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Small interfering RNA (siRNA)-mediated mRNA degradation approach have imparted
its eminence against several difficult-to-treat genetic disorders and other allied
diseases. Viral outbreaks and resulting pandemics have repeatedly threatened
public health and questioned human preparedness at the forefront of drug
design and biomedical readiness. During the recent pandemic caused by the
SARS-CoV-2, mRNA-based vaccination strategies have paved the way for a new
era of RNA therapeutics. RNA Interference (RNAI) based approach using small
interfering RNA may complement clinical management of the COVID-19. RNA
Interference approach will primarily work by restricting the synthesis of the
proteins required for viral replication, thereby hampering viral cellular entry and
trafficking by targeting host as well as protein factors. Despite promising benefits, the
stability of smallinterfering RNA in the physiological environment is of grave concern
as well as site-directed targeted delivery and evasion of the immune system require
immediate attention. In this regard, nanotechnology offers viable solutions for these
challenges. The review highlights the potential of small interfering RNAs targeted
toward specific regions of the viral genome and the features of nanoformulations
necessary for the entrapment and delivery of small interfering RNAs. In silico design
of small interfering RNA for different variants of SARS-CoV-2 has been discussed.
Various nanoparticles as promising carriers of small interfering RNAs along with their
salient properties, including surface functionalization, are summarized. This review
will help tackle the real-world challenges encountered by the in vivo delivery of small

Abbreviations: siRNA, Small interfering RNA; RNAI, RNA interference; dsRNA, Double-stranded RNAs; RISC,
RNA-induced silencing complex; Ago2, Argonaute-2; TRBP, Transactivation response RNA-binding protein;
SARS-COV 2, Severe acute respiratory syndrome coronavirus 2; LNP, Lipid nanoparticle; ORF, Open reading
frame; hpTCs, Human primary airway-tracheal cells; RdRp, RNA-dependent RNA polymerase; UTR,
Untranslated region; LNA, Locked nucleic acid; PLP, Papain-like protease; TNF-a, Tumor necrosis factor-
a; IL-6s, Interleukin-6; BLAST, Basic Local Alignment Search Tool; PEG, Poly ethylene glycol; DLin-MC3-
DMA, (62,97,287,317)-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethylamino)butanoate; ALC-0315, [(4-
hydroxybutyllazanediylldi(hexane-6,1-diyl)  bis(2-hexyldecanoate); SM-102,  (1-Octylnonyl  8-[(2-
hydroxyethyl)[6-oxo-6(undecyloxy)hexyllamino]-octanoate); DOPE, Dioleoylphosphatidylethanolamine;
DSPC, Distearoylphosphatidylcholine; PLA, Poly(lactic acid); PGA, Poly(glycolic acid); PLGA, Poly(lactic-
co-glycolide); FDA, Food and Drug Administration; PEI, Polyethyleneimine; ApoE, Apolipoprotein E; DODAP,
1,2-dioleoyl-3-dimethylammonium-propane; RBD, Receptor binding domain; SELEX, Systemic Evolution of
Ligands by EXponential enrichment; DMKE, O,O'-dimyristyl-N-lysyl glutamate; SORT, Selective organ
targeting; DOTAP, Dioleoyl-3-trimethylammonium propane; hATTR, Hereditary transthyretin amyloidosis.
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interfering RNAs, ensuring a safe, stable, and readily available drug candidate for
efficient management of SARS-CoV-2 in the future.
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Introduction

RNAi therapeutics have had a promising impact in reducing the
expression of disease-associated genes ever since their discovery in
1990s (Kalita et al., 2022). The field received its major breakthrough in
2018 with the approval of the first siRNA-based drug ‘Patisiran’
(Onpattro®) for the
amyloidosis (Zhang et al, 2022a). Since then, over 30 drug

