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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV2) is a highly conta-
gious virus causing COVID-19 disease that severely impacted the world health, education, and
economy systems in 2020. The numbers of infection cases and reported deaths are still increasing
with no specific treatment identified yet to halt this pandemic. Currently, several proposed treat-
ments are under preclinical and clinical investigations now, alongside the race to vaccinate as
many individuals as possible. The genome of SARS-CoV2 shares a similar gene organization as
other viruses in the Coronaviridae family. It is a positive-sense, single-stranded RNA. This feature
suggests that RNA interference (RNAI) is an attractive prophylactic and therapeutic option for the
control of this pandemic and other possible future pandemics of the corona viruses. RNAI utilizes
the use of siRNA molecules, which are 21-29 nt duplexes RNA molecules that intervene with tar-
geted gene expression in the cytoplasm by a specific mechanism of complementary destruction of
mRNA. Previous experience with SARS-CoV and the Middle East respiratory syndrome (MERS)
showed that siRNA molecules were effective against these viruses in vitro and in vivo. Moreover,
there have been extensive advances in siRNA technology in the past decade from chemistry and tar-
get selection considerations; which concluded with the successful approval of two commercial
products based on siRNA technology. In addition, the current knowledge of the genome structure
and functionality of the corona viruses enables the recognition of conserved sequences to optimize
siRNA targeting and avoid viral escape through mutations, either for the current SARS-CoV2 as

well as future corona viruses.
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1. INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2
(hereinafter referred to as SARS-CoV?2) terrified the world’s
population and challenged the worldwide healthcare systems
after the emergence of this new strain in late 2019 in
Wuhan, China, leading to the unpredicted worldwide out-
break of the novel coronavirus disease, COVID-19 [1].
SARS-CoV2 is part of the Coronavirinae subfamily within
the family Coronaviridae, which belongs to the Nidovirales
order [2]. Members of the Coronavirinae subfamily are com-
monly referred to as coronaviruses, which are relatively
large viruses that comprise a single-strand positive-sense
RNA genetic molecule enveloped within a viral membrane
characterized by surface projections. These projections are
spike glycoprotein that make the studded viral envelope
looks like a crown, giving the viruses their name [3]. The
Coronavirinae subfamily (CoV) can be further divided into
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the alpha (o), beta (B), gamma (y), and delta (8) coronavirus-
es. Of interest are the beta coronaviruses class that includes
seven viruses that are known to infect humans. The first four
are HCoV-OC43, HCoV-HKU1, HCoV-229E, and HCoV-N-
L63, which usually cause self-limiting upper respiratory in-
fections in adults. However, severe and life-threatening low-
er respiratory tract infections were also reported in immuno-
compromised patients or susceptible populations, such as in-
fants and elderlies [2, 4, 5]. The other three viruses are the
severe acute respiratory syndrome virus (SARS-CoV),
which emerged in 2002, the Middle East respiratory syn-
drome virus (MERS-CoV), which emerged in 2012, and the
current SARS-CoV2 [6]. SARS-CoV2 attacks the lower res-
piratory system of humans and is more transmissible and
contagious than the other subclasses of the beta coronavirus-
es [7]. The pathogenicity and contagiousity of the beta coron-
aviruses depend on several structural and nonstructural pro-
teins, expressed by the emerged virus where many host pro-
teins of the infected cells become hijacked by the viral pro-
tein to allow viral replication and spreading. Spike glycopro-
tein (S protein), nucleocapsid protein (N), nspl, ORF3b en-
coding protein and ORF6 encoding protein are the main pro-
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teins found to participate in the pathogenicity and fatality of
SARS-CoV2. The S protein, for example, mediates the host
cell invasion by binding to angiotensin-converting enzyme 2
(ACE2) receptor on the surface membrane of host cells [8,
9]. Beta CoVs were found to share variable levels of
genome similarity and basic structure. SARS-CoV2 shares
79-82% sequence identity with SARS-CoV and 50% se-
quence identity with MERS-CoV [10, 11]. Apparently,
SARS-CoV2 is sufficiently different from other CoVs and it
was considered a new human-infecting beta coronavirus.
Therefore, the genome similarity is enough to anticipate that
potential treatments for SARS, in particular, should be in
principle helpful for developing COVID-19 therapeutics, as
well as whatever new CoVs may emerge in the future [12].
Accordingly, the genome organization of SARS-CoV2, as
well as its encoded proteins, are presented and compared
thoroughly with those of SARS-CoV. Lessons learned from
previous studies that established the potential of RNAI thera-
peutics against SARS-CoV are deliberated. Since
COVID-19 is a respiratory disease, it was deemed necessary
to review as well the pulmonary delivery of siRNA. Whatev-
er experience that has been gathered for pulmonary delivery
of siRNA should be also, in principle, applicable for siRNA
targeting SARS-CoV2. This review proposes that interfering
the viral protein expression may render SARS-CoV2 vulner-
ability and protect the host innate immunity. It may prove as
a successful strategy to target SARS-CoV2 replication and
spreading.

2. THE GENOME ORGANIZATION OF CORON-
AVIRUSES

The genome organization of SARS-CoV2 has been se-
quenced extensively by various laboratories across the world
and compared to other beta CoVs [2, 10, 11, 13-15]. Howev-
er, the roles or functionalities of various segments in the
SARS-CoV2 genome are mostly based on analogy with
other beta CoVs characterized previously. SARS-CoV2 has
a positive-sense single-stranded RNA comprising 29.9 kb nu-
cleotides encoding 9860 amino acids, in comparison to
SARS-CoV and MERS-CoV whose genomes size is 27.9 kb
and 30.1 kb, respectively [16, 17]. The RNA strand has a 5’
methylated cap and 3’ polyadenylated tail structure. It is con-
sidered one of the largest genomes among the RNA viruses.
Several structural and non-structural proteins for which the
SARS-CoV2 genome encodes have been identified. The
structural proteins include spike glycoprotein (S) which con-
sists of two domains, namely S1 and S2, envelope protein
(E), membrane protein (M), and nucleocapsid protein (N),
from 5’ to 3’ gene order. It also contains two flanking un-
translated regions, the 5'- and 3'-UTRs, that are 265 and 358
nucleotides long, respectively [10].

SARS-CoV2 genome has two major open reading
frames, namely ORFla and ORF1b, that extend from base
266 to base 21563 representing ~ 71% of the virus genome
[18]. In addition, there are another ten functional smaller
ORFs including those encoding for the previously men-
tioned structural proteins. Within ORFla and ORF1b lie the
Replicase gene (Rep), which translates to two complex and
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large polyproteins: ppla and pplab, which consist of 4,405
and 7,096 amino acids, respectively [19]. Once translated, th-
ese two polyprotiens are proteolytically processed by vi-
ral-encoded proteases including chymotrypsin-like protease
(3CLpro) or main protease (Mpro) and papain-like protease
into sixteen nonstructural proteins [2, 13]. They are num-
bered nspl-nsp16 according to their order from the N- termi-
nus to the C-terminus of the ORF 1 polyproteins. There are
also several other nonstructural proteins that are encoded by
intergenic regions located between S and envelope protein
(E), between membrane protein (M), and nucleocapsid pro-
tein (N) or downstream of N. Some of these nonstructural
proteins have unknown functions and vary widely between
the subfamilies of coronaviruses. Interestingly, ppla and
pplab are translated directly from the genomic RNA. The
other remaining proteins of the beta CoVs are translated
from a nested set of 9 subgenomic mRNAs which are pro-
duced by a discontinuous transcription process [20].

3. SARS-COV2 VERSUS SARS-COV: GENOMIC COM-
PARISON

Phylogenetically, SARS-CoV2 has been found to share a
sufficient level of sequence identity with the 2003 SARS--
CoV (Table 1). The 16 nonstructural proteins encoded by
ORF1la and ORF1b appear to be significantly preserved with
an identity of the amino acid sequences between the two
viruses, varying between 68% and 100%. The leader pro-
tein, nspl, is the first nonstructural protein of the coron-
aviruses’ polyprotein. It promotes a selective host mRNA
cleavage by an unknown mechanism after binding to the
40S ribosome of the host cell. In other words, it regulates
the host and viral gene expression in favor of the viral gene
translation and suppressing the expression of host genes in-
cluding those involving IFN-dependent antiviral signaling
pathways [21]. It is reported that nspl is highly divergent
among CoVs and it is only encoded for by a and B CoVs.
Nevertheless, the SARS viruses share 84.0 - 84.4 sequence
identity as shown in Table 1. This indicates similar biologi-
cal functions despite the lack of overall sequence similarity.

The lowest identity and similarity (68% and 90%, respec-
tively) were found for nsp2, which is expected as it is the
most variable protein among the 16 nsps in coronaviruses
[22]. Although the function of nsp2 is unknown, Angeletti
and coworkers suggested that the stabilizing mutations in
this nsp may play a role in the ability SARS-CoV2 dis-
played in being highly contagious in comparison to the previ-
ous related viruses [23]. Next is nsp3m which shares 76%
identity. Nsp3 is a large multifunctional protein with up to
16 different domains and regions. Among the various func-
tions of nsp3, it is essential to form the replication-transcrip-
tion complex. The domain organization of nsp3 differs be-
tween various CoVs. Nevertheless, 8 domains and 2 trans-
membrane regions are usually conserved [24]. Taking this in-
to account, a 76% identity may be considered as a signifi-
cant level of similarity between the two viruses. All other
nsps share > 80 sequence identity, with 9 of the remaining
13 nsp (nsp 4 - nspl6) being more than 93% similar.
Notable among these nsps are the RNA-dependent RNA



SiRNA as a Potential Therapy for COVID-19

Current Drug Delivery, XXXX, Vol. XX, No. XX 3

Table 1. Amino acid sequence identity and similarity between SARS-CoV-2 and SARS-CoV human viruses.

Protein No. of Amino Acids Chan et al., 2020 [9] Yoshimoto et al., 2020 [17]
SARS-CoV-2 SARS-CoV Sequence Identity Sequence Identity Sequence Similarity
NSP1 180 180 84 84.4 93.9
NSP2 638 638 68 68.3 90
NSP3 1945 1922 76 76 91.8
NSP4 500 500 80 80 95
NSP5 306 306 96 96.1 99.7
NSP6 290 290 88 88.2 98.3
NSP7 83 83 99 98.8 100
NSP8 198 198 97 97.5 100
NSP9 113 113 97 97.3 99.1
NSP10 139 139 97 97.1 99.3
NSP11 13 13 85 84.6 100
NSP12 932 932 96 96.4 99.4
NSP13 601 601 100 99.8 100
NSP14 527 527 95 95.1 99.1
NSP15 346 346 89 88.7 97.7
NSP16 298 298 93 933 99
Spike 1273 1255 76 76 91.5
ORF3a 275 274 72 72.4 90.2
ORF3b 22 153 32 Not reported Not reported
Envelope 75 76 95 94.7 97.4
Membrane 222 221 91 90.5 98.2
ORF6 61 63 69 68.9 93.4
ORF7a 121 122 85 85.2 95.9
ORF7b 43 44 81 85.4 97.2
ORFS8 vs. ORF8a 121 39 Not reported 31.7 70.7
OREF8 vs. ORF8b 121 84 40 40.5 66.7
Nucleoprotein 419 422 94 90.5 97.2
ORF10 vs. ORF9b 38 98 73 28.6 52.4

polymerase (nsp12), helicase (nsp13), and endoribonuclease
(nspl5), which share 96%, 100%, and 89% identity between
the two viruses, respectively. These three enzymes are re-
sponsible for viral replication and transcription [10, 14].

