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1 | INTRODUCTION

Abstract

After the outbreak of coronavirus disease 2019 (COVID-19) in December 2019 and the
increasing number of SARS-CoV-2 infections all over the world, researchers are
struggling to investigate effective therapeutic strategies for the treatment of this
infection. Targeting viral small molecules that are involved in the process of infection is
a promising strategy. Since many host factors are also used by SARS-CoV-2 during
various stages of infection, down-regulating or silencing these factors can serve as an
effective therapeutic tool. Several nucleic acid-based technologies including short
interfering RNAs, antisense oligonucleotides, aptamers, DNAzymes, and ribozymes
have been suggested for the control of SARS-CoV-2 as well as other respiratory vi-
ruses. The antisense technology also plays an indispensable role in the treatment of
many other diseases including cancer, influenza, and acquired immunodeficiency syn-
drome. In this review, we summarised the potential applications of antisense technology
for the treatment of coronaviruses and specifically COVID-19 infection.
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COVID-19 cases have risen to more than 55.6 million, which
caused 1.34 million deaths throughout the world [2], and un-

The new strain of coronavirus, Severe Acute Respiratory Syn-
drome (SARS) coronavirus 2 (SARS-CoV-2) caused coronavi-
rus disease 2019 (COVID-19) pandemic which has already led
to a global health emergency [1]. The first COVID-19 cases
were reported in December 2019 in eastern Asia, Wuhan, and
China; the SARS-CoV-2 virus spread rapidly thereafter to other
regions of the country within a month and subsequently
affected the whole wotld. Since December 2019, the number of

fortunately thousands of people are dying due to COVID-19
complications [3]. Similar to the Middle East Respiratory Syn-
drome (MERS) and the SARS, SARS-CoV-2 could result in
acute respiratory distress syndrome [4]. The SARS-CoV-2 is an
enveloped B-coronavirus strain with a positive-sense single-
stranded RNA genome of 26-32 Kb in length. The most
prominent structural proteins of this virus include the spike (S),
envelope (E), membrane (M), and nucleocapsid (N) proteins.
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The spike proteins enable the virus to enter the cell using the
same ACE2! receptor as SARS-CoV, leading to the spread of the
virus throughout the respiratory system of the host. For infec-
tious viral entry, the spike protein is cleaved and then activated
by the host protease enzyme [5]. The host cell protease belongs
to a type II transmembrane serine protease, TMPRSS2?, which
revealed to cleave and activate SARS-CoV-2 spike protein in cell
culture conditions. Thus, TMPRSS” could be regarded as a
potential target for antiviral treatment and Camostat mesylate, a
serine protease inhibitor, has shown to hamper the enzymatic
activity of the TMPRSS2 enzyme [0, 7].

Right after entry, the virus starts proliferating through
expressing and encoding its essential proteins that assist with
the virus adaptation to the host human cell [8]. The high
recombination rate of CoVs is due to the constant errors that
occur in the transcription of the virus via RNA dependent
RNA polymerase (RdRp) [9]; thus, CoVs are considered as
zoonotic pathogens infecting a wide variety of animals and
humans with a broad range of symptoms from asymptomatic
course to multi-organ failure [10]. Several nonstructural pro-
teins including RNA-dependent RNA polymerase (RdRp),
coronavirus main protease (3CLpro), and papain-like protease
(PLpro) are encoded by the viral genome. Crucial proteases
that are involved in cleaving the translated viral polyproteins
into effector proteins include 3CLpro and PLpro, while RdRp
generates full-length negative-strand RNA as a template to
form several viral genomic RNA [11, 12].

Effective therapy against SARS-CoV-2 includes the use of
broad-spectrum antiviral agents or exploiting molecular ther-
apeutics that intervene at any stages of the virus's life cycle to
inhibit virus attachment and entrance into the host cells. Today,
the wotld expects promising strategies to tackle novel coro-
navirus as quickly as possible. Many new prophylactic and
combination therapy approaches have shown potential in
protecting the lung from infections. For instance, molecular
tools including Cas13a RNA-activated RNases have recently
shown new paradigm for therapeutics against these pathogens
[13]. Messenger RNA (mRNA)-encoded Casl3a used to
mitigate SARS-CoV-2 infection, demonstrated a modest lung
viral load reduction and a significant change in the patho-
physiology of the infection [14, 15]. mRNA-based strategies
for direct expression of neutralising antibodies in the lung
tissue were also developed as a promising prophylaxis
approach to prevent human respiratory syncytial virus (RSV)
infections [14].