treatment of transthyretin-mediated
candidates have been in the clinical trial pipeline as next-
generation medicines to develop medications for difficult-to-treat
(‘undruggable’) genetic disorders and ever-evolving SARS-CoV-2-
like viral pandemics (Bunea et al, 2020). In this treatment
approach, the double-stranded RNAs (dsRNA) designed explicitly
against specific disease-causing mRNA sequences are loaded onto a
gene regulatory complex, i.e., RNA-induced silencing complex (RISC),
consisting of DICER, Argonaute-2 (Ago2), and transactivation
response RNA-binding protein (TRBP) proteins (Jayaraman et al.,
2012). The dsRNA is cleaved by the RISC complex producing two
different strands, out of which the passenger strand is lost, with the
guide strand getting paired with the target mRNA meant to be cleaved
(Dobrowolski et al., 2021; Ly et al., 2022). Finally, Ago2, the catalytic
precursor of the process, cleaves the bound mRNA (Han et al., 2020).

The promising therapeutic benefits of siRNAs are overshadowed
by the difficulty in attaining optimal biodistribution and
pharmacokinetics of the RNAi
intracellular hurdles, such as non-targeted accumulation in the

therapeutic agents. Various
liver/spleen, impaired long-term protein expression, immunological
response, endosomal escape, and post-administration reactions, pose a
significant challenge to siRNA therapy (Kalita et al., 2022). To
effectively counter such challenges, proper computational
approach-based siRNA designing is deemed critical (Idris et al,
2021). Further, the stability and early in vivo elimination issues are
resolved by loading siRNA molecules onto a suitable nanocarrier
targeted against specific tissues or cells (Evers et al, 2022).
Nanocarriers tend to improve the overall potency of naked siRNA
molecules, reducing the nuclease digestion, off-target binding and
unwarranted immune reactions (Gupta et al., 2019). In addition, the
surface functionalization of nanoparticles using suitable ligands
ensures a site-specific delivery (Khanali et al., 2021).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
a pathogenic and transmissible form of coronavirus which emerged in
late 2019, creating havoc in the World and posing a major public
threat to health and safety (Hu et al, 2021). Novel mRNA-based
vaccines such as that from Pfizer-BioNTech (BNT162b2) and
Moderna (mRNA-1273), have been quickly developed to restrict
the growth of the virus (Corbett et al., 2020; Walsh et al., 2020;
Baden et al., 2021). Likewise, to aid the scientific community in
developing safe treatment strategies against the virus, drug
candidates can also be developed using the concept of siRNA-
mediated therapeutics that will utilize the endogenous RNAi
pathway. The present review, on one hand, discusses in silico

strategies for siRNA design against various functional genomic
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regions of the SARS-CoV-2. On the other hand, select carrier
molecules, such as lipid-based and polymeric nanoparticles for
siRNA entrapment and delivery are highlighted with their
preparation methods since, without an appropriate carrier, RNAi
therapeutics display sub-optimal pharmacological activities. The
review also briefly explains the targeting of siRNA-loaded lipid
nanoparticles (LNPs) and the release of siRNA in vivo for desired
inhibition. Two comprehensive tables are penned down detailing the
siRNA sequences specifically evaluated against SARS-CoV-2 viral
genome segments, along with approved siRNA drugs, and ongoing
clinical trials. The siRNA completely recognizes and base pairs with
the mRNA of interest, followed by its degradation. In contrast, small
molecule and antibody-based drugs recognize only a specific protein
conformation, making the siRNA robust to address any disease-
associated genes. Moreover, siRNA needs to be administered less
frequently, in contrast to antibody-based drugs requiring frequent
administration. With such advantages come quicker research and
developmental span, together with a broader economic and
therapeutic perspective (Hu et al, 2020). The review equivocally
concludes the significance of siRNA-based nanoparticle formulation
as a better alternative against SARS-CoV-2.

Design of small interfering RNA for
different variants of SARS-CoV-2

The single-stranded positive RNA (+ssRNA) genome of the
COVID-19 virus, a member of the B-coronavirus family, encodes
about 29 proteins out of which four are structural proteins, the spike
(S), membrane (M), envelope (E), and nucleocapsid (N) proteins
(Muhseen et al., 2020; Thi Nhu Thao et al., 2020; V’kovski et al., 2021).
Additionally, the genome has at least five open reading frames (ORFs)
with the first ORF (ORFla/b) occupying 70% of the entire genome.
Considering the overall structure of the viral genome to be 5'-UTR-
ORF1ab-S-E-M-N-3'-UTR-poly adenine-tail, ORFs constitute nearly
two-thirds and are necessary during viral replication. There could
broadly be two categories of RNAi targets for coronavirus. The first
one involves viral proteins required for growth and replication,
whereas the other is related to viral cellular entry and trafficking
(Uludag et al., 2020).