With regard to the remaining accessory proteins encoded
by other ORFs, their functions and roles in the pathogenicity
and contagiosity of SARS-CoV2 are not fully understood
yet. Reports are emerging discussing possible roles in antag-
onizing some immune proteins or shutting down key parts of
the human immune system to attenuate the host antiviral im-
mune responses. ORF3a accessory protein is suggested to
have a pro-apoptotic activity in different cell lines [25].
However, the pro-apoptotic mechanism is different and the
activity is weaker for SARS-CoV2. This is in agreement
with the less virulence of SARS-CoV2 compared to SARS--
CoV. On the basis of amino acids sequence, the proteins
share 72% sequence identity between the two viruses.
Another accessory protein is encoded by ORF3b, which is
one of the most abundant proteins that are dominantly ex-
pressed in patients during early phases of infection of
SARS-CoV2 [26]. The amino acid sequence is only 32%
identical with SARS-CoV2 and SARS-CoV. This is the least

similarity percentage found upon comparison of the genom-
ic structure of these two phylogenetically closely-related
viruses. ORF3b length is different between the two viruses,
with only 22 amino acids (66 bp) in SARS-CoV2. This is
considerably shorter than the 153 amino acids of SARS--
CoV ORF3b protein. The presence of four premature stop
codons in ORF3b gene is behind truncation. This protein has
the ability to inhibit interferon-1 production [27]. Neverthe-
less, the lack of C-terminal region (residues 115-154), which
is believed to attenuate the anti-IFN-I activity in SARS--
CoV2 ORF3b boosted the antagonistic activity against [FN-I
of SARS-CoV2. Moreover, variants in ORF3b, due to the
deletion of one of the stop codons, may result in the emer-
gence of highly pathogenic SARS-CoV?2 that expresses elon-
gated ORF3b proteins with higher interferon-1 suppression
activities [28].

ORF6 and ORFS encoded proteins are other two accesso-
ry proteins that function to suppress primary interferon pro-
duction and interferon signaling, thus suppressing the host in-
nate immune activation [29, 30]. ORF6 shares a higher iden-
tity (69%) in amino acid sequence than ORFS8 (40%) be-
tween the two viruses. ORF8 protein isolated from ear-
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ly-phase patients infected with SARS-CoV in 2003 was
found to hold a full length of 122 amino acids. Strikingly, a
29-nucleotide deletion was reported for virus isolates from
mid- and late- phase human patients. This deletion resulted
in a split of ORFS into two ORFs, 8a and 8b, encoding 39-
and 84- residue polypeptides, respectively [31]. Zhang and
coworkers reported a potential immune evasion strategy of
SARS-CoV2 through the ORF8 protein, in addition to its
type I interferon antagonistic activity [32]. It involved the
down-regulation of surface expression of MHC-I molecules
after direct binding with the ORFS protein, subsequently dis-
rupting antigen presentation and reducing recognition and
elimination of infected cells. Contrariwise, neither the intact
ORFS8, ORF8a, nor ORF8Db proteins of SARS-CoV could ex-
ecute such functionality. Apparently, the ORF8 protein of
SARS-CoV2 is a novel protein that is distant in sequence
and functionality from that of SARS-CoV.

The four main structural proteins (S, E, M, and N) are en-
coded by ORFs 10 and 11. The spike (S) glycoprotein of
coronaviruses, in general, mediates the virus entrance into
host cells. This protruding transmembrane protein is com-
posed of two subunits: S1 and S2, which are non-covalently
bound in the pre-fusion state prior to attachment to the host
cells [33]. The distal S1 subunit contains the receptor-bind-
ing domain, and thus it is responsible for binding to ACE2
receptors in the case of SARS-CoVs. Once bound, the two
subunits are cleaved by host proteases to activate the fusion
of the viral and cellular membrane mediated by the S2 subu-
nit [34]. Although the SARS-CoV2 encodes a longer spike
protein than that of SARS-CoV, both viruses were found to
share a 76% amino acid sequence identity in total. Specifical-
ly, the S1 subunit is ~ 70% similar, while the highly
conserved S2 subunit is 99% similar for the two viruses. The
S1 subunit has three segments: a signal peptide, followed by
an N-terminal domain and receptor-binding domain. Most
importantly, the receptor-binding domain of both viruses
was found to be highly conserved with 99% similarity. The
sequence conservation explains the structural similarity and
comparable affinity to ACE2 receptors for the S glycopro-
tein of both viruses [11, 35]. On the other hand, the enve-
lope protein (E), membrane protein (M), and nucleocapsid
protein (N), share a higher identity than the spike protein,
with 95%, 91%, and 94% of the amino acid sequence, re-
spectively.

ORF7a encodes 121 amino acids type-I transmembrane
membrane protein whose exact function remains unclear.
Pro-apoptotic effects of ORF7a proteins were hypothesized
and linked to several interactions between this protein and
cellular proteins that were identified. It also appears to act as
a suppressor of siRNA activity in mammalian cells. Subse-
quently, it protects the viral genome expression during the in-
fection against the RNA-silencing mechanisms of the host
[36]. ORF7b is a short (43 amino acids only) type III trans-
membrane protein that is restrictedly localized in the Golgi
complex. It is also believed to induce apoptosis in transfect-
ed cells, but to a lesser extent than ORF7a [37]. Apart from
sequence identification and comparison to SARS-CoV (~
85% identity), these two proteins are perhaps the least in-
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vestigated proteins in the novel SARS-CoV2 virus owing to
their unclear functionalities and role during viral infection.

The last accessory protein is ORF10 protein. It is a 38
amino acid protein that is unique to SARS-CoV2. Its functio-
nality has not been investigated yet. SARS-CoV, on the
other hand, contains a 98 amino acid ORF9b protein which
is not present in the new virus. Contradicting sequence iden-
tity comparisons are reported between the two proteins
which should have not been compared since they are two dis-
tant proteins with unknown functionalities (Table 1).

4. RNA INTERFERENCE

Gene therapy is a promising therapeutic strategy in
medicine that aims to target a specific gene in specific cells
of targeted tissues. Initially, the focus of gene therapy was to-
ward introducing a gene through a plasmid DNA vector to
replace a mutated gene such as in cystic fibrosis or to en-
code for a therapeutic protein to prevent or treat a disease
[38]. Later, gene therapy was found to have more applica-
tions through reduction or preventing the production of a pro-
tein from its corresponding gene, referred to as gene silenc-
ing. The silencing effect can be achieved by intervening
with the gene expression before translation. RNA interfer-
ence (RNAi) is a natural biological mechanism for gene
silencing in most eukaryotic cells. It promotes the degra-
dation of mRNA in the cytoplasm through a complementary
sequence-recognition mechanism prior to its translation [39,
40]. Since its discovery in 1998, RNAI has been established
as a potential therapeutic approach for the treatment of sever-
al genetic, metabolic, infectious, and malignant diseases by
selective knockdown of disease-causing genes. However,
the prospective outcomes of RNAi can be only achieved if
the gene silencing element is successfully delivered to the
target cells cytoplasm, where the RNA-induced silencing
complex (RISC) is located [41].

RNAI can be mediated by a variety of molecules includ-
ing small interfering RNA (siRNA), short hairpin RNA (shR-
NA), and micro-RNA (miRNA) molecules. siRNAs are non-
coding double-strand RNA molecules that are 19-30 nu-
cleotides in length with two 3’ 2-nucleotide overhangs. They
are negatively charged macromolecules with an average
molecular weight of ~14 kDa [42]. Once in the cytoplasm, it
associates with the inactive RISC. The two strands get se-
parated releasing the sense (passenger) strand and leaving
the antisense (guide) strand in the activated RISC to bind a
complementary mRNA. The Argonaute endoribonuclease
component of the activated RISC cleaves the mRNA, there-
fore blocking its translation into full functional proteins
[43]. Identification of target sequences and the subsequent
selection, validation and synthesis of complementary siRNA
molecules can be performed successfully through a variety
of tools [44].

5. GENOME OF SARS-CoV TARGETED BY siRNA

Unlike small drug molecules which require spatial recog-
nition of a protein target conformation, siRNA molecules re-
ly on Watson-Crick base pairing with mRNA to induce its si-
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lencing function. This would of course shorten the tedious
and lengthy drug discovery process required in the develop-
ment of safe and effective small drug molecules. Moreover,
any gene of interest can be, in theory, targeted by siRNA in-
cluding the ones that do not have druggable active sites by
the selection of the right complementary nucleotide se-
quence. Currently, there are two approved siRNA therapeu-
tics: ONPATTRO" and GIVLAARI" for the treatment of the
transthyretin amyloidosis (TTR-mediated amyloidosis, a
hereditary form), and acute hepatic porphyria, respectively.
Several other siRNA molecules for the treatment of a wide
range of conditions are currently undergoing clinical testing
in phases 1-3 [45]. Viral infections are generally difficult to
treat, and some viruses do not have druggable targets. siR-
NA-mediated gene silencing has been investigated as a po-
tential treatment for several viral infections. Examples in-
clude the Lassa Virus [46], Coronavirus NL63 [47], MERS-
CoV [48], H5N1 influenza virus [49], Herpes simplex virus
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[50], Hepatitis C Virus [51], and Human immunodeficiency
virus [52].

In order to establish RNAi as a therapeutic tool for
SARS-CoV-2, potential RNAi targets within the virus
genome must be identified first. Fortunately, several RNAI
targets have been already identified for the phylogenetically
related SARS-CoV, and their inhibitory siRNA or shRNA
molecules have been shown to induce effective suppression
of the virus in various biological models. Libraries of siR-
NA molecules were investigated against various targets of
SARS-CoV genome with varying effectiveness. The most ef-
fective siRNA molecules reported so far are summarized in
Tables 2 and 3. These siRNA molecules were generated for
the silencing studies by one of the following methods: A) ex-
pression in cells from an siRNA expression plasmid vector,
B) chemical synthesis, or C) in vitro transcription from tem-
plate deoxynucleotides.

Table 2. Effective siRNA molecules that were reported based on DNA targeted sequence.

siRNA DNA-targeted Sequence | Target Re- | Target Protein | siRNA Generating Delivery Validation Cell References
®&-3) gion (Nu- Method Platform Line/Animal
cleotide)
pSR0O2 cttacatagctcgegtete 14450 to RNA polymerase | pSUPER retro vector [ Lipofectamine | Vero E6 cells infected [101]
14468 2000 with HKU-39849 strain
pSRO3 gaatattaggcgcaggctg 15877 to RNA polymerase
15895
Ei2 aaggagttcctgatcttetggt | 206 to 227 of Envelope PCR FuGENEG" [ NIH 3T3 cells transfect- [63]
E sequence based siRNA expres- ed with envE-pcDNA3.1
Ri3 aaggacatgacctaccgtagac | 394 to 415 of | RNA polymerase sion cassettes or RDRP-pcDNA3.1 vec-
NSP12 tors
sequence
- ccaaccaacctcgatctc NA Leader pBS/U6/L-RNAI vec- CalPhos” 293T and Vero E6 cells [102]
tor transfected with pEF-
Bos/L-GFP or pDsRead-
1.1/L-RFP
SC02 aagctcctaattacactcaac | 21553-21573 Spike Chemical synthesis | Lipofectamine | FRhk-4 cells infected [51]
SC05 aaggatgaggaaggcaattta | 13530-13550 | RNA polymerase 2000 with HKU-66078 strain
SC14 aaggataagtcagctcaatge | 17544-17564 helicase
SC15 aactggcacactacttgtcga | 20843-20863 | endoribonuclease
RNAil gagacatatctaatgtgce 1358-1376 Spike (S1) pBS/U6 vector CalPhos” 293Tecells transfected [103]
from the first with pCMV-Myc vector
ATG of the and Vero E6 cells infect-
cDNA of the ed with BJOI strain
gene
RNAi2 gggctaccaccttatgtee 3081- Spike (S2)
3099 from the
first ATG of
the cDNA of
the gene
N388 ggeatcgtatgggttgcaact | 388-407 of N [ Nucleocapsid pMD-18T vector | Lipofectamine | 293T cells and BALB/c [62]
sequence 2000 mice muscles transfected
with pN-EGFP vector
si-M1 ggtgactggegggattgegattg | 221-242 of M Membrane pBS/U6-siM1-3 vec-| ProFection® [HEK293T cells transfect-| [104]
gene tors ed with pCMV-Myc-M
si-M2 ggcgctgtgacattaaggace | 466-486 of M Membrane vector
gene
Si-M3 aacgacaatattgetttgeta | 637-657 of M Membrane
gene