Antisense technology has been widely used as a potential
therapeutic option to inhibit the specific gene expression. The
antisense ODNs” play an indispensable role in the treatment of
many diseases including cancer, influenza, and acquired im-
munodeficiency syndrome [16]. The antisense ODNs, usually
18-21 nucleotides in length, specifically hybridise to the target
mRNA sequences through Watson-Crick base pairing, forming
mRNA/DNA duplex that is subsequently cleaved and
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destroyed by RNAse H, an endonuclease that hydrolyses the
RNA strand of the heteroduplex. The antisense ODNss are also
capable of blocking mRNA translation physically. Short inter-
fering RNAs (siRNAs) targeting the highly conserved regions
of SARS-CoV-2 RNA can suppress the genetic disorders of
the lungs. This approach could definitely assist with achieving a
better treatment strategy that can reduce the pandemic threat
of COVID-19 [7]. A combination therapeutic approach has
recently suggested the use of SARS-CoV-2 specific RNA
interference (RNAI) vectors in conjunction with systemic de-
livery of compstatin complement inhibitor to combat the
cytokine storm associated with the progression and severity
COVID-19 disease [17].

RNA-based vaccines including mRNA-1273 by Moderna
and BNT162 by Pfizet/BioNTech have shown promising re-
sults for Covid-19 disease now [7, 18, 19]. In this review, the
latest developments of antisense technology for the treatment
of coronavirus and particularly COVID-19 are addressed.

2 | AN OVERVIEW OF THE
MOLECULAR MECHANISMS INVOLVED
IN SARS-CoV-2 PATHOGENICITY

2.1 | Viral attachment/penetration

SARS-CoV-2 virion possesses a nucleocapsid composed of
genomic RNA (29.9kb) and phosphorylated nucleocapsid (N)
protein. The nucleocapsid is covered by a phospholipid bilayer
and contains two types of spike proteins: the haemagglutinin-
esterase that is only found in some CoVs, and the spike
glycoprotein trimmer (S) that exists in all CoVs. The viral
envelope also contains the M and E proteins that are located
across the § proteins. The SARS-CoV-2 can pass through the
nasal and larynx mucosal membrane and enter the lungs
through the respiratory tract. The virus uses the spike glyco-
protein, a homotrimeric protein consists of S1 and S2 subunits
in each spike monomers, to attach angiotensin-converting
enzyme 2 (ACE2) highly expressed in the lungs, heart, renal
system and gastrointestinal tract. This is actually a critical step
for viral entry. Further, to provide a binding site for SARS-
CoV-2, ACE2 cleaves the angiotensin (Ang) I to produce
Angiotensin 1 to 9. Gene ontology studies revealed that the
ACE2-expression is associated with several viral process-
related genes including life cycle, replication machinery, as-
sembly, and regulatory genes. This indicates that the ACE2-
expressing cells facilitate the replication of SARS-CoV-2 in
the lungs [20]. As mentioned eatlier, cleaving and activating the
spike protein by TMPRSS2 host cell protease, a type II
transmembrane serine protease, is also considered a critical
step for viral entry to the host cell [21, 22].

2.2 | Viral replication

The SARS-CoV-2 replication machinery includes several non-
structural proteins (Nsp 1-16), however, the functions of some
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Nsps are not clear yet. The viral replication machinery includes
some proteins and enzymes including RNA-dependent RNA
polymerase (RdRp, Nspl2), zinc-binding helicase (HEL,
Nsp13), RNA proofreading (Nsp14), mRNA capping (Nsp14,
Nsp16), and uridylate-specific endoribonuclease —activity
(NendoU, Nspl15). Other non-structural proteins including
Nsp7—Nsp10 exert regulatory roles in the process of replica-
tion and transcription. The Nspl protein as a major SARS-
CoV-2 virulence factor is responsible for gene expression in-
hibition and intrinsic immune tesponse suppression in the host
cells. The N protein that is tightly bound to the RNA genome
is involved in the replication machinety. Further, the N protein
interacts with the M viral envelope protein that is involved in
the packaging of the viral genome [23]. RdRp is a critical
enzyme for the replication of RNA viruses. However, it pos-
sesses some other functions in enhancing the efficiency of the
whole machinery. The active site of RdRp is conserved among
various organisms and has been targeted in several viral in-
fections [24] (Figure 1).

2.3 | SARS-CoV-2 main protease (Mpro) and
papain-like protease papain-like protease

Papain-like protease and 3C-like protease (3CLpro) are the
two cysteine proteases encoded by viral Nsp3 and Nsp5,
respectively. The 3C-like protease (3CLpro) is also referred to
as NSP5 or the main protease (Mpro). Papain-like protease
and Mpro proteases are required for the replication of the
virus and are potential targets for antiviral therapy. The Mpro
is a homodimeric cysteine protease that represents almost
97% sequence identity with the corresponding Mpro protease
of the SARS-CoV [25]. The PLpro cleaves Nspl, Nsp2,
Nsp3, and 3CLpro and processes the remaining 13 non-
structural proteins. After their generation, Nsps assemble
the viral replicase complex on the host membrane and begin
replication and transcription of the viral genome. Papain-like
protease cleaves ubiquitin and ubiquitin-like post-translational
modifications from host proteins to escape the host immune
system. The PLpro of SARS-CoV-2 shares about 83%
sequence identity with the corresponding PLpro protease of
the SARS-CoV. Several small-molecule inhibitors for PLpro
catalytic activity have been proposed as potential therapeutic
options [26, 27].

