction. The main disadvantage
of T7 DdRp-based dsRNA production is a rather limited dsRNA
yield because during hybridization step a signi�cant amount of
biologically inactive dsRNA is generated, especially in the case of
long ssRNAs, due to formation of tertiary structures that prevent
annealing of complementary sequences (Figure 1).

To avoid the drawbacks of ine�cient annealing step,
our laboratory has developed a single-tube dsRNA synthesis
platform, where ssRNA generated by T7 DdRp is immediately
used by bacteriophage Phi6 RNA-dependent RNA polymerase
(RdRp) to synthesize a complementary RNA strand starting from
the very 30end (Aalto et al., 2007;Figure 1). Phi6 RdRp is a highly
processive enzyme lacking template speci�city and providing an
opportunity to produce dsRNA molecule of virtually any length
from any heterologous template (Makeyev and Bamford, 2000).
Besides T7 DdRp and Phi6 RdRp, other viral polymerases such as
DdRp from bacteriophages T3, SP6, cyanophage Syn5 (Zhu et al.,
2015), and noroviral RdRp (Rohayem et al., 2006) can be used for
RNA synthesisin vitro. The generated dsRNA molecules can be
subsequently digested with either bacterial RNase III (Yang et al.,
2002), recombinant eukaryotic Dicer (Gimenez-Barcons et al.,
2007; Romanovskaya et al., 2012), or RNase T1 (Hannus et al.,
2014) to get a pool of target-speci�c siRNA molecules.

Enzymatic approach for siRNAs production allows to generate
siRNA pool against any virus in a relatively short time, which
is essential in case of a sudden virus outbreak. A robust and
fairly fast protocol for the puri�cation of enzymatically-produced
siRNAs has been developed in our laboratory, where siRNAs
obtained by Giardia Dicer digestion are puri�ed by anion-
exchange chromatography on monolithic QA column followed
by desalting on Sephadex G25 column (Romanovskaya et al.,
2013). The siRNAs obtained are of high purity and safe for
animals (Paavilainen et al., 2017).

A diverse siRNA pool derived from a long fragment of viral
genome, which mimics the natural RNAi-based antiviral defense,
is more protective than a single-site siRNA. Even RNA viruses
with high mutation potential can be e�ectively inhibited with
a mixture of siRNAs and escape mutants are not generated
that easily compared to a single siRNA (Gitlin et al., 2005).
Importantly, each siRNA species in a pool is present at very
low concentration diluting o�-target e�ects below detection
limit. A number of studies demonstrated that siRNA pools
generated enzymatically are highly e�ective in silencing ofthe
target genes without causing obvious o�-target e�ects (Aalto
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FIGURE 1 | Enzymatic production of siRNA pools.(A) Target-speci�c DNA template is generated by PCR with forwardand reverse primers containing at their 50ends
promoter sequence for T7 DNA-dependent RNA polymerase. T7 polymerase transcribes puri�ed DNA into single-stranded RNA(ssRNA) molecules, which are
subsequently heated at 75� C for 5 min to denature secondary and tertiary ssRNA structures and to allow proper strand annealing. Nevertheless, longssRNA
molecules are prone to formation of branched structures andhairpins, which are dif�cult to denature and which prevent proper hybridization, and decrease the
amount of full-length double-stranded RNAs (dsRNAs).(B) DNA template is generated by PCR with forward primer containing a promoter sequence for T7
polymerase and reverse primer comprising a promoter sequence for Phi6 RNA-dependent RNA polymerase. The resulting product is puri�ed and a single-tube
reaction is set up, where T7 polymerase transcribes DNA intossRNA and Phi6 polymerase replicates the second strand of the RNA molecule. This approach results in
a higher yield of full-length, biologically active dsRNA molecules compared to that where annealing step is used to generate dsRNA.(A,B) The generated dsRNAs are
puri�ed and cleaved by RNase III family enzyme into siRNA pool, which is processed according to the requirement of the downstream application.

et al., 2007; Nygårdas et al., 2009; Romanovskaya et al., 2012;
Hannus et al., 2014; Paavilainen et al., 2016, 2017). Nevertheless,
despite numerous bene�ts of using siRNA pools, there are no
enzymatically-produced siRNA mixtures in clinical trials.

A possibility to generate dsRNA in mammalian or bacterial
cells, using viral RNA polymerases, has been demonstrated,
which potentially allows to scale-up the production at low cost
(Aalto et al., 2007; Heninger and Buchholz, 2007; Huang and
Lieberman, 2013; Enayati et al., 2016). However, these systems
still need further elaboration and most probably will not have
clinical applications but, for instance, can be used in agriculture
(Tenllado et al., 2003; Niehl et al., 2018).

In vivo Expression From siRNA Expression Vector
Molecules of siRNAs can also be produced by Dicer cleavage
of small hairpin RNA (shRNA) transcribed in a cell from
an expression cassette containing a polymerase III promoter
(U6 or H1), a DNA template of desired shRNA sequence,
and transcription stop signal (Brummelkamp et al., 2002). The
expression cassette can be integrated into a plasmid or viral

vector and thus delivered into cells. The main advantage of
siRNA expression vectors is that they are suitable for long-term
applications.

DELIVERY OF SiRNAS FOR CLINICAL
APPLICATIONS

Depending on the target tissue, siRNA therapeutics can be
administered either locally or systemically via intravenous
injection. However, unprotected siRNAs are prone to rapid
degradation by ubiquitous endo- and exonucleases and they are
undetectable in the blood already 10 min after administration
(DeVincenzo et al., 2008). Due to a strong anionic charge
of the phosphate backbone, siRNAs cannot passively di�use
through negatively charged cellular membranes. Moreover,
siRNA molecules can be sensed by the cellular receptors and
induce IFN response or other o�-target e�ects (Anderson
et al., 2008; Sioud, 2009; Olejniczak et al., 2011). Several
approaches have been developed to enhance siRNA stability and
promote its cellular uptake. The most widely used approach
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