(Table 2) contd....
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siRNA DNA-targeted Sequence | Target Re- | Target Protein | siRNA Generating Delivery Validation Cell References
*&-3) gion (Nu- Method Platform Line/Animal
cleotide)
si-N213 ggegttccaatcaacaccaa | 213-233 of N [ Nucleocapsid Chemical synthesis | ProFection® HEK293 transfected [105]
gene of oligos which were with pEGFP-Np or
si-N863 goaccaagacctaatcagac | 863-883 of N | Nucleocapsid | Subcloned into pB- PCMV-Myc-Np vectors
S/U6 vectors
gene
si-N1240 gagcttctgetgattcaact 1240-1260 of | Nucleocapsid
N gene
siSARS-S2 gggctatcaacctatagat NA Spike Chemical synthesis | Lipofectamine | Vero E6 cells infected [106]
iSARS-S3 caaggcgattagtcaaatt NA Spike 2000 with the Hong Kong
- strain of SARS-CoV
siSARS3’UTR2| cgtaactaaacagcacaag NA 3’-UTR
region
siRNA 2 aataaacatgttcgtttagag NA sgRNA 2 (spike) | pPRNAT-U6.1/Hygro | Lipofectamine |Vero E6 cells transfected [54]
vector 2000 with pXJ-CS-7a, pXJ-C-
siRNA 3 aaatccataagttcgtttaga NA sgRNA 3 (3a/3b S-8a-HA or pXJ-CSn-
protiens spl-
- HA vectors and Vero E6
siRNA 7 tctctaaacgaacatgaaa NA ngNAt 7 (7)a/7b cells infected with SARS
proteins CoV
shRNA-A atcttaggattgectacge NA RNA polymerase | pSilencel.0-U6 vec- | Lipofectamine [HeLa and 293 cells trans-|  [107]
tor 2000 fected
with pIRES-2-EGFP/R-
DRP or pPCMV-HA-R-
DRP vectors and Vero
E6 cells infected with
SARS CoV-p9
siRNA-1 gatggagagccttgttctt 262-280 of Leader pSilencer 3.1-H1 vec-| Electroporation, | Vero E6 cells infected [61]
nspl gene tor Lipofectamine with BJOI strain
siRNA-2 cagccctatgtgttcatta 445-463 of Leader 2000
nspl gene
siRNA-3 ctcactcgtgagctcaatg 766-784 of Leader
nspl gene
Table 3. Effective synthetic siRNA molecules.
siRNA | siRNA Anti-sense Strand | Target Region (Nu- | Target Protein Delivery Platform Validation Cell Line/Animal |References
5’-3) cleotide)
siRNA-5 | agaagaucaggaacuccuucaTT NA Envelope Lipofectamine 2000 Vero E6 cells transfected with [64]
siRNA-6 |guuccaggaguuguuuaagcuTT NA Membrane PCDNA3.I/E,
pCDNA3.1/M, or pPCDNA3.1/N
siRNA-16 |guuugauugggguccaunaucTT NA Nucleocapsid vectors
siSC2 guugaguguaauuaggagcTT 21553-21573 Spike intranasal instillation of | Rhesus macaque infected with [60]
siSC5 uaaauugccuuccucauccTT 13530-13550 RNA polymerase| SIRNA solution in DSW PUMC-01 strain
SARSI-S cacugauuccguucgagauc 23150-23169 Spike OligoFectamine® FRhk-4 cells infected with [108, 109]
SARSI-E | cguuucggaagaaacagguac 26113-26133 Envelope GZ50 strain
SARSI-N caagccucuucucgeuccuc 28648-28667 Nucleocapsid
SARSi-M1| ugcuugcugcugucuacag 26576-26594 Membrane
SARSI-M2| guggcuuagcuacuucguug 26652-26671 Membrane
SARSI-2 | guacccucuugauugcaucTT NA Replicase OligoFectamine® FRhk-4 cells infected with [110]
SARSi-3 | gagucgaagagaggugucuTT NA GZ50, GZ34, HKR1, andHKR2
trai
SARSi-4 | gcacuugucuaccuugaugTT NA stramn
siSARS1 | uaaauugccuuccucauccTT 13547-13567 RNA polymerase| Lipofectamine 2000 Vero E6 cells infected with [53,111]
siSARS3 | aauuaccggguuugacaguTT 14595-14615 RNA polymerase Frankfurt 1 isolate
S-siRNA1| gagcuuugagauugacaaauu | 403-423 of spike gene Spike Lipofectamine 2000 HEK293T cells transfected with|  [112]
S-siRNA2 | cccuuucuuugcuguuucuuu | 871-891 of spike gene Spike PEGFP-S vector
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From the plethora of studies reported so far, it can be no-
ticed that targets covering the whole SARS-CoV genome,
even including the 5-UTR and the 3’-UTR regions, were
screened for suppression of the virus by RNAi. Among th-
ese, the spike protein and RNA polymerase are the most tar-
geted, followed by the other three structural envelope, mem-
brane, and nucleocapsid portions. Other parts of the genome
were also targeted such as the leader protein (nspl), helicase
(nsp13), endoribonuclease (nspl6), 3a/3b proteins, and
7a/7b proteins. It should be recognized that the effective siR-
NA molecules and their targets (summarized in Tables 2 and
3) had been discovered following a tedious screening of a
large number of carefully selected nucleotide targets all over
the viral genome by different researchers. For example, the
number of chemically synthesized siRNA duplexes was 48
by Zheng et al. [53], 26 by Shi et al. [54], and 34 by Elmen
et al. [55]. Out of these 108 siRNA molecules, only 9 were
found to induce significant RNAI activity.

It should be emphasized that the effectiveness of RNAi-
based therapeutics is not through a selective knockdown of a
specific viral gene. Instead, it is mediated via the destruction
of the viral mRNA, as evident by the reduction of viral
genome copy number. Therefore, Zheng et al. [53] recom-
mended that this can be achieved if ORF1la and ORF1b, rep-
resenting the first two-thirds of the CoV genome, are target-
ed instead of the other ORFs in the right-hand third region
of the viral genome. This conclusion was reached upon
screening 32 siRNA molecules targeting ORF2-ORF9,
where only one molecule resulted in moderate activity as
compared to the weak inhibition elicited by the others. That
is also supported by the findings of Akerstrom et al. [56]
who designed an siRNA molecule to target sgRNA 7, encod-
ing for 7a/7b accessory proteins. It has been shown that th-
ese two proteins are not necessary for the replication of the
virus as the recombinant virus lacking 7a and 7b can repli-
cate as efficiently as the wild-type virus [57]. Accordingly,
the significant inhibition of virus production in Vero E6
cells stably-infected with SARC-CoV is the direct result of
viral mRNA destruction.

6. LESSONS LEARNED

Studies exploring RNAIi as a potential therapeutic ap-
proach for coronaviruses have been reviewed in the past [58,
59], as well as recently [60]. To re-summarize their findings
is not the purpose of this review but to highlight certain ob-
servations that are believed to pave the way towards develop-
ing a successful therapy for the COVID-19 outbreak. Out of
the 20 studies summarized in Tables 2 and 3, 17 were report-
ed between 2003 and 2007; just after the SARC-CoV 2003
outbreak. Huge advances have been accomplished since
then with regard to the chemical modification of siRNA
molecules to render them more resistant to RNases and phos-
phatases [61, 62]. The improved biological stability is direct-
ly related to a more favorable pharmacokinetic behavior [63,
64]. In addition to the enhanced activity, certain chemical
modifications were found to efficiently suppress immunosti-
mulatory siRNA-driven innate immune activation [65].
Others may help in reducing off-target-induced toxicity [66,
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67]. Apparently, the current siRNA development and synthe-
sis technologies offer much-enhanced potency and reduced
toxicity [45]. Moreover, it allows for high throughput screen-
ing of siRNA molecules and targets to identify lead
molecules. In the studies reported in Table 2, nine of them
utilized a plasmid vector to generate siRNA molecules in-
side the cells. The limitation of such technology for high
throughput screening is obvious. Moreover, it necessitates
the use of an effective vector to aid the delivery of the plas-
mid into the nucleus of the cells.

The delivery platforms used in that previous reports are
also summarized in Tables 2 and 3. Apparently, lipofec-
tamine 2000 was the delivery system of choice used by vari-
ous groups. FUGENE6" and OligoFectamine” are other
lipid-based systems for gene delivery. On the other hand,
physical methods for gene delivery were also used, such as
electroporation or CalPhos” and ProFection®. The last two
are transfection reagents based on calcium phosphate and
calcium chloride, respectively. Again, vectors for gene deliv-
ery, whether viral or non-viral (chemical and physical), are a
continuously developing field since the 1990s. More effi-
cient and less toxic delivery platforms are still being devel-
oped [68]. The formation of a stable, safe, and effective de-
livery vector, from a pharmaceutical perspective, is a pre-
requisite for the development of an appropriate dosage form
for this kind of therapy. For screening purposes in tumorous
cells, the use of any effective-proven delivery platform is jus-
tified regardless of its toxicity or practicality for in vivo use.

In addition to delivery vectors, bioconjugation of siRNA
to molecules from natural origin, mostly by a cleavable link-
age, is another promising strategy for the delivery and target-
ing of siRNA. There are several siRNA conjugates that have
been reported in the literature. Examples include conjuga-
tion to lipophilic molecules, aptamers, ligands, antibodies,
peptides, or polymers [69]. This will allow for targeting of
siRNA through specific binding of the biogenic molecule to
receptors on the cell membrane or facilitating the penetra-
tion of the cell by natural transport mechanisms [61]. N-
acetylgalactosamine as a ligand for siRNA delivery repre-
sents the most successful example so far as it was used in
the currently approved GIVLAARI®. It interacts with the
asialoglycoprotein receptor that is highly expressed on hepa-
tocytes and thus, allows the siRNA therapeutic molecule to
target them for the treatment of acute hepatic porphyria [70].

We know so far that SARS-CoVs infect cells that ex-
press angiotensin-converting enzyme 2 (ACE2) through
binding of the spike protein to this receptor to initiate recep-
tor-mediated internalization [71]. The use of siRNA biocon-
jugates that target these cells could enhance the potency,
minimize side effects and off-target effects, and prolong the
half-life of siRNA molecules. Especially in the early phase,
when the infection is still localized in the respiratory system
before spreading to other organs [72].

As mentioned earlier, there are two approved siRNA
therapeutics. Since these two products have undergone rigor-
ous development process to successful marketing, it is worth
paying attention to the delivery approach used for each. The
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first one is ONPATTRO", which is a 2 mg/ml concentrate
for solution for infusion. It contains Patisiran as an active in-
gredient formulated as lipid nanoparticles (LNP) (ONPAT-
TRO" SPC). These LNP are < 100 nm in size with a low sur-
face charge. They are also characterized by their high encap-
sulation efficiency and can be produced by a scalable manu-
facturing process and possess adequate product stability.
The lipids used for preparing the LNP are DLin-MC3-DMA,
PEG,,,,-C-DMG, DSPC, and cholesterol. DLin-MC3-DMA
is an ionizable aminolipid with a pKa of 6.5. This value is
very close to the optimum value of 6.4 which has been
shown to be very critical, as a deviation of 0.5 from this pKa
value resulted in a significant loss of activity [73]. On the
other hand, the incorporation of the pegylated lipid at the
right proportion with DLin-MC3-DMA resulted in the forma-
tion of 20-100 nm nanoparticles [74]. Moreover, the use of a
myristoyl derivative of the pegylated lipid was crucial to en-
sure that it would be exchanged out of the LNP with lipopro-
tein particles in the plasma in order to allow the interaction
of the LNP with the target cells [75].

GIVLAARI®, on the other hand, is a solution for subcuta-
neous injection that contains 200 mg Givosiran sodium cor-
responding to 189 mg Givosiran per ml. Givosiran is a dou-
ble-stranded synthetic chemically modified siRNA, which is
conjugated to a triantennary N-acetyl galactosamine ligand
to facilitate delivery of the siRNA to the liver. The formula-
tion of this product is much simpler than the ONPATTRO"
as the active molecule is dissolved in water for injection and
adjusted to pH 6.5-7.5 with sodium hydroxide or phosphoric
acid (EMA public assessment report for GIVLAARI®). Th-
ese two approved products are both injectable products and
not intended for pulmonary delivery. The delivery was
based on two different approaches as one was formulated as
LNP and the other is a simple aqueous solution of a biocon-
jugated siRNA. Yet, both are proven effective. Although pul-
monary delivery of siRNA had its own limitation as dis-
cussed later, it was anticipated to be much easier and
straightforward than the parenteral route of administration.