Since ORFs modulate the infectivity of the virus, RNAi-based
strategies have been employed against the ORFs. An in vitro study
designed siRNAs targeted against the ORFla/b region of the viral
genome (coding for a non-structural protein) which reduced the viral
burden by 99% and 97% in Vero E6 and Huh-7 hepatoma cells,
respectively (Friedrich et al., 2022). A bioinformatics screening study
of siRNA libraries on the basis of melting temperature (T,,), GC
content, heat capacity (Cp), and free energy of hybridization has
identified potential therapeutic agents against SARS-CoV-2
including pre-miRNA hairpins and siRNAs (Hasan et al., 2021).
The siRNAs were found to target multiple SARS-CoV-2 variants,
viz. . Wuhan-Hu-1 (MN908947.3), alpha (MW686007.1), beta
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(MW880890), gamma (LR963075.1), delta (MW994451), and
omicron (OV112121) (Friedrich et al, 2022). However, this study
did not consider any in vivo delivery approach. Another in vitro study
using HEK-293 and Vero E6 cells reported the design of siRNA
sequences to target the ORF1 considering the alpha (B.1.1.7 and Q.
x), beta (B.1.351, B.1.351.2 and B.1.351.3), gamma (P.1 and P.1. x),
delta (B.1.617.2 and AY. x), lambda (C.37 and C.37.1), and mu
(B.1.621 and B.1.621.1) variants of the virus. At a concentration of
50 nM, one designed sequence “5'-GGUACUUGGUAGUUUAGC
UTT-3"" inhibited the viral replication by 92.8% (Ambike et al,
2022). However, the study did not consider any in vivo delivery
approach.

Apart from ORFs, the four structural proteins (S, E, M, and N)
have also been identified as RNAi targets (Sajid et al., 2021).
Focusing on the spike (S) protein, the receptor-binding domain
in the SI segment binds to the ACE2 receptor of the plasma
membrane to enter the host cells and illicit the host immune
cell response. Recent siRNA studies on HEK-293 cells and the
human primary airway-tracheal cells (hpTCs) have been depicted
to reduce the protein expression of spike protein in a dose-
dependent manner (Gallicano et al., 2022). The authors imply
the use of cholesterol moiety to modify the siRNA to reduce the
use of toxic siRNA transfection agents. Lipid-modified siRNAs can
also exert equally robust inhibition (Gallicano et al., 2022). Several
bioinformatics-based studies have also been reported in regard to
the spike protein (Chen et al., 2020; Niktab et al., 2021; Panda et al.,
2021; Ayyagari, 2022). However, the spike protein is prone to
mutations, as observed in SARS-CoV-2 variants (i.e., alpha
(B.1.1.7), beta (B.1.351), gamma (P.1), and delta (B.1.617.2)).
Similarly, ACE-2, the receptor for the S-protein also acts as an
important siRNA target (Xiao et al., 2020). An in vitro approach
designed effective siRNAs targeted against the ACE-2 mRNA,
reduced the mRNA expression by 90% in 6 days, with 92% viral
burden reduction in Vero E6 and Huh-7 hepatoma cells (Friedrich
et al,, 2022). Whether targeting viral or host targets are more
effective (preferable) is an open question.

The viral M protein is responsible for maintaining the structural
integrity of the viral membrane and helps bind to nucleocapsids. With
the N-terminal ectodomain and C-terminal endodomain, the viral
M-protein may act as a suitable siRNA target (Ullah et al., 2020).
Likewise, the E protein helps in viral assembly and release, and may
also act as siRNA target. As mutations can alter the siRNA sequence
thereby reduce its efficiency, hence targeting a strongly conserved
region such as the 5'-UTR (untranslated region) is always preferred
(Zhang et al., 2022a).