3 | ANTISENSE TECHNOLOGY AND
CORONAVIRUS

Antisense therapeutics generally include DNA and RNA-based
therapeutics. These are sequence-selective cleaving agents with
the ability to downregulate the disease-causing genes through
RNAI or catalytic cleavage of the transcripts. Several types of
oligonucleotides in the field of antisense technology that have
been used to combat CoVs infections are summarised in the
following sections.

3.1 | Short interfering RNAs

Short interfering RNAs are 19-22 bp RNA duplexes with an
average molecular weight of 12 KDa that inhibit the translation
of mRNAs by combining their leading strand with RNA-
induced silencing complex and binding to the complemen-
tary mRNA strands. RNA interference is naturally occurring in
the cells and makes a great contribution in cell defensive
mechanism against mobile genetic elements such as viruses
[28]. Following the introduction of siRNAs into the cells, they
can either downregulate the translation of the targeted mRNA
or destroy the mRNA [29, 30]. The replication of a variety of
human pathogenic viruses including HIV-1, poliovirus, hepa-
titis C virus, hepatitis B virus, and influenza virus have shown
to be prohibited by RNAi in cell culture studies [31-33]. Short
interfering RNAs targeting the replicase 1A region of SARS-
CoV have shown to suppress cytopathiceffects in SARS-
CoV-infected monkey kidney cells [34]. Similar studies were
conducted investigating the efficacy of various siRNAs against
SARS-CoV on Vero E6 or other cells in vitro [35, 30].

The most important limitation of siRNAs for in vitro or in
vivo application is that naked short interfering RNAs (siRNA)
is not capable of diffusing through the negatively charged
cellular membrane due to its vigorous phosphate related
charges. Thus, the success of siRNA therapy highly depends on
appropriate viral and non-viral vectors for reaching the intra-
cellular environment [37]. Several carriers have been used for
safe and effective delivery of siRNA to the target area [38—40].

Short interfering RNAs targeting highly conserved regions
in the RSV nucleocapsid protein mRNA were used in humans
[41-43]. The siRNA was developed as 19 duplex along with two
(2-deoxy) thymidine overhangs on both 3’ ends, which prevent
RNA degradation, by cellular nuclease enzymes. In a random-
ized, double-blind, placebo-controlled clinical trial, the naked
siRNA administrated as nasal spray in elder patients (infected
with RSV) showed to be safe and was well-tolerated [42, 43].
Further, in a second phase randomized, double blind, placebo
controlled clinical trial, a significant reduction in a bronchiolitis
obliterans syndrome risk was demonstrated in RSV patients
with lung transplant using ALN-RSV01 [43, 44]. However, due
to missing the primary endpoint in a second phase, the study
was halted in 2014. The lack of efficiency was thought to be due
to the emergence of resistant viruses, which is the most com-
mon complication when using a single siRNA molecule tar-
geting a single-site of the viral genome. [43]. Therefore, using
numerous siRNAs, which can target multiple genes in the target
cell genome, can be promising for future investigations.

It has been demonstrated that RNAi particularly siRNAs,
siHell, siHel2, UC7, and siUTR3 could efficiently repress
SARS-CoV-2 in vitro and in vivo which could be a potential
therapeutic approach in treating COVID-19 [40]. Recently,
AGO (Argonaute-crosslinking)-associated RNAs isolated via
crosslinking immunoprecipitation (AGO CLIP: class II-asso-
ciated invariant chain peptide) analysis were utilised to develop
siRNAs with antifibrotic miRNA activity, which showed to
suppress SARS-CoV-2 [45].
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Overall, siRNA therapy could be regarded as a potential
therapeutic strategy to target the highly conserved regions of
the SARS-CoV-2 RNA sequences. There are currently a
number of research studies and patents investigating the ability
of siRNAs to combat coronaviruses and some of the recent
investigations are summarised in the following sections.
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Potential effects of Short interfering RNAs (siRNAs) on silencing viral genes at the post-transcriptional level in COVID-19

3.1.1 | Short interfering RNAs targeting
coronavitus S, M, N, or E proteins

The genome of SARS-CoV expresses at least four crucial
structural proteins including N, S, M, and E proteins. As
mentioned eatliet, the N protein is a RNA-associated vition
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protein that makes a long and flexible helical nucleocapsid
essential for viral RNA synthesis. While the S glycoprotein on
the surface membrane of the virus is involved in virus binding
and entrance into the host cells, the M and E proteins enhance
virus budding and assembly, respectively [46, 47].