Interestingly, Li, et al. [76] used an siRNA combination
as a prophylactic as well as a treatment in rhesus macaques
infected with SARS-CoV. The siRNA was delivered as is in
a solution form in D5W by intranasal instillation. Analysis
of oropharyngeal swab samples of rhesus macaques after 4
days of SARS infection by quantitative real-time PCR re-
vealed that 75% of the samples treated with an siSC-2-siSC5
combination (prophylactic, co-delivery or post-exposure)
did not have any detectable SARS-CoV RNA. Contrasting-
ly, the viral RNA was 100% detectable in all of the untreat-
ed animals and those treated with nonspecific siRNA. This
was also accompanied by a much lower number of infected
lung cells in the treatment groups indicating that the siRNA
induced effective inhibition of SARS-CoV replication and
spread within the monkey lungs. Obviously, the siRNA
molecules were effective without the use of delivery vectors.
So, the lack of pharmaceutically approved delivery vectors
should not hamper the clinical development of RNAi-based
therapies against corona viruses.

Aljaberi et al.

siRNA molecules have been shown to be effective pro-
phylactically and therapeutically. The pre-existence of siR-
NA molecules within the cells inhibited SARS-CoV infec-
tion and replication in vitro [53, 77]. This indicated that the
viral genomic mRNAs are sensitive to the pre-existing siR-
NA within host cells. This effect was confirmed in vivo us-
ing a Rhesus macaque model and the body temperature of
the infected monkeys as a marker for the severity of SARS-
like symptoms [76]. The group treated prophylactically had
a significantly lower body temperature (38.7 °C vs 38.5 °C
for control) than groups given siRNA treatment concomitant-
ly with the viral infectious load or as a post-exposure dose.
In a comparable relative work, Zhao et al. [78] constructed a
pU6-shN388 plasmid vector expressing the effective N388
siRNA molecule against the N protein of SARS-CoV. They
co-injected it with N-EGFP expression plasmid encoding the
N and EGFP proteins to murine muscles. This resulted in a
reduction of the expression of both proteins to ~ 20% for 16
days post-injection.

Among the two tasks, using siRNA prophylactically ap-
pears to be the easier one. Once the host is infected and the
virus replication is activated, a tremendous load of viral mR-
NA would be generated, which may exceed the silencing ca-
pacity of RNAi machinery in the cells. What performs well
as a prophylactic does not necessarily have the same effec-
tiveness therapeutically. For example, among the 48 siRNA
molecules that were screened by Zheng and coworkers [53],
only four siRNA molecules, SC02, SC05, SC14, and SC15
targeting spike, RNA polymerase, helicase, and endoribonu-
clease, respectively, showed promising effectiveness in pre-
venting SARS-CoV infection in FRhK-4 cells. However,
when the same dosage of siRNA used in the prophylactic
study was applied post-transfection, only SC15 was able to
induce > 70 inhibition activity as measured by a relative re-
duction in viral genome copy numbers. It is noteworthy that
the most effective siRNA molecule prophylactically, which
is SC15, was also the most effective therapeutically.

In order to improve the silencing outcomes, the dose
may be increased or a combination of siRNA, preferably tar-
geting different regions in the virus genome, can be used.
With regard to the first option, the RNAIi effect against the
expression of RNA polymerase from an RDRP-pcDNA3.1
plasmid that was co-transfected with varying concentrations
of shRNA was found to follow a dose-dependent effect [79].
The same was observed for siRNA molecules targeting the
E, M, and N genes co-transfected with a previous plasmid
vector encoding these genes in the Vero E6 cell line [80]. In
an opposing study, tripling the dosage of a moderately ac-
tive siRNA has been shown to have no significant improve-
ment in prophylactic efficacy [53]. Such contradicting re-
ports emphasize the need for dosage optimization of effec-
tive molecules, which is a prerequisite for the development
of efficient RNAi-based therapeutics. As mentioned earlier,
Li and coworkers delivered 30 ug of siSC2-siSC5 combina-
tion in 3 ml of D5W solution to Rhesus macaques by intra-
nasal instillation. The used dose can be approximated to
8-9.7 ng/ kg; depending on the average weight of the ani-
mals. This study offers an initial dosing guidance for future
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preclinical and clinical studies. However, it should be kept
in mind that dose optimization is very likely to be required
especially if a carrier was used to aid the delivery of siRNA
molecules.

On the other hand, siRNA combinations have been de-
monstrated to promote significantly higher anti-SARS thera-
peutic effect in vitro and in vivo [53, 76]. Moreover, it is log-
ical to anticipate that the use of siRNA combinations will di-
minish the risk of the virus escaping RNAi through muta-
tions in its genome.

7. siRNA DELIVERY TO LUNG: CHALLENGES AND
OPPORTUNITIES

Delivery of siRNA therapeutics to the lungs, by systemic
or pulmonary administration, has been documented as a
promising approach for the treatment of respiratory disor-
ders [81]. Compared to systemic administration, the pulmo-
nary route is non-invasive and well accepted by patients. It
offers direct delivery of therapeutics to the airways for the
treatment of local conditions, leading to the need for lower
doses and minimizing the systemic side effects [82, 83]. In
addition, the pulmonary route offers avoidance of siRNA
molecules whole body-distribution and rapid clearance by
serum nuclease in the blood [84-86].

Nevertheless, pulmonary drug delivery, in general, is ex-
posed to many external and internal barriers. The local pul-
monary delivery of siRNA therapeutics to the lungs faces
many barriers involving the physiological factors that can be
further classified into extracellular and intracellular barriers.
Extracellular barriers include airways defenses, such as
cough clearance, high branching structure, mucociliary clear-
ance as well as mucus and alveoli defenses, such as alveolar
fluid, alveolar macrophage, enzymatic degradation and pul-
monary surfactants [86-89]. Intracellular barriers for siRNA
delivery to lung cells include cellular uptake efficiency and
escape from endosomes to reach the cytoplasm where they
can exert their therapeutic activity [86].

The branched structure of the respiratory airways repre-
sents the primary barrier in pulmonary drug delivery [90].
To exert the therapeutic effect, the therapeutic particles
should deposit in the lower airways. Inhaled particle deposi-
tion in the lungs occurs by different mechanisms including
inertial impaction, diffusion, gravitational sedimentation, in-
terception and electrostatic precipitation. The optimal parti-
cle size for lung deposition is between 1 and 5 um [91, 92].
Large particles (> 6 um) are exposed to be impacted and
trapped on the upper airway wall, while small particles (rang-
ing from 0.1 to 1 pm) are easily exhaled during breathing.
Smaller particles (under 100 nm) are successfully deposited
in the alveolar space by increasing diffusional mobility [93].

siRNA molecules, whether naked or as particulates,
should overcome the extracellular barriers and reach the tar-
get cells, then they need to overcome the intracellular barri-
ers. sSiIRNA molecules need to reach the cytoplasm, where
the RISC locates, and the gene silencing process happens.
Cellular uptake of siRNA molecules involves various endo-
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cytic mechanisms [94-97]; this includes clathrin-dependent
endocytosis, which is the most common route of cellular en-
try for macromolecules [98]. Following cell entry, siRNA
molecules are entrapped in the endosomes where acidifica-
tion occurs. Then, the endosomes fuse with the lysosomes,
which contain hydrolases that degrade the siRNA molecules
[98, 99]. Therefore, siRNA molecules should escape from
endosomes at an early stage to exert their silencing effect
[100, 101].

siRNA macromolecules are negatively charged hy-
drophilic molecules that are susceptible to nuclease degrada-
tion. They are incapable to cross the biological membrane
on their own and reach the site of action at an effective con-
centration. Yet, several proof-of-concept studies have shown
that naked siRNA molecules can elicit considerable activity
when delivered as such without the use of a carrier [81].
However, a delivery vector would indeed aid siRNA
molecules to efficiently escape the aforementioned barriers
through the enhancement of cellular uptake as well as protec-
tion of siRNA molecules to increase their biological half-life
[85, 102, 103]. The vector should have many characteristics
including condensing siRNA into nanosized particles, pro-
tecting siRNA from enzymatic degradation, enhancing cellu-
lar uptake, promoting endosomal escape and releasing its car-
go into the cytoplasm, besides having negligible toxicity
[104-106].

The efficacy of siRNA to treat various lung diseases via
intratracheal and/or intranasal routes for siRNA delivery to
the lung has been investigated in vivo. A measurable effica-
cy with significant improvement of the signs and biomarkers
has been reported. For lung cancer treatment, inhalable aero-
sols of siRNA directed against the sodium-dependent phos-
phate co-transporter 2b (NPT2b) were developed. The siR-
NA was entrapped in a poly (amino ester) carrier and admin-
istered twice a week for four weeks to mice with lung can-
cer. The results showed that lung cancer growth, cancer cell
proliferation and angiogenesis were suppressed, and apopto-
sis was facilitated [107]. In another study, lipid-based nano-
particles of siRNA were administered by intranasal inhala-
tion to mice with orthotopic lung cancer. In comparison to in-
travenous treatment, the pulmonary-delivered siRNA
showed an enhancement in antitumor activity and reduction
of adverse effects [108].

Regarding respiratory viral infection treatment, 100 pg
of naked nucleocapsid-targeting siRNA in phosphate-buf-
fered saline was administered intranasally to mice before in-
fection (via a single dose) or after infection (via multiple dos-
es) with respiratory syncytial virus. A significant reduction
of viral load was achieved in both prophylactic and therapeu-
tic regimens [109]. Also, anti-GFP-949 siRNA and anti-nu-
cleoprotein (NP)-1496 siRNA chitosan nanoparticles were
administered to mice with the Influenza virus. The results
showed protection of 50% of mice against a lethal challenge
of mouse-adapted influenza viruses [110].

Another wide-spread pulmonary condition is asthma.
For asthma treatment, siRNA molecules silencing the sup-
pressors of cytokine signaling (SOCS) proteins, which are
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Fig. (1). Schematic representation of siRNA delivery to the lungs: from formulation to release into the cytoplasm of alveolar cells. (4 higher
resolution/colour version of this figure is available in the electronic copy of the article).

increased in asthmatic conditions, were administered intra-
nasally to the lungs of mice with chronic asthma. The SOC-
S3- naked siRNA led to an improvement in the eosinophil
count and mucus secretion and a reduction in lung collagen
[111]. Another anti-Interleukin-4 and anti-Respiratory Sy-
naptic Virus naked siRNA molecules were given intranasal-
ly to OV A-sensitized mice with RSV-induced exacerbation.
The results showed inhibition of pathological signs of asth-
ma (airway inflammation and hyperresponsiveness), reduc-
tion in eosinophilia and neutrophilia in the lung, suppression
expression of IL-4 associated with allergic response and inhi-
bition of RSV replication [112]. Moreover, naked siRNA
molecule targeting STAT6, a major driver of bronchial in-
flammation, was administered intranasally to OV A-sensi-
tized rats for 3 consecutive days. The treatment showed a sig-
nificant reduction in allergen-induced lung inflammation
[113].

Finally, the siRNA approach was also investigated as a
potential treatment for cystic fibrosis. Intranasal anti-pe-
riostin naked siRNA was administered. Tomaru et al. [114]
showed that the siRNA therapy reduced lung collagen depo-
sition and decreased expression of profibrotic cytokines and
decreased bronchoalveolar lavage fluid and lung tissue lev-
els of total TGF-1 and lung tissue TGF-1 mRNA expression
in mice.

Generally, the major challenges for pulmonary delivery
of siRNA include poor correlation between in vitro and in
vivo studies, hard translation of the information from animal
models to humans because of the differences in anatomy and
physiology of the respiratory tract between animal and hu-
man and the administration routes used in animal studies are

not suitable for human use, such as the intratracheal route.
Moreover, the difficulty in evaluation of the delivery effi-
ciency of the formulation before entering the clinical study.
As discussed above, several proofs of concept studies have
successfully established the therapeutic benefits of siRNA
treatment for many lung diseases in animal models. Still, the
most crucial challenge that must be overcome now is the de-
velopment of inhalable stable siRNA formulations for hu-
man use in the laboratory in order to use them for lung dis-
eases in clinical trials [85, 93, 106].