Several in silico studies have pioneered the field of siRNA
prediction, synthesis and design for SARS-CoV-2. An in silico
analysis study against the leader sequence of the virus depicted the
highest binding score as indicated by the HNADOCK server (Pandey
and Verma, 2021). Another in silico study designed siRNAs against the
viral S-protein, ORFlab, ORF3a, E-protein, and M-protein (Niktab
et al., 2021). Moreover, another group designed siRNA sequences
against the RNA-dependent RNA polymerase (RdRp) gene of SARS-
CoV-2, and checked their binding scores with the RdRp gene segment
by docking and molecular dynamics simulation (Shawan et al., 2021).
One of the preliminary in silico approaches by Chen et al. predicted
9 siRNA sequences directed against the ORFla/b, S, ORF3a, M, and
the N-protein regions of the viral genome (Chen et al., 2020). The
authors also incorporated single point mutations across different
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variant strains of the virus. In a separate in silico study, 139 SARS-
CoV-2 sub-strains were considered and found a total of 34 conserved
regions (15 in nucleocapsid and 19 in surface glycoprotein)
(Chowdhury et al, 2021). The authors have then developed
78 siRNA sequences targeting the surface glycoprotein and
nucleocapsid (N) phosphoprotein based on the U, A, and R rules.
The authors also modelled the Ago2 and performed molecular
docking of siRNAs with Ago2 to find out the best siRNA
sequences (Chowdhury et al., 2021).

Several in vitro and in vivo studies have also focused on the
screening, modification and delivery of targeted siRNAs for
obstructing viral growth. A study combining the computational
screening with in vivo targeting approach found 13 suitable siRNAs
against the viral RdRp and the N protein (Khaitov et al., 2021). The
siRNAs, however, were modified with locked nucleic acids (LNAs) for
imparting stability and were delivered through a non-toxic peptide
dendrimer KK-46 carrier into the destined cells in culture or in Syrian
hamsters by inhalation (Khaitov et al., 2021). A daily concentration of
~3.5 mg/kg of siR-KK-46 reduced lung inflammation as indicated by
histopathological microscopic observation on day 6 as compared to
the non-treated animals (Khaitov et al., 2021). However, the study did
not verify the siRNAs against other prevalent SARS-CoV-2 strains.
Another study designed 8 siRNAs targeting the 5'-UTR region of the
virus with one molecule inhibiting the replication of SARS-CoV-1 and
alpha variant of SARS-CoV-2 at 10 nM of concentration as indicated
by in vitro studies in Vero E6 cells (Tolksdorf et al., 2021). However, in
vivo delivery studies were not performed. In one major study (Idris
etal,, 2021), siRNAs were designed targeting the conserved regions of
the virus, i.e., RdRp, helicase, and the 5-UTR. Three sequences were
found to reduce viral growth by 90% in Vero E6 cells. The siRNAs
were chemically modified with 2’-O-methyl and phosphorothioate to
impart stability against the nucleases (Idris et al., 2021). Furthermore,
the modified siRNAs were formulated with a delivery vehicle based on
LNPs for in vivo studies. Intravenous retro-orbital administration of
100 pL of the siRNA-LNP formulation at a concentration of 1 mg/kg
in K18-hACE2 mice, restored mice weight and modulated the
immune gene expression (Figure 1) (Idris et al, 2021). The
formulation targeted against the helicase and UTR3 also improved
clinical score at 6 days post-infection, with a reduction in the amount
of infectious virus particles as titrated by immunoplaque assay (Idris
et al., 2021). An inhalable formulation of siRNA at a concentration
of <30 mg/mL decreased the viral burden by 96.2% in K18-hACE2-
transgenic mice, along with a reduction in associated damage (Chang
et al,, 2022). The siRNA sequences were designed to target specific
regions the leader sequence, RdRp, helicase, S, E, N regions,
papain-like protease (PLP), and 3C-like protease of SARS-CoV-
2 strains, including Alpha, Delta, Gamma, and Epsilon strains
(Chang et al., 2022). After the removal of off-target sequences, a
total of 11 sequences was able to reduce the viral load by 99% in Vero
E6 cells, even at 10 nM of concentration. The modified siRNA was well
tolerated and was not found to induce immune stimulation across the
range of 20-75mg/kg, as verified by mRNA expression of pro-
inflammatory  cytokines tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6) and interferon- y (IFN-y) (Chang et al., 2022).