Due to the high rate of mutation of S protein [48], targeting
its mRNA is regarded as a promising approach to inhibit SARS-
CoV proliferation [49, 50]. Qin et al. used S-specific siRNAs to
specifically inhibit SARS-CoV § glycoprotein expression in
HEK 293T (human embryonic kidney 293T cells) cultured cells
through blocking the accumulation of S mRNA [49]. Wu et al.
explored the silencing potential of some synthetic siRNAs
against SARS-CoV leader, transcription-regulating sequences,
untranslated region (3’-UTR) and Spike coding sequence and
indicated that siRNAs against Spike sequences and the 3’-UTR
could prevent the replication of SARS-CoV in Vero-EG6 cells
[50, 51]. It has been indicated that DNA vector-driven siRNA
can specially downregulate the S gene expression in SARS-CoV-
infected 293T cells, and suggested that siRNA targeting the
leader sequence result in a significant reduction in both mRNA
and protein levels of the reporter genes in the cells [49, 52].

Intranasal delivery of a combination of siRNA (siSC2-5)
targeting SARS-CoV ORF1 and S proteins have shown to
decrease SARS-CoV pathogenesis [36, 53]. Double-stranded
RNAs have shown to selectively target two segregate regions
of the M protein mRNA including siRNA-M1 targeted the
nucleotides 220-241, and siRNA-M2 targeted the nucleotides
460480 within the mRNA of M protein. The efficiency of
interference of these two siRNAs on SARS M protein gene
expression was more than 70%. Several siRNA sequences have
also been designed to specifically target the M, N, and E genes
of SARS among which three siRNAs sequences have been
shown to interact with the expression of GFP-M, GFP-N, and
GFP-E. In addition, three siRNAs contained a mutation at the
3’ end of their sense strand. These mutations improved the
function of siRNAs and indicated the increased inhibition of
SARS virus gene expression compared to the original siRNAs
[54]. There are reports on designing siRNAs targeting the se-
quences expressing the N protein as well as the £ and RdRp
genes [51]. In an in-silico study by Chowdhury et al., specific
siRNAs for several conserved regions of N phosphoprotein
and surface glycoprotein genes of SARS-CoV-2 were designed,
which showed to suppress the expression of these proteins and
inhibition of SARS-CoV-2 infection [55]. Chen et al. also
designed 9 promising siRNA targeting S, M, N, open reading
frame (ORF) lab, and ORF 3a in the SARS-CoV-2 genome,
based on their computational experiment by analysing 143
high-quality strains in the 2019nCoVR database [12, 50].

3.1.2 | Short interfering RNAs targeting
angiotensin-converting enzyme 2

Angiotensin-converting enzyme 2 is a cell membrane receptor
involved in SARS-CoV attachment and entry. Angiotensin-
converting enzyme 2 expression has shown to be success-
fully silenced in Vero E6 cells through siRNA containing the

homologous sequence to a region of ACE2 under the U6
promoter [57]. Due to the vital role of ACE2 in virus entrance
into the cell [58], it is considered as a therapeutic target for
SARS-CoV-2 infection [59]. The efficacy of ACE2 silencing
potential could be enhanced by using a multiple-hit strategy via
combining several siRNAs that simultaneously target several
mRNA sequences of SARS-CoV and its receptors. Moreover,
recent studies have shown that viruses can escape siRNA
targeting via fast mutagenesis thus, the synergistic effects of
several siRNAs targeting various SARS-CoV genes have been
investigated. He et al. revealed that siRNAs targeting several
replicase, spike, envelope, and membrane genes could exert
synergistic antiviral activities compared to a single siRNA alone
at the saturated concentration [60].

Overall, by using siRNA technology researchers succeed to
diminish the cellular ACE2 receptor expression and therefore
the entry and replication of SARS-CoV into the cells. Though
the hypothesis that silencing ACE2 can plunge or inhibit
SARS-CoV infections was proved correct, there are still con-
cerns regarding the efficacy of this approach at clinical context
that requires further in-depth investigations [61].