CONCLUSION

The continuing rise in infection cases and deaths associ-
ated with COVID-19 pandemic has been accompanied by un-
precedented race at two fronts: first for the development of
an effective vaccine against SARS-CoV-2, and the second
focused on the discovery of effective treatment options. In
the latter capacity, the efficacy of several existing antiviral
drugs is being clinically evaluated for the treatment of
COVID-19. Examples of antivirals that are undergoing drug
repurposing include Remdesivir, Favipiravir, Umifenovir,
and Lopinavir/Ritonavir [115]. Unfortunately, no strong clin-
ical evidence has been provided to support their full clinical
usefulness in terms of efficacy and safety against SARS-
CoV-2 [116]. On the 22™ of October 2020, the United States
FDA approved the use of Remdesivir for the treatment of
COVID-19 requiring hospitalization. This approval was
based on its beneficial outcomes with regard to time-to-re-
covery clinical endpoint. Remdesivir was statistically superi-
or to placebo in reducing the median time for recovery in
mild, moderate and severe COVID-19 cases. Despite this ac-
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complishment, the difference in mortality between the
Remdesivir group and the placebo group was, unfortunately,
statistically insignificant (www.accessdata.fda.gov).

The fact that SARS-CoV2 genome is a positive-sense
single-stranded RNA makes RNAI an attractive therapeutic
option for COVID-19. Especially if an inhalation siRNA is
developed so it can be administered through the same route
the virus uses to cause the infection. Vir Biotechnology and
Alnylam Pharmaceuticals are collaborating to screen 350
siRNAs targeting various regions of SARS-CoV2 genome in
vitro to identify lead candidates. The companies announced
that potential candidates will undergo preclinical evaluation
by the end of the year. The success of these studies and hope-
fully, the future human clinical studies and authorization of
the therapy, would represent a game-changer in the field of
respiratory disorders. Of course, treating COVID-19 is the
priority now, but this would also offer insurance against fu-
ture pandemics from other coronaviruses that might emerge.
Principally, if the conserved region of the genome among
various members of the Coronaviridae family is targeted, we
should learn Lessons from our previous mistake with SARS--
CoV in 2003 when we thought that there was no need to in-
vest in finding a cure since the epidemic was controlled.
Had our thinking been different back then, we might not
have had to endure the heavy consequences we are suffering
now from the SARS-CoV2. Moreover, the successful devel-
opment of RNAi-based inhalation therapeutic against
COVID-19 that can reach the alveoli and lung parenchyma
(Fig. 1) would pave the road for treating other respiratory di-
sorders. In addition to infections, lung cancers, asthma, and
idiopathic pulmonary fibrosis could be the next targets for
RNAi-based inhalation therapeutics.

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

[1] Harapan, H.; Itoh, N.; Yufika, A.; Winardi, W.; Keam, S.; Te, H.;
Megawati, D.; Hayati, Z.; Wagner, A.L.; Mudatsir, M. Coron-
avirus disease 2019 (COVID-19): A literature review. J. Infect.
Public Health, 2020, 13(5), 667-673.
http://dx.doi.org/10.1016/j.jiph.2020.03.019

[2]  Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome
structure, replication, and pathogenesis. J. Med. Virol., 2020,
92(4), 418-423.
http://dx.doi.org/10.1002/jmv.25681

[3]  dos Santos, W.G. Natural history of COVID-19 and current knowl-
edge on treatment therapeutic options. Biomed. Pharmacother.,
2020, 729.

[11]

[12]

[13]

[14]

[13]

[16]

[17]
(18]

[19]

Current Drug Delivery, XXXX, Vol. XX, No. XX 11

http://dx.doi.org/10.1016/j.biopha.2020.110493

Gaunt, E.R.; Hardie, A.; Claas, E.C.J.; Simmonds, P.; Templeton,
K.E. Epidemiology and clinical presentations of the four human
coronaviruses 229E, HKUI1, NL63, and OC43 detected over 3
years using a novel multiplex real-time PCR method. J. Clin. Mi-
crobiol., 2010, 48

http://dx.doi.org/10.1128/JCM.00636-10

Woo, P.C.Y.; Lau, S.K.P.; Chu, C.; Chan, K.; Tsoi, H.; Huang,
Y.; Wong, B.H.L.; Poon, RW.S.; Cai, J.J.; Luk, W.; Poon,
L.L.M.; Wong, S.S.Y.; Guan, Y.; Peiris, J.S.M.; Yuen, K. Charac-
terization and Complete Genome Sequence of a Novel Coron-
avirus, Coronavirus HKU1, from Patients with Pneumonia. J. Vi-
rol., 2005, 79

http://dx.doi.org/10.1128/jvi.79.2.884-895.2005

Laha, S.; Chakraborty, J.; Das, S.; Manna, S.K.; Biswas, S.; Chat-
terjee, R. Characterizations of SARS-CoV-2 mutational profile,
spike protein stability and viral transmission. Infect. Genet. Evol.,
2020, 85

http://dx.doi.org/10.1016/j.meegid.2020.104445

Tian, X.; Li, C.; Huang, A.; Xia, S.; Lu, S.; Shi, Z.; Lu, L.; Jiang,
S.; Yang, Z.; Wu, Y.; Ying, T. Potent binding of 2019 novel coron-
avirus spike protein by a SARS coronavirus-specific human mono-
clonal antibody. Emerg. Microbes Infect., 2020, 9
http://dx.doi.org/10.1080/22221751.2020.1729069

Li, F.; Li, W.; Farzan, M.; Harrison, S.C. 2005.

Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.;
Abiona, O.; Graham, B.S.; McLellan, J.S. 2020.

Chan, J.F.W.; Kok, K.H.; Zhu, Z.; Chu, H.; To, K.K.W.; Yuan, S.;
Yuen, K.Y. Genomic characterization of the 2019 novel human--
pathogenic coronavirus isolated from a patient with atypical pneu-
monia after visiting Wuhan. Emerg. Microbes Infect., 2020, 9
http://dx.doi.org/10.1080/22221751.2020.1719902

Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.;
Song, H.; Huang, B.; Zhu, N.; Bi, Y.; Ma, X.; Zhan, F.; Wang, L.;
Hu, T.; Zhou, H.; Hu, Z.; Zhou, W.; Zhao, L.; Chen, J.; Meng, Y ;
Wang, J.; Lin, Y.; Yuan, J.; Xie, Z.; Ma, J.; Liu, W.J.; Wang, D.;
Xu, W.; Holmes, E.C.; Gao, G.F.; Wu, G.; Chen, W.; Shi, W_;
Tan, W. Genomic characterisation and epidemiology of 2019 nov-
el coronavirus: implications for virus origins and receptor binding.
Lancet, 2020, 395, 565-574.
http://dx.doi.org/10.1016/S0140-6736(20)30251-8

Yao, T.T.; Qian, J.D.; Zhu, W.Y.; Wang, Y.; Wang, G.Q. A syste-
matic review of lopinavir therapy for SARS coronavirus and
MERS coronavirus—A possible reference for coronavirus dis-
ease-19 treatment option. J. Med. Virol., 2020, 92
http://dx.doi.org/10.1002/jmv.25729

Mousavizadeh, L.; Ghasemi, S. Genotype and phenotype of
COVID-19: Their roles in pathogenesis. J. Microbiol. Immunol. In-

fect., 2020.

http://dx.doi.org/10.1016/j.jmii.2020.03.022

Naqvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh,
L.K.; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan,
M.L. Insights into SARS-CoV-2 genome, structure, evolution,
pathogenesis and therapies: Structural genomics approach.
Biochim. Biophys. Acta Mol. Basis Dis., 2020, 1866
http://dx.doi.org/10.1016/j.bbadis.2020.165878

Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu,
Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; Yuan, M.L.; Zhang, Y.L.;
Dai, F.H.; Liu, Y.; Wang, Q.M.; Zheng, J.J.; Xu, L.; Holmes,
E.C.; Zhang, Y.Z. A new coronavirus associated with human respi-
ratory disease in China. Nature, 2020, 579
http://dx.doi.org/10.1038/s41586-020-2008-3

De Wit, E.; Van Doremalen, N.; Falzarano, D.; Munster, V.J.
SARS and MERS: Recent insights into emerging coronaviruses.
Nat. Rev. Microbiol., 2016, 14
http://dx.doi.org/10.1038/nrmicro.2016.81

Wu, F.; Zhao, Y.Z. 2020.

Jogalekar, M.P.; Veerabathini, A.; Gangadaran, P. Novel 2019
coronavirus: Genome structure, clinical trials, and outstanding
questions. Exp. Biol. Med. (Maywood), 2020, 245
http://dx.doi.org/10.1177/1535370220920540

Yoshimoto, F.K. The Proteins of Severe Acute Respiratory Syn-
drome Coronavirus-2 (SARS CoV-2 or n-COV19), the Cause of


http://www.accessdata.fda.gov
http://dx.doi.org/10.1016/j.jiph.2020.03.019
http://dx.doi.org/10.1002/jmv.25681
http://dx.doi.org/10.1016/j.biopha.2020.110493
http://dx.doi.org/10.1128/JCM.00636-10
http://dx.doi.org/10.1128/jvi.79.2.884-895.2005
http://dx.doi.org/10.1016/j.meegid.2020.104445
http://dx.doi.org/10.1080/22221751.2020.1729069
http://dx.doi.org/10.1080/22221751.2020.1719902
http://dx.doi.org/10.1016/S0140-6736(20)30251-8
http://dx.doi.org/10.1002/jmv.25729
http://dx.doi.org/10.1016/j.jmii.2020.03.022
http://dx.doi.org/10.1016/j.bbadis.2020.165878
http://dx.doi.org/10.1038/s41586-020-2008-3
http://dx.doi.org/10.1038/nrmicro.2016.81
http://dx.doi.org/10.1177/1535370220920540

12 Current Drug Delivery, XXXX, Vol. XX, No. XX

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1

[32]

[33]

[34]

[35]

[36]

COVID-19. Protein J., 2020, 39
http://dx.doi.org/10.1007/s10930-020-09901-4

Sola, I.; Almazan, F.; Zuoiiga, S.; Enjuanes, L. Continuous and
Discontinuous RNA Synthesis in Coronaviruses. Annu. Rev.
Virol., 2015, 2
http://dx.doi.org/10.1146/annurev-virology-100114-055218
Narayanan, K.; Ramirez, S.I.; Lokugamage, K.G.; Makino, S.
Coronavirus nonstructural protein 1: Common and distinct func-
tions in the regulation of host and viral gene expression. Virus
Res., 2015, 202

http://dx.doi.org/10.1016/j.virusres.2014.11.019

Graham, R.L.; Sims, A.C.; Brockway, S.M.; Baric, R.S.; Denison,
M.R. The nsp2 Replicase Proteins of Murine Hepatitis Virus and
Severe Acute Respiratory Syndrome Coronavirus Are Dispens-
able for Viral Replication. J. Virol., 2005, 79
http://dx.doi.org/10.1128/jvi.79.21.13399-13411.2005

Angeletti, S.; Benvenuto, D.; Bianchi, M.; Giovanetti, M.; Pas-
carella, S.; Ciccozzi, M. COVID-2019: The role of the nsp2 and
nsp3 in its pathogenesis. J. Med. Virol., 2020, 92
http://dx.doi.org/10.1002/jmv.25719

Lei, J.; Kusov, Y.; Hilgenfeld, R. Nsp3 of coronaviruses: Struc-
tures and functions of a large multi-domain protein. Antiviral Res.,
2018, 149

http://dx.doi.org/10.1016/j.antiviral.2017.11.001

Ren, Y.; Shu, T.; Wu, D.; Mu, J.; Wang, C.; Huang, M.; Han, Y ;
Zhang, X.Y.; Zhou, W.; Qiu, Y.; Zhou, X. The ORF3a protein of
SARS-CoV-2 induces apoptosis in cells. Cell. Mol. Immunol.,
2020, /7

http://dx.doi.org/10.1038/s41423-020-0485-9

Hachim, A.; Kavian, N.; Cohen, C.; Chin, A.W.; Chu, D.K.; Mok,
C.K.P.; Tsang, O.T.; Yeung, Y.C.; Perera, R.A.; Poon, L.L;
Peiris, M.J.; Valkenburg, S Beyond the Spike: identification of vi-
ral targets of the antibody response to SARS-CoV-2 in COVID-19
patients 2020.