To cater the needs of the growing bioinformatics research, several
databases encompassing the list of sequences, thermodynamic
features, GC percentage, target genomic data, possible off-target
effects, and applicability against multiple strains have emerged (Dar
et al., 2016a; Medeiros et al., 2021). These databases also catalog the
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FIGURE 1

(A) Experimental timeline of in vivo study in K18-hACE2 mice employing LNP to deliver siRNA. (B) Intravenous administered LNP-siRNA formulation
improved the clinical score at 6 days post-infection. (C) The amount of infectious virus particles in lung tissues at 6 days post-infection as titrated by
immunoplaque assays on Vero E6 cells. siRNAs targeted to helicase-2 and UTR3 exhibited decreased or no residual viral particles. Adapted with permissions

from Ref. (Idris et al., 2021).

toxicity assessment information by checking the in silico off-target
binding against the human genome, stability, probable structure,
chemical modification, and experimental verification information
(Dar et al,, 2016a; Medeiros et al., 2021). Table 1 summarizes the
aforementioned siRNA guide strand sequences along with their target
sites, key results and drawbacks of the studies.

The siRNAs are designed usually against the conserved region of
the viral genome targeting the mRNA sequence responsible for the
formation of the structural proteins (S, M, E, N), which help the viral
particle to assemble and impart infectivity. To design well-targeted
and precise siRNAs, computational approaches are followed with a
preliminary retrieval of the genomes of the SARS-CoV-2 virus and
variants. Conserved genomic regions across different variants are
obtained by multiple sequence alignment with Clustal omega
(Sievers and Higgins, 2018). Typically, these conserved regions
across the different variants are regarded as the potential siRNA
target sites. Next, with the help of web servers, siRNAs are
(Ui-Tei, 2004),
(Amarzguioui and Prydz, 2004), and Reynolds (Reynolds et al,

designed  considering  Ui-Tei Amarzguioui
2004) rules. Many in silico siRNA prediction studies use multiple
web servers to predict siRNAs targeted towards the same mRNA
sequence and finally consider the common predicted siRNAs
(Ayyagari, 2022). This approach ensures stringent shortlisting and
robust applicability (Ayyagari, 2022). A few of the web servers include
OligoWalk (Mathews and Sioud, 2010), i-Score Designer (Ichihara
et al., 2007), siDirect v2.0 (Naito et al., 2009), and RNAxs (Tafer et al.,
2008). To counter verify the thermodynamic suitability and readiness
of the siRNAs, additional parameters are evaluated. The free energy of
folding of the siRNA guide strand, along with the secondary structure
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prediction is performed using MaxExpect (Lu et al, 2009),
DuplexFold, AccessFold (DiChiacchio et 2016),
ViennaRNA (Gruber et al., 2015) web-servers to rule out any
RNA-RNA self-hybridization. Moreover, the efficiency of inhibition
by the siRNA is predicted using SMEpred, siRNAPred, and
VIRsiRNApred (Qureshi et al, 2013; Dar et al, 2016b). Further,
heat capacity (Cp)/melting temperature (T,,) and GC content of
the siRNA are predicted using DINA melt server (Markham and
Zuker, 2005) and OligoCalc (Kibbe, 2007), respectively. Moreover,
BLAST® (Basic Local Alignment Search Tool) search against human

al., and

genome is performed to identify off-target matches of the siRNA.
Finally, 3D structure of the siRNA is predicted and computationally
docked with Ago2 (PDB: 40LA) followed by molecular dynamics
simulation. Figure 2 summarizes the overall computational strategy to
predict siRNA against target segments of SARS-CoV-2.

Nanoparticles (NPs) used for the siRNA
therapy of COVID-19

The administration of naked siRNA for in vivo application
is challenging due