3.1.3 | Short interfering RNAs targeting RNA
replicase and RNA dependent RNA polymerase
(RdRp)

According to studies, viral RNA polymerase is an appropriate
target for inhibition of SARS-CoV-2 replication and drug
development [62]. The SARS-CoV-2 bears 14 ORFs encoding
27 proteins, thus RdRp that is located in ORF1b could be
considered as a potential therapeutic target [63]. In a recent
experiment, it was demonstrated that the transfection of
SARS-CoV-2-infected Vero EG6 cells with siRNAs targeting
RdRp could significantly prohibit SARS-CoV-2 replication and
infection. The siRNA silencing of the RdRp has shown to
result in a remarkable decrease in the viral titre, and suppres-
sion of viral infection in the Golden Syrian hamster and rhesus
macaque [64]. As previously noted, the US20050004063 patent
application showed six different siRNAs (SARSi-1-SARSI-06)
capable of targeting SARS-CoV replicase 1A region and sup-
pressing virus infection and replication. This invention also
revealed other SARSis with the potential of targeting S, E, N,
and M genes and the subsequent suppression of coronavirus
infection and replication in FRhk-4 cells. Other studies iden-
tified siRNAs that could target RdRp, helicase, nucleoprotein
N, and proteolytic enzymes genes of SARS-CoV. These siR-
NAs were capable of hampering the BJ01 strain SARS virus
replication while the most vigorous effect was observed with
proteolytic enzyme-targeting siRNA [54]. Scientists used
commercially available vector pSUPER.retro for designing
siRNAs that target replicase of SARS-CoV (la region of the
genome). They have demonstrated that siRNAs delivered by
pSUPER vector were able to suppress the replication of SARS-
CoV in Vero Eo6 cells, which ultimately suppress the cytopathic
effects of SARS-CoV on Vero cells [65—-68]. In another study,
siRNAs designed to target the ultra-conserved regions in the
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RNA-dependent RNA polymerase (RdRp), Helicase (Hel), and
5’ untranslated region (5 UTR) have shown to repress virus
proliferation and inhibit the disease progress. It is of note that
chemical modifications used to stabilise siRNAs leads to a
longer-term expression and in vivo persistence [69] which
proved to be a promising treatment against this disease [40].

Khaitov et al., have recently developed a vatiety of in silico-
designed siRNAs for targeting SARS-CoV-2 RNA-dependent
RNA polymerase (RdRp). They have shown that siR-7 modi-
fication with Locked nucleic acids could increase siRNA sta-
bility and that formulation with the peptide dendrimer KIK-46
could enhance cellular uptake. Further study in Syrian Hamster
model for SARS-CoV-2 infection has shown to boost the
antiviral capacity and induce a remarkable reduction of the
virus titre and lung inflammation in animals exposed to inha-
lation of siR-7-EM/KK-46 [56].

3.2 | Ribozymes

Ribozymes are RNA molecules with catalytic activity that are
capable of cleaving the phosphodiester bonds of nucleic acids.
Ribozymes are divided into two classes including the hammer-
head and hairpin ribozymes known for their small size [70, 71].
It has been shown that a chimaeric RNA/DNA ribozyme
could recognise the GUC with loop structures and common
conserved regions in the genome of coronaviruses [54]. Fukuda
et al. developed a novel therapeutic ribozyme for the treatment
of SARS-CoV and other coronaviruses associated infections. To
exert therapeutic action, ribozyme specifically recognises and
targets the GUC base sequence located in the loop region on the
mRNA of SARS-CoV or other coronaviruses. The comple-
mentary base sequence on the ribozyme is derived by removing,
inserting, or changing bases without altering their binding af-
finity. The ribozyme was designed as an RNA/DNA chimaeric
structure with an RNA structure in the conserved region and a
DNA structure in other regions containing phosphorothioate
modification at the 3' end to avoid in vivo decomposition. A
mismatch-ribozyme was also designed to compare the effec-
tiveness of the ribozyme in cleaving mRNA of SARS-CoV,
which demonstrates the significance of sequence specificity for
therapeutic effectiveness [72, 73]. Previously, it was shown that a
chimaeric DNA/RNA hammerhead ribozyme could suppress
the expression of SARS-CoV RNA in 3T3 cells transfected with
a recombinant plasmid, suggesting this ribozyme as an effective
treatment for SARS-CoV infection [74, 75]. Ribozymes are
RNA molecules capable of targeting and cleaving the transcript
or RNA genomes of the virus and repeating the process with
another RNA target [76]. This is considered as a distinctive
feature of ribozyme to cleave ample of specific molecular targets
[77]. Ribozymes play a crucial role in the suppression of human
immunodeficiency virus gene expression and proliferation
[78, 79]. Synthetic ribozyme has shown to be capable of cleaving
SARS-CoV RNA thus, inhibiting RNA expression of SARS-
CoV [75, 80]. However, the cleavage site and binding arms
should be considered while designing ribozyme to target the
special RNA sequence [81].