Kopecky-Bromberg, S.A.; Martinez-Sobrido, L.; Frieman, M.;
Baric, R.A.; Palese, P. Severe Acute Respiratory Syndrome Coron-
avirus Open Reading Frame (ORF) 3b, ORF 6, and Nucleocapsid
Proteins Function as Interferon Antagonists. J. Virol., 2007, 81
http://dx.doi.org/10.1128/jvi.01782-06

Konno, Y.; Kimura, I.; Uriu, K.; Fukushi, M.; Irie, T.; Koyanagi,
Y.; Sauter, D.; Gifford, R.J.; Nakagawa, S.; Sato, K. 2020.

Li, J.Y.; Liao, C.H.; Wang, Q.; Tan, Y.J.; Luo, R.; Qiu, Y.; Ge,
X.Y. The ORF6, ORF8 and nucleocapsid proteins of SARS-CoV-
-2 inhibit type I interferon signaling pathway. Virus Res., 2020,
286

http://dx.doi.org/10.1016/j.virusres.2020.198074

Yuen, C.K.; Lam, J.Y.; Wong, W.M.; Mak, L.F.; Wang, X.; Chu,
H.; Cai, J.P.; Jin, D.Y.; To, K.K.W.; Chan, JF.W.; Yuen, K.Y ;
Kok, K.H. SARS-CoV-2 nspl3, nspl4, nspl5 and orf6 function as
potent interferon antagonists. Emerg. Microbes Infect., 2020, 9
http://dx.doi.org/10.1080/22221751.2020.1780953

Oostra, M.; de Haan, C.A.M.; Rottier, P.J.M. The 29-Nucleotide
Deletion Present in Human but Not in Animal Severe Acute Respi-
ratory Syndrome Coronaviruses Disrupts the Functional Expres-
sion of Open Reading Frame 8. J. Virol., 2007, 81
http://dx.doi.org/10.1128/jvi.01631-07

Zhang, Y.; Zhang, J.; Chen, Y.; Luo, B.; Yuan, Y.; Huang, F.;
Yang, T.; Yu, F.; Liu, J.; Liu, B.; Song, Z.; Chen, J.; Pan, T.;
Zhang, X.; Li, Y.; Li, R.; Huang, W.; Xiao, F.; Zhang, H The OR-
F8 Protein of SARS-CoV-2 Mediates Immune Evasion through
Potently Downregulating MHC-I 2020.

Tortorici, M.A.; Veesler, D. Structural insights into coronavirus
entry; Adv. Virus Res, 2019.

Millet, J.K.; Whittaker, G.R. Host cell proteases: Critical determi-
nants of coronavirus tropism and pathogenesis. Virus Res., 2015,
202

http://dx.doi.org/10.1016/j.virusres.2014.11.021

Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.;
Veesler, D. Structure, Function, and Antigenicity of the SARS--
CoV-2 Spike Glycoprotein. Cell, 2020, 181
http://dx.doi.org/10.1016/j.cell.2020.02.058

Karjee, S.; Minhas, A.; Sood, V.; Ponia, S.S.; Banerjea, A.C.;
Chow, V.T.K.; Mukherjee, S.K.; Lal, S.K. The 7a Accessory Pro-

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

Aljaberi et al.

tein of Severe Acute Respiratory Syndrome Coronavirus Acts as
an RNA Silencing Suppressor. J. Virol., 2010, 84
http://dx.doi.org/10.1128/jvi.00748-10

Schaecher, S.R.; Pekosz, A. SARS coronavirus accessory gene ex-
pression and function; Mol. Biol. SARS-Coronavirus, 2010.
Hardee, C.L.; Arévalo-Soliz, L.M.; Hornstein, B.D.; Zechiedrich,
L. Advances in non-viral DNA vectors for gene therapy. Genes
(Basel), 2017, 8

http://dx.doi.org/10.3390/genes8020065

Lam, J.LK.W.; Chow, M.Y.T.; Zhang, Y.; Leung, S.W.S. siRNA
versus miRNA as therapeutics for gene silencing. Mol. Ther. Nu-
cleic Acids, 2015, 4

http://dx.doi.org/10.1038/mtna.2015.23

Wang, J.; Lu, Z.; Wientjes, M.G.; Au, J.L.S. Delivery of siRNA
therapeutics: Barriers and carriers. A4PS J., 2010, /2
http://dx.doi.org/10.1208/s12248-010-9210-4

Hu, B.; Weng, Y.; Xia, X.H. X. jie Liang, Y. Huang, Clinical ad-
vances of siRNA therapeutics. J. Gene Med., 2019, 21
http://dx.doi.org/10.1002/jgm.3097

Tai, W.; Gao, X. Functional peptides for siRNA delivery. Adv.
Drug Deliv. Rev., 2017, 110-111
http://dx.doi.org/10.1016/j.addr.2016.08.004

Chen, X.; Mangala, L.S.; Rodriguez-Aguayo, C.; Kong, X
Lopez-Berestein, G.; Sood, A.K. RNA interference-based therapy
and its delivery systems. Cancer Metastasis Rev., 2018, 37
http://dx.doi.org/10.1007/s10555-017-9717-6

Angart, P.; Vocelle, D.; Chan, C.; Patrick Walton, S. Design of
siRNA therapeutics from the molecular scale. Pharmaceuticals.,
2013, 6

http://dx.doi.org/10.3390/ph6040440

Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.;
Liang, X.J. Therapeutic siRNA: state of the art. Signal Transduct.
Target. Ther., 2020, 5
http://dx.doi.org/10.1038/s41392-020-0207-x

Miiller, S.; Giinther, S. Broad-spectrum antiviral activity of small
interfering RNA targeting the conserved RNA termini of lassa
virus. Antimicrob. Agents Chemother., 2007, 51
http://dx.doi.org/10.1128/AAC.01368-06

Pyrc, K.; Bosch, B.J.; Berkhout, B.; Jebbink, M.F.; Dijkman, R.;
Rottier, P.; Van Der Hoek, L. Inhibition of human coronavirus
NL63 infection at early stages of the replication cycle. Antimi-
crob. Agents Chemother., 2006, 50
http://dx.doi.org/10.1128/AAC.01598-05

Nur, S.M.; Hasan, M.A.; Al Amin, M.; Hossain, M.; Sharmin, T.
Design of Potential RNAi (miRNA and siRNA) Molecules for
Middle East Respiratory Syndrome Coronavirus (MERS-CoV)
Gene Silencing by Computational Method. Interdiscip. Sci., 20185,
7

http://dx.doi.org/10.1007/s12539-015-0266-9

Khantasup, K.; Kopermsub, P.; Chaichoun, K.; Dharakul, T. Tar-
geted small interfering RNA-immunoliposomes as a promising
therapeutic agent against highly pathogenic avian influenza A
(H5N1) virus infection. Antimicrob. Agents Chemother., 2014, 58
http://dx.doi.org/10.1128/AAC.02768-13

Steinbach, J.M.; Weller, C.E.; Booth, C.J.; Saltzman, W.M. Poly-
mer nanoparticles encapsulating siRNA for treatment of HSV-2
genital infection. J. Control. Release, 2012, 162
http://dx.doi.org/10.1016/j.jconrel.2012.06.008

Moon, J.S.; Lee, S.H.; Kim, E.J.; Cho, H.; Lee, W.; Kim, G.W_;
Park, H.J.; Cho, S.W.; Lee, C.; Oh, J.W. Inhibition of hepatitis C
virus in mice by a small interfering RNA targeting a highly
conserved sequence in viral IRES pseudoknot. PLoS One, 2016,
11

http://dx.doi.org/10.1371/journal.pone.0146710

Boyapalle, S.; Xu, W.; Raulji, P.; Mohapatra, S.; Mohapatra, S.S.
A multiple siRNA-based anti-HIV/SHIV Microbicide shows pro-
tection in both in vitro and in vivo models. PLoS One, 2015, 10
http://dx.doi.org/10.1371/journal.pone.0135288

Zheng, B.J.; Guan, Y.; Tang, O.; Cheng, D.; Xie, F.Y.; He, M.L.;
Chan, K.W.; Wong, K.L.; Lader, E.; Woodle, M.C.; Lu, P.Y.; Li,
B.; Zhong, N. Prophylactic and therapeutic effects of small inter-
fering RNA targeting SARS-coronavirus. Antivir. Ther., 2004, see,
9.


http://dx.doi.org/10.1007/s10930-020-09901-4
http://dx.doi.org/10.1146/annurev-virology-100114-055218
http://dx.doi.org/10.1016/j.virusres.2014.11.019
http://dx.doi.org/10.1128/jvi.79.21.13399-13411.2005
http://dx.doi.org/10.1002/jmv.25719
http://dx.doi.org/10.1016/j.antiviral.2017.11.001
http://dx.doi.org/10.1038/s41423-020-0485-9
http://dx.doi.org/10.1128/jvi.01782-06
http://dx.doi.org/10.1016/j.virusres.2020.198074
http://dx.doi.org/10.1080/22221751.2020.1780953
http://dx.doi.org/10.1128/jvi.01631-07
http://dx.doi.org/10.1016/j.virusres.2014.11.021
http://dx.doi.org/10.1016/j.cell.2020.02.058
http://dx.doi.org/10.1128/jvi.00748-10
http://dx.doi.org/10.3390/genes8020065
http://dx.doi.org/10.1038/mtna.2015.23
http://dx.doi.org/10.1208/s12248-010-9210-4
http://dx.doi.org/10.1002/jgm.3097
http://dx.doi.org/10.1016/j.addr.2016.08.004
http://dx.doi.org/10.1007/s10555-017-9717-6
http://dx.doi.org/10.3390/ph6040440
http://dx.doi.org/10.1038/s41392-020-0207-x
http://dx.doi.org/10.1128/AAC.01368-06
http://dx.doi.org/10.1128/AAC.01598-05
http://dx.doi.org/10.1007/s12539-015-0266-9
http://dx.doi.org/10.1128/AAC.02768-13
http://dx.doi.org/10.1016/j.jconrel.2012.06.008
http://dx.doi.org/10.1371/journal.pone.0146710
http://dx.doi.org/10.1371/journal.pone.0135288

SiRNA as a Potential Therapy for COVID-19

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Vehring, R. Pharmaceutical particle engineering via spray drying.
Pharm. Res., 2008, 25
http://dx.doi.org/10.1007/s11095-007-9475-1

Elmén, J.; Thonberg, H.; Ljungberg, K.; Frieden, M.; Wester-
gaard, M.; Xu, Y.; Wahren, B.; Liang, Z.; @rum, H.; Koch, T.;
Wahlestedt, C. Locked nucleic acid (LNA) mediated improve-
ments in siRNA stability and functionality. Nucleic Acids Res.,
2005, 33

http://dx.doi.org/10.1093/nar/gki193

Akerstrom, S.; Mirazimi, A.; Tan, Y.J. Inhibition of SARS-CoV
replication cycle by small interference RNAs silencing specific
SARS proteins, 7a/7b, 3a/3b and S. Antiviral Res., 2007, 73
http://dx.doi.org/10.1016/j.antiviral.2006.10.008

Yount, B.; Roberts, R.S.; Sims, A.C.; Deming, D.; Frieman, M.B.;
Sparks, J.; Denison, M.R.; Davis, N.; Baric, R.S. Severe Acute Re-
spiratory Syndrome Coronavirus Group-Specific Open Reading
Frames Encode Nonessential Functions for Replication in Cell
Cultures and Mice. J. Virol., 2005, 79
http://dx.doi.org/10.1128/jvi.79.23.14909-14922.2005

Wu, C.J.; Chan, Y.L. Antiviral applications of RNAi for coron-
avirus. Expert Opin. Investig. Drugs, 2006, 15
http://dx.doi.org/10.1517/13543784.15.2.89

Chang, Z.; Babiuk, L.A.; Hu, J. Therapeutic and prophylactic po-
tential of small interfering RNAs against severe acute respiratory
syndrome: Progress to date. BioDrugs, 2007, 21
http://dx.doi.org/10.2165/00063030-200721010-00002

Uludag, H.; Parent, K.; Aliabadi, H.M.; Haddadi, A. Prospects for
RNAIi Therapy of COVID-19. Front. Bioeng. Biotechnol., 2020, 8
http://dx.doi.org/10.3389/fbioe.2020.00916

Chernikov, I.V.; Vlassov, V.V.; Chernolovskaya, E.L. Current de-
velopment of siRNA bioconjugates: From research to the clinic.
Front. Pharmacol., 2019, 10
http://dx.doi.org/10.3389/fphar.2019.00444

Selvam, C.; Mutisya, D.; Prakash, S.; Ranganna, K.; Thilagavathi,
R. Therapeutic potential of chemically modified siRNA: Recent
trends. Chem. Biol. Drug Des., 2017, 90
http://dx.doi.org/10.1111/cbdd.12993

Berk, C.; Civenni, G.; Wang, Y.; Steuer, C.; Catapano, C.V.; Hall,
J. Pharmacodynamic and Pharmacokinetic Properties of Full Phos-
phorothioate Small Interfering RNAs for Gene Silencing In Vivo.
Nucleic Acid Ther., 2020.

http://dx.doi.org/10.1089/nat.2020.0852

Gao, S.; Dagnaes-Hansen, F.; Nielsen, E.J.B.; Wengel, J.; Besen-
bacher, F.; Howard, K.A.; Kjems, J. The effect of chemical modifi-
cation and nanoparticle formulation on stability and biodistribu-
tion of siRNA in mice. Mol. Ther., 2009, 17
http://dx.doi.org/10.1038/mt.2009.91

Broering, R.; Real, C.I.; John, M.J.; Jahn-Hofmann, K.; Icken-
stein, L.M.; Kleinehr, K.; Paul, A.; Gibbert, K.; Dittmer, U.;
Gerken, G.; Schlaak, J.F. Chemical modifications on siRNAs
avoid toll-likereceptor-mediated activation of the hepatic immune
system in vivo and in vitro. Int. Immunol., 2014, 26
http://dx.doi.org/10.1093/intimm/dxt040

Jackson, A.L.; Linsley, P.S. Recognizing and avoiding siRNA off--
target effects for target identification and therapeutic application.
Nat. Rev. Drug Discov., 2010, 9
http://dx.doi.org/10.1038/nrd3010

Neumeier, J.; Meister, G. siRNA Specificity: RNAi Mechanisms
and Strategies to Reduce Off-Target Effects. Front. Plant Sci.,
2021, 11

http://dx.doi.org/10.3389/fpls.2020.526455

Mashel, T.V.; Tarakanchikova, Y.V.; Muslimov, A.R.; Zyuzin,
M.V.; Timin, A.S.; Lepik, K.V.; Fehse, B. Overcoming the deliv-
ery problem for therapeutic genome editing: Current status and
perspective of non-viral methods. Biomaterials, 2020, 258
http://dx.doi.org/10.1016/j.biomaterials.2020.120282

Tai, W. Current aspects of siRNA bioconjugate for in vitro and in
vivo delivery. Molecules, 2019, 24
http://dx.doi.org/10.3390/molecules24122211

Debacker, A.J.; Voutila, J.; Catley, M.; Blakey, D.; Habib, N. De-
livery of Oligonucleotides to the Liver with GaINAc: From Re-
search to Registered Therapeutic Drug. Mol. Ther., 2020, 28
http://dx.doi.org/10.1016/j.ymthe.2020.06.015

[71]

(721

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

[82]

(83]

[84]

[85]

Current Drug Delivery, XXXX, Vol. XX, No. XX 13

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herr-
ler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.;
Nitsche, A.; Miiller, M.A.; Drosten, C.; P6hlmann, S. SARS-CoV-
-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked
by a Clinically Proven Protease Inhibitor. Cell, 2020, /81
http://dx.doi.org/10.1016/j.cell.2020.02.052

Trypsteen, W.; Van Cleemput, J.; van Snippenberg, W.; Gerlo, S.;
Vandekerckhove, L. On the whereabouts of SARS-CoV-2 in the
human body: A systematic review. PLoS Pathog., 2020, 16
http://dx.doi.org/10.1371/journal.ppat.1009037

Jayaraman, M.; Ansell, S.M.; Mui, B.L.; Tam, Y.K.; Chen, J.; Du,
X.; Butler, D.; Eltepu, L.; Matsuda, S.; Narayanannair, J.K.; Ra-
jeev, K.G.; Hafez, LM.; Akinc, A.; Maier, M.A.; Tracy, M.A.; Cul-
lis, P.R.; Madden, T.D.; Manoharan, M.; Hope, M.J. Maximizing
the potency of siRNA lipid nanoparticles for hepatic gene silenc-
ing in vivo, Angew, 51st ed; Chemie - Int, 2012.

Belliveau, N.M.; Huft, J.; Lin, P.J.; Chen, S.; Leung, A.K;
Leaver, T.J.; Wild, A.W.; Lee, J.B.; Taylor, R.J.; Tam, Y.K;
Hansen, C.L.; Cullis, P.R. Microfluidic synthesis of highly potent
limit-size lipid nanoparticles for in vivo delivery of siRNA. Mol.
Ther. Nucleic Acids, 2012, 1
http://dx.doi.org/10.1038/mtna.2012.28

Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayara-
man, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.J.; Madden,
T.D.; Mui, B.L.; Semple, S.C.; Tam, Y.K.; Ciufolini, M.; Witzig-
mann, D.; Kulkarni, J.A.; van der Meel, R.; Cullis, P.R. The On-
pattro story and the clinical translation of nanomedicines contain-
ing nucleic acid-based drugs. Nat. Nanotechnol., 2019, 14
http://dx.doi.org/10.1038/s41565-019-0591-y

Li, B.J.; Tang, Q.; Cheng, D.; Qin, C.; Xie, F.Y.; Wei, Q.; Xu, J.;
Liu, Y.; Zheng, B.J.; Woodle, M.C.; Zhong, N.; Lu, P.Y. Using
siRNA in prophylactic and therapeutic regimens against SARS
coronavirus in Rhesus macaque. Nat. Med., 2005, 11
http://dx.doi.org/10.1038/nm1280

Ni, B.; Shi, X.; Li, Y.; Gao, W.; Wang, X.; Wu, Y. Inhibition of re-
plication and infection of severe acute respiratory syndrome-asso-
ciated coronavirus with plasmid-mediated interference RNA. 4n-
tivir. Ther., 2005, *e+, 10.

Zhao, P.; Qin, Z.L.; Ke, J.S.; Lu, Y.; Liu, M.; Pan, W.; Zhao, L.J;
Cao, J.; Qi, Z.T. Small interfering RNA inhibits SARS-CoV nucle-
ocapsid gene expression in cultured cells and mouse muscles.
FEBS Lett., 2005, 579
http://dx.doi.org/10.1016/j.febslet.2005.02.080

Meng, B.; Lui, Y.W.; Meng, S.; Cao, C.; Hu, Y. Identification of
effective siRNA blocking the expression of SARS viral envelope
E and RDRP genes. Mol. Biotechnol., 2006, 33
http://dx.doi.org/10.1385/MB:33:2:141

Shi, Y.; Yang, D.H.; Xiong, J.; Jia, J.; Huang, B.; Jin, Y.X. Inhibi-
tion of genes expression of SARS coronavirus by synthetic small
interfering RNAs. Cell Res., 2005, 15
http://dx.doi.org/10.1038/sj.cr.7290286

Dua, K.; Wadhwa, R.; Singhvi, G.; Rapalli, V.; Shukla, S.D.; Shas-
tri, M.D.; Gupta, G.; Satija, S.; Mehta, M.; Khurana, N.; Awasthi,
R.; Maurya, P.K.; Thangavelu, L.; Rajeshkumar, S.; Tambuwala,
M.M.; Collet, T.; Hansbro, P.M.; Chellappan, D.K. The potential
of siRNA based drug delivery in respiratory disorders: Recent ad-
vances and progress. Drug Dev. Res., 2019, 80
http://dx.doi.org/10.1002/ddr.21571

Durcan, N.; Murphy, C.; Cryan, S.A. Inhalable siRNA: Potential
as a therapeutic agent in the lungs; Mol. Pharm, 2008.

Weber, S.; Zimmer, A.; Pardeike, J. Solid Lipid Nanoparticles (SL-
N) and Nanostructured Lipid Carriers (NLC) for pulmonary appli-
cation: A review of the state of the art. Eur. J. Pharm. Biopharm.,
2014, 86

http://dx.doi.org/10.1016/j.ejpb.2013.08.013

Zheng, M.; Librizzi, D.; Kili¢, A.; Liu, Y.; Renz, H.; Merkel,
0O.M.; Kissel, T. Enhancing in vivo circulation and siRNA deliv-
ery with biodegradable polyethylenimine-graft-polycaprolac-
tone-block-poly(ethylene glycol) copolymers. Biomaterials, 2012,
33

http://dx.doi.org/10.1016/j.biomaterials.2012.05.055

Lam, J.K.W.; Liang, W.; Chan, H.K. Pulmonary delivery of thera-
peutic siRNA. Adv. Drug Deliv. Rev., 2012, 64


http://dx.doi.org/10.1007/s11095-007-9475-1
http://dx.doi.org/10.1093/nar/gki193
http://dx.doi.org/10.1016/j.antiviral.2006.10.008
http://dx.doi.org/10.1128/jvi.79.23.14909-14922.2005
http://dx.doi.org/10.1517/13543784.15.2.89
http://dx.doi.org/10.2165/00063030-200721010-00002
http://dx.doi.org/10.3389/fbioe.2020.00916
http://dx.doi.org/10.3389/fphar.2019.00444
http://dx.doi.org/10.1111/cbdd.12993
http://dx.doi.org/10.1089/nat.2020.0852
http://dx.doi.org/10.1038/mt.2009.91
http://dx.doi.org/10.1093/intimm/dxt040
http://dx.doi.org/10.1038/nrd3010
http://dx.doi.org/10.3389/fpls.2020.526455
http://dx.doi.org/10.1016/j.biomaterials.2020.120282
http://dx.doi.org/10.3390/molecules24122211
http://dx.doi.org/10.1016/j.ymthe.2020.06.015
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://dx.doi.org/10.1371/journal.ppat.1009037
http://dx.doi.org/10.1038/mtna.2012.28
http://dx.doi.org/10.1038/s41565-019-0591-y
http://dx.doi.org/10.1038/nm1280
http://dx.doi.org/10.1016/j.febslet.2005.02.080
http://dx.doi.org/10.1385/MB:33:2:141
http://dx.doi.org/10.1038/sj.cr.7290286
http://dx.doi.org/10.1002/ddr.21571
http://dx.doi.org/10.1016/j.ejpb.2013.08.013
http://dx.doi.org/10.1016/j.biomaterials.2012.05.055

14 Current Drug Delivery, XXXX, Vol. XX, No. XX

Aljaberi et al.