3.3 | Antisense oligonucleotides

Antisense oligonucleotides (ASOs) have been developed to
prevent or treat SARS-CoV infection and to detect the virus in
human samples. Ionis Pharmaceuticals designed a hybrid
DNA/RNA ASO to break down the pseudoknot in the
frameshift site of the SARS-CoV RNA [54]. Among 26 anti-
sense phosphorothioate oligonucleotides (PS-ODN:s) targeting
different sites within the ORFs of E, M, and N proteins, 12
antisense oligos were shown to decrease the target gene
expression by over 50% efficiency in Vero E6 cells. Taken
together, results indicated a sequence-specific down-regulation
of a 20 mer antisense PS-ODN in Vero E6 cells, where the
antisense oligo suppressed the expression of the E, M, and N
genes of SARS-CoV [82]. Though ASOs could be designed to
detect and treat SARS-CoV-2 infection, the delivery of ASOs
to the lung tissue remains a big challenge [83, 84].

3.4 | DNAzymes

DNAzymes are DNA-based catalysts capable of performing a
special chemical reaction and can act as potential diagnostic
and therapeutic agents [85, 86]. They are usually used to
cleave and make linear scaffolds with minimal fixed sequence
overhangs [87]. It has been shown that the DNAzyme could
efficiently cleave the 5'UTR of SARS-CoV in vitro, indicating
the 5’UTR as a promising potential molecular target. DNA-
zymes bear intrinsic physicochemical benefits compared to
other nucleic acid-based agents including greater target flex-
ibility, reduced chemical modification, relative resistance to
degradation by nuclease, and low cost of synthesis. Hence,
they may be considered as a clinically attractive new class of
anti-SARS therapeutic agent [88]. To inhibit the viral repli-
cation, DNAzyme was used to target 5-UTR of a highly
conserved fragment in the SARS-CoV genome. The in vitro
study indicated the efficacy of a mono-DNA enzyme (Dz-
104) with a 10-23 catalytic motif. In mammalian cell culture,
the Dz-104 cleaved the SARS-CoV RNA molecule and
decreased the expression of the SARS-CoV 5'UTR-eGFP
fusion RNA [74, 89].

3.5 | Aptamers

Oligonucleotide aptamers have favourable advantages over
antibodies such as selectivity, sensitivity, safety, reproducibility,
as well as cost-effectiveness. Aptamers can be administered in
the upper respiratory system as aerosol particles where they
can enter the epithelial cells [90]. Systematic evolution of li-
gands by exponential enrichment (SELEX)* has been widely
used for the synthesis of nucleic acid and protein aptamers for
the diagnosis of genetic disorders, detection of microbes and
biosensing like for screening the influenza virus through

4 . . . . .
Systemic evolution of ligands through exponential enrichment
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targeting the antigenic proteins [91, 92]. It has been shown that
aptamers can quickly and effectively be inhaled in the upper
respiratory tract in the form of aerosolised particles and inhibit
the SARS-CoV-2 entrance into the host cells with low toxicity
[90]. RNA aptamers were shown to be capable of binding and
suppressing the double-stranded DNA unwinding of the
SARS-CoV helicase. RNA aptamers have also been shown to
possess a particular affinity for SARS-CoV nucleocapsid which
confirms their potential as therapeutic agents [54]. Another
approach that has been used to combat SARS-CoV is to design
aptamers against the ACE-2 receptor; this could be achieved
through protein-based SELEX that recognise sequence can-
didates with high target sensitivity and specificity in a relatively
short amount of time. Short interfering RNAs or microRNAs
conjugated aptamers that could selectively target viral genes
have been considered as potential therapeutic approach for the
treatment of COVID19. However, there are still challenges
regarding the delivery of aptamers including their rapid plasma
clearance following IV injection [93, 94].

Non-structural Protein 10 (Nsp10) enzyme is one of the
discovered proteins of life-threatening SARS-CoV which bears
NTPase/helicase activity. Similar to Flaviviridae NS3 protein
function, Nsp10 unwinds viral dsDNA. Jang et al. modified
Nsp10 using a specific aptamer RNA, ES15, which bears sec-
ondary structure including stem-loop structure with repeats of
AG. This aptamer has shown a significant suppression of the
viral enzyme activity in a dose-dependent manner in vitro [95,
96]. Nucleocapsid (N) protein, one of the most abundant pro-
teins of SARS-CoV, is regarded as another potential target for
designing aptamers. The use of a nanoarray aptamer chip with
an RNA aptamer was reported by Ahn et al, which showed the
capacity of detecting SARS N protein at a concentration of
2 pg/ml. In another study, it was demonstrated that DNA

aptamers against the non-structural Nsp13 protein suppressed
the helicase activity of Nsp13 protein required for SARS-CoV
replication [74, 97]. There are many patents associated with
antisense therapy of coronaviruses that have recently been
reviewed by Sajid et al [98] and can be exploited for RN Ai-based
therapy of anti-SARS-CoV-2 as well. Some of the siRNA-based
patents are summarised in Table 1. Isis Pharmaceuticals, Inc.
has developed a modified ZMOE ASO with a phosphodiester
backbone targeting various regions in SARS-CoV-2 genes that
showed no significant toxicity on Vero C1008 cells [54, 99].