http://dx.doi.org/10.1016/j.addr.2011.02.006 [103] Kim, D.H.; Rossi, J.J. RNAi mechanisms and applications.
[86]  Qiu, Y.; Lam, J.K.W.; Leung, S.W.S.; Liang, W. Delivery of Biotechniques, 2008, 44
RNAI therapeutics to the airways - From bench to bedside. http://dx.doi.org/10.2144/000112792
Molecules, 2016, 21 [104] Aljaberi, A.; Spelios, M.; Kearns, M.; Selvi, B.; Savva, M. Physic-
http://dx.doi.org/10.3390/molecules21091249 ochemical properties affecting lipofection potency of a new series
[87] Thomas, M.; Lu, J.J.; Chen, J.; Klibanov, A.M. Non-viral siRNA of 1,2-dialkoylamidopropane-based cationic lipids. Colloids Surf.
delivery to the lung. Adv. Drug Deliv. Rev., 2007, 59 B Biointerfaces, 2007, 57
http://dx.doi.org/10.1016/j.addr.2007.03.003 http://dx.doi.org/10.1016/j.colsurfb.2007.01.012
[88]  Sanders, N.; Rudolph, C.; Braeckmans, K.; De Smedt, S.C.; De- [105]  Aljaberi, A.; Saleh, S.; Abu Khadra, K.M.; Kearns, M.; Savva, M.
meester, J. Extracellular barriers in respiratory gene therapy. Adv. Physicochemical and biological characterization of 1,2-dialkoy-
Drug Deliv. Rev., 2009, 61 lamidopropane-based lipoplexes for gene delivery. Biophys.
http://dx.doi.org/10.1016/j.addr.2008.09.011 Chem., 2015, 199 .
[89]  Roy, L; Vij, N. Nanodelivery in airway diseases: Challenges and http://dx.doi.org/10.1016/j.bpe.2015.02.004 .
therapeutic applications, Nanomedicine Nanotechnology. Biol. [106]  Bardoliwala, D.; Patel, V.; Javia, A.; Ghosh, S.; Patel, A.; Misra,
Med. (Aligarh), 2010, 6 A. Nanocarriers in effective pulmonary dghvery of siRNA: Cur-
http://dx.doi.org/10.1016/j.nan0.2009.07.001 rent approaghes and challenges. Ther. Deliv., 2019, 10
[90]  Paranjpe, M.; Miiller-Goymann, C.C. Nanoparticle-mediated pul- http:// dX-dOI-Org/ 19'41 55/ tgie—2019—0012 )
monary drug delivery: A review. Int. J. Mol. Sci., 2014, 15 [107]  Hong, S.H.; Minai-Tehrani, A.; Chang, S.H.; Jiang, H.L.; Lee, S.;
http://dx.doi.org/10.3390/ijms 15045852 Lee, AY.; Seo,.H.W.; Chae, C.; Beck, G.R.; Cho, M.H. Knock-
[91]  Sakagami, M. In vivo, in vitro and ex vivo models to assess pulmo- down of the Sodium-Dependent Phosphate Co-Transporter 2b (NP-
nary absorption and disposition of inhaled therapeutics for sys- T2b) Suppre;sses Lung Tup‘lorlgenems. PLoS One, 2013, 8
temic delivery. Adv. Drug Deliv. Rev., 2006, 58 http://dx.doi.org/10.1371/journal.pone.0077121 '
http://dx.doi.org/10.1016/j.addr.2006.07.012 [108]  Taratula, O.; Kuzmov, A; Shah, M.; Garbuzenko, O.B.; Minko,
[92]  Patton, J.S.; Byron, P.R. Inhaling medicines: Delivering drugs to T. Nanostructured lipid carriers as multlfupctlonal nanomedlqne
the body through the lungs. Nat. Rev. Drug Discov., 2007, 6 platform for pulmonary co-delivery of anticancer drugs and siR-
http://dx.doi.org/10.1038/nrd2153 NA.J. Control. Release, 2013, 171
. p . . p http://dx.doi.org/10.1016/j.jconrel.2013.04.018
[93] Merkel, O.M.; Rubinstein, I.; Kissel, T. SIRNA Delivery to the P g/1u.] 1 R .
lung: What's new? Adv. Drug Deliv. Rev., 2014, 75 [109] Alvarez, R.; Elbashir, S.; Borland, T.; Toudje}rska, 1.; Hadwiger,
. . P.; John, M.; Roehl, I.; Morskaya, S.S.; Martinello, R.; Kahn, J.;
http://dx.doi.org/10.1016/j.addr.2014.05.018 i coTe L ya, > P >
. : L. Van Ranst, M.; Tripp, R.A.; DeVincenzo, J.P.; Pandey, R.; Maier,
[94]  Mayor, S.; Parton, R.G.; Donaldson, J.G. Clathrin-independent M.: Nechev. L. Manoharan. M. Kotelianski. V.. Mevers. R
pathways of endocytosis. Cold Spring Harb. Perspect. Biol., RﬁAA f S i 31 2 £ th > yers, | l
2014, 6 NA interference-mediated silencing of the respiratory syncytia
hitp://dx.doi.org/10.1101/cshperspect.a0 16758 erus nucleocapsid defines a potent antiviral strategy. Antimicrob.
. o . . . gents Chemother., 2009, 53
[95] Wong, A.W.; Scales, S.J.; Reilly, D.E. DNA internalized via cave- httn://dx.doi.ore/10.1128/ AAC.00014-09
olae requires microtubule-dependent, Rab7-independent transport p:/7ax. o g : . .
to the late endocytic pathway for delivery to the nucleus. J. Biol [110] Jamali, A.; Mottaghitalab, F.; Abdoli, A.; Dinarvand, M.; Es-
Chom 2007 2 82y P Y Ty <. BlOL mailie, A.; Kheiri, M.T.; Atyabi, F. Inhibiting influenza virus repli-
hit .//'(’1 d .’ 110.1074/be. M611015200 cation and inducing protection against lethal influenza virus chal-
p-/rdx.dor.org/ 19. Joc . lenge through chitosan nanoparticles loaded by siRNA. Drug De-
[96]  Savva, M.; Aljaberi, A.; Feig, J.; Stolz, D.B. Correlation of the liv. Transl. Res.. 2018. 8
physicochemical properties of symmetric 1,3-dialkoylamidopro- hitp://dx.doi.org/10.1007/513346-017-0426-7
paqe—based cationic lipids c.ontfnmpg single primary apq tertiary [11] Zafra, M.P.; Mazzeo, C.: Gémez, C.: Marco, A.R.; De Zulueta,
amine polar head groups with in vitro transfection activity. Col- A.: Sanz. V.: Bilbao. L: Ruiz-Cabello. J.: Zubeldia. J.M.: Del Po-
loids Surf. B Biointerfaces, 2005, 43 70, V. Gene silencing of SOCS3 by siRNA intranasal delivery in-
http//dxd01org/101016/Jcolsurfb200503008 hibits asthma phenotype in mice. PLoS One, 2014, 9
[97]  Vercauteren, D.; Rejman, J.; Martens, T.F.; Demf_:ester, 1 D_e http://dx.doi.org/10.1371/journal.pone.0091996
Smedt, S.C.; Braeckmans, K. On the cellular processing of non-vi- [112]  Khaitov, M.R.; Shilovskiy, [.P.; Nikonova, A.A.; Shershakova,
ral nanomedicines for nucleic acid delivery: Mechanisms and N.N.; Kamyshnikov, O.Y.; Babakhin, A.A.; Zverev, V.V.; Johns-
methods. J. Control. Release, 2012, 161 ton, S.L.; Khaitov, R.M. Small interfering RNAs targeted to inter-
hitp://dx.doi.org/10.1016/j.jconrel.2012.05.020 leukin-4 and respiratory syncytial virus reduce airway inflamma-
[98]  Zaki, N.M.; Tirelli, N. Gateways for the intracellular access of tion in a mouse model of virus-induced asthma exacerbation.
nanocarriers: A review of receptor-mediated endocytosis mech- Hum. Gene Ther.. 2014. 25
glilsms Zaaa;ioog strategies in receptor targeting. Expert Opin. Drug http: //dx.doi.org/i0.108bMum.2013.142
elv., 5 113 Healey, G.D.; Lockridge, J.A.; Zinnen, S.; Hopkin, J.M.;
ht_tp://dx.doi.org/lO.lS17/174_25247.2010.501792 ) 3 Richast, I.; Walker, W.%)evelopment of pre-clinicafmodels for
[99] 8@1%13?1; bJ«.e;rthll?blf/Isz;r:}YgoifslgIe(rér,S/e%i.f;elratorSOC'l(;;/rsll((iz]é éAé Mgﬁjltce(;’ g\}il?éir}% Lth; gleragglﬂic gpotential of candidate siRNA targeting
5 , U , K. , S, ,C . . PLoS One, ,
M.; Epstein-Barash, H.; Zhang, L.; Koteliansky, V.; Fitzgerald, http://dx.doi.org/10.1371/journal. pone.0090338
K.; Fava, E.; Bickle, M.; Kalaidzidis, Y.; Akinc, A.; Maier, M.; [114] Tomaru, A.; Kobayashi, T.; Hinneh, J.A.; Tonto, P.B.; D’Alessan-
Zerial, M. Image-based analysis of lipid nanoparticle-mediated dro-Gabazza, C.N.; Fujimoto, H.; Fujiwara, K.; Takahashi, Y.; Oh-
siRNA delivery, intracellular trafficking and endosomal escape. nishi, M.; Yasuma, T.; Nishihama, K.; Yoshino, M.; Takao, K_;
Nat. Biotechnol., 2013, 31 Toda, M.; Totoki, T.; Takei, Y.; Yoshikawa, K.; Taguchi, O.;
http:/dx.doi.org/10.1038/nbt.2612 Gabazza, E.C. Oligonucleotide-targeting periostin ameliorates pul-
[100] Dominska, M.; Dykxhoorn, D.M. Breaking down the barriers: siR- monary fibrosis. Gene Ther., 2017, 24
NA delivery and endosome escape. J. Cell Sci., 2010, /23 http://dx.doi.org/10.1038/gt.2017.80
http://dx.doi.org/10.1242/jcs.066399 [115]  Jomah, S.; Asdaq, S.M.B.; Al-Yamani, M.J. Clinical efficacy of
[101]  Ma, D. Enhancing endosomal escape for nanoparticle mediated antivirals against novel coronavirus (COVID-19): A review. J. In-
siRNA delivery. Nanoscale, 2014, 6 fect. Public Health, 2020, 13
http://dx.doi.org/10.1039/c4nr00018h http://dx.doi.org/10.1016/j.jiph.2020.07.013
[102] Thomas, C.E.; Ehrhardt, A.; Kay, M.A. Progress and problems [116] Asselah, T.; Durantel, D.; Pasmant, E.; Lau, G.; Schinazi, R.F.

with the use of viral vectors for gene therapy. Nat. Rev. Genet.,
2003, 4
http://dx.doi.org/10.1038/nrg1 066

COVID-19: discovery, diagnostics and drug development. J. Hep-
atol., 2020, 2019, 1-17.
http://dx.doi.org/10.1016/j.jhep.2020.09.031

DISCLAIMER: The above article has been published, as is, ahead-of-print, to provide early visibility but is not the
final version. Major publication processes like copyediting, proofing, typesetting and further review are still to be
done and may lead to changes in the final published version, if it is eventually published. All legal disclaimers that
apply to the final published article also apply to this ahead-of-print version.


http://dx.doi.org/10.1016/j.addr.2011.02.006
http://dx.doi.org/10.3390/molecules21091249
http://dx.doi.org/10.1016/j.addr.2007.03.003
http://dx.doi.org/10.1016/j.addr.2008.09.011
http://dx.doi.org/10.1016/j.nano.2009.07.001
http://dx.doi.org/10.3390/ijms15045852
http://dx.doi.org/10.1016/j.addr.2006.07.012
http://dx.doi.org/10.1038/nrd2153
http://dx.doi.org/10.1016/j.addr.2014.05.018
http://dx.doi.org/10.1101/cshperspect.a016758
http://dx.doi.org/10.1074/jbc.M611015200
http://dx.doi.org/10.1016/j.colsurfb.2005.03.008
http://dx.doi.org/10.1016/j.jconrel.2012.05.020
http://dx.doi.org/10.1517/17425247.2010.501792
http://dx.doi.org/10.1038/nbt.2612
http://dx.doi.org/10.1242/jcs.066399
http://dx.doi.org/10.1039/c4nr00018h
http://dx.doi.org/10.1038/nrg1066
http://dx.doi.org/10.2144/000112792
http://dx.doi.org/10.1016/j.colsurfb.2007.01.012
http://dx.doi.org/10.1016/j.bpc.2015.02.004
http://dx.doi.org/10.4155/tde-2019-0012
http://dx.doi.org/10.1371/journal.pone.0077121
http://dx.doi.org/10.1016/j.jconrel.2013.04.018
http://dx.doi.org/10.1128/AAC.00014-09
http://dx.doi.org/10.1007/s13346-017-0426-z
http://dx.doi.org/10.1371/journal.pone.0091996
http://dx.doi.org/10.1089/hum.2013.142
http://dx.doi.org/10.1371/journal.pone.0090338
http://dx.doi.org/10.1038/gt.2017.80
http://dx.doi.org/10.1016/j.jiph.2020.07.013
http://dx.doi.org/10.1016/j.jhep.2020.09.031

	siRNA as a Potential Therapy for COVID-19 
	1. INTRODUCTION
	2. THE GENOME ORGANIZATION OF CORONAVIRUSES
	3. SARS-COV2 VERSUS SARS-COV: GENOMIC COMPARISON
	4. RNA INTERFERENCE
	5. GENOME OF SARS-CoV TARGETED BY siRNA
	6. LESSONS LEARNED
	7. siRNA DELIVERY TO LUNG: CHALLENGES AND OPPORTUNITIES
	CONCLUSION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