4 | ANTISENSE DELIVERY SYSTEMS

Various lipid-based nanoparticles have been used as efficient
vectors to deliver mRNA vaccines for the treatment of
COVID-19 [52]. Using an appropriate delivery system is a
critical aspect for effective clinical applications of ASOs in
both therapeutic and prophylactic context. The delivery of
naked or unprotected antisense sequences would potentially
expose them to the enzymatic degradation, resulting in several
side effects including toxicity, instability, and reticuloendothe-
lial system and kidneys clearance. Therefore, it is essential to
optimise specific nanocarriers for the delivery of these fragile
molecules to their target site. Li et al. used a glucose D5W (D-
glucose in water) to deliver the chemically synthesised siRNAs
into the airway of Rhesus macaques. Though results were
promising regarding SARS-CoV replication suppression, the
siRNA contents delivery into the animal's airway epithelial cells
and the maintenance time of transfected siRNA duplexes in
vivo remained unclear [100, 101].

Techniques for gene delivery to the airway systems have
been significantly improved over the last decade mainly

TABLE 1 List of some patents associated with antisense therapy of coronaviruses

Patent no. Type of antisense Patent title Year

W02005023083 siRNA Target mRNA reduction; no significant Toxic in COVID-19 2020

CN1548054 siRNA Medicine for preventing and 2003
treating SARS coronavirus

CN1569233 siRNA Method for manufacturing gene medicine for preventing and 2003
treating SARS and its medicinal prescription

W02005019410 siRNA RNAI agents for anti-SARS coronavirus therapy 2004

W0O2005023083A3 Antisense Compositions and methods for the treatment of severe acute 2004

US7339051B2 oligonucleotide respiratory syndrome (SARS)

US7687475B2 siRNA RNA interference in respiratory epithelial cells 2005

CN1648249A siRNA Small molecular interference ribonucleic acid for inhibiting SARS 2004
virus gene expression

CN20061114168 siRNA Small interfering RNA for restraining SARS coronavirus M protein 2006
gene expression, encoding gene and application thereof

US20050004063A1 siRNA Inhibition of SARS-associated coronavirus (SCoV) infection and 2004
replication by RNA interference

US8653252B2 siRNA Short interfering RNA (siRNA) analogues 2004

CN20061027475 siRNA SARS coronavirus disturbance RNA and its uses 2006
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through viral vector approaches. Adenoviral vectors using
helper vectors have long been applied for gene delivery to the
airway epithelial cells in mice and rabbits. The gene delivery
using viral vectors has been shown to be highly efficacious, and
oligos that have been delivered by viral vectors lasted for a
longer time in the transfected cells, however, adverse effects
including inflammation occurred. Concern regarding host im-
mune responses towards the viral vectors can be overcome by
utilising anti-inflammatory drugs. On the other hand, adeno-
associated viral vectors were identified to express siRNA in
the mouse liver with high efficiency and without evoking host
immune responses.

Short interfering RNA has shown sufficient potential to be
used as a safe and specific option against COVID-19 disease by
interfering with mRNA of the virus and blocking the virus
replication [102]. Recently a database of SARS-CoV-2 targets
for small interference RNA (siRNA) based therapeutic has
been introduced with the aim of facilitating the development of
novel antivirals against Covid-19 [103]. Short interfering RNAs
delivery systems have been widely used for other diseases as
well for instance, ICS-283 system identified by Schiffelers and
Storm was used for the systemic delivery of therapeutic siRNA
to the pathological angiogenesis sites. Further, many other
approaches for intravenous delivery of siRNA have been
recently reported by Dykxhoorn and Leiberman [51, 104, 105].
Delivery of antisense oligos could be applicable for the treat-
ment of COVID19 in the clinic. Alnylam Pharmaceuticals
(USA) designed and synthesised more than 350 siRNAs that
target highly conserved regions of the SARS-CoV-2 genome.
However, effective vectors are needed for the successful de-
livery of siRNAs to the direct site of infection [7, 104]. In
SARS-CoV-2 infection, the primary receptors are located at
ciliated cells of the lungs and the viral transmission occurs via
direct personal contact or droplets of saliva from the infected
person. Accordingly, designing methods for effective delivery
of antiviral drugs into the lung epithelial cells is crucially
important. In this regard, Conti et al. reported on the use of an
in vitro aerosol system based on poly (amidoamine) dendrimer
nanocarriers for siRNA delivery to the lung epithelial cells.
However, the efficiency of siRNA delivery using this system
was shown to be insufficient [7, 66, 106]. Another important
issue is the number of cells that are required to be transfected
in COVID-19 clinical course. For instance, in traditional gene
therapy, 25% transfection efficiency would be a great success,
however, it might hardly make any difference in the course of
the viral infection [107]. An experiment on monkey models
showed that intratracheal administration of siRNA-D5W so-
lution complex targeting spike and Nspl2 coding genes
effectively suppressed SARS-CoV replication and SARS-like
symptoms [74, 108].

The delivery of siRNAs could be enhanced by using novel
nanocarriers such as lipid, inorganic, or polymeric nano-
particles [109, 110]. Natural or synthetic polymeric nano-
particles such as polyethyleneimine and chitosan have also
been investigated as gene carriers. Chitosan-based nano-
particles have been reported to induce protective immunity
against several infectious diseases and have been used in the

formulation of some vaccines such as the hepatitis B vi-
rus vaccine. Therefore, these types of gene carriers should be
evaluated for specific delivery of antisense sequences in
COVID-19 cases [109, 111]. It was demonstrated that siRNA
delivery through the IV injection of cationic liposomes could
result in highly effective gen silencing and protein knockdown
in either endothelial or epithelial cells of the lung tissue which
could have implication in treating COVID-19 disease [38, 40].
Another study investigated the efficacy of small interfering
RNA (siRNA) therapeutic targeting highly conserved regions
of the SARS-CoV-2 virus using a novel lipid nanoparticle
delivery system. The encapsulation of siRNAs in lipidic
nanoparticles illustrated repression of the virus in the lungs
and improved the survival of treated mice suggesting a highly
promising treatment approach against COVID-19 [40].

A major advantage of theranostic nanoparticles is to
enhance the specific delivery of therapeutics into the target
cells. Numerous theranostic nanoparticles have shown prom-
ising results to combat against various viral infections
including SARS or MERS coronaviruses, which could be
similarly applied to SARS- CoV-2 as coronaviruses have the
same key spike proteins. [112]. Overall, nanoparticle assisted
delivery ensures that therapeutics reach the targeted sites while
minimise adverse reactions to the normal tissues. Various types
of nanoparticles including organic (i.e. lipid, polymer, and
dendrimer), inorganic (i.e. gold), and virus-like or self-
assembling protein nanoparticles were investigated against
viral infections including SARS or MERS coronaviruses. In
each case, the physicochemical properties of nanoparticles
such as shape, size and the surface charge could considerably
affect the success of the treatment. One important issue is to
design CoV-specific siRNAs with no cross-reactivity to the
human genome. Despite exciting results, there are still many
challenges to avoid the nonspecific toxicity of therapeutics. It
has been reported that the main routes of toxicity that greatly
contribute to the challenges of RNAi drug development
include immunogenicity of siRNA, excipients toxicity, and
nonspecific and off-target RINAi activity. Some of these
challenges could be overcome by applying chemical compo-
nents verified for low toxicity, and by opting specific delivery
systems like lipid-based nanoparticles or non-viral vectors.
Further, the sequence features of siRNAs might provide
crucial essential information regarding the toxicity profile of
the final therapeutic [60].

5 | CONCLUSION AND FUTURE
PERSPECTIVES

Since the outbreak of COVID-19, concerted efforts have been
made to develop effective drugs and vaccines against the new
2019 coronavirus. Existing information about other types of
coronaviruses such as SARS and MERS were helpful in this
regard, as they share many similar characteristics. Drug
development for SARS-CoV-2 infection aims at identifying
inhibitors that target the viral replication and alleviates symp-
tomatic results of their infections leading to severe disease
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and/or death. To reduce the inflammation in the lungs and
other organs as the major contributing factor in the mortality
of COVID-19, gene activation or silencing approaches have
been extensively used. Since the introduction of RNAI in the
late 1990s, this technology has become a fundamental tool for
suppressing or silencing target genes related to virulence and
pathogenesis. Antisense includes many types of sequences such
as siRNA, ASOs, ribozyme, DNAzyme, and aptamers with
different features and mechanisms of action. Many structural
and non-structural viral genes were identified that can be tar-
geted by RNAI thus, makes this area a potential therapeutic
tool to combat the infection. The design of oligo therapeutics
is cost-effective for manufacturing, and several chemical
modifications make it easier to optimise them during an
emergency when rapid drug development is vital. A huge body
of evidences have identified the potential targets in SARS-
CoV-2; however, the most appropriate sequence targets of
SARS-CoV-2 remain unknown. Further, though the approval
of recent siRNA-based therapies was promising for anti-viral
agents, direct delivery of oligonucleotides to the lungs is still
a big challenge, and finding safe and efficacious delivery ve-
hicles needs further investigations.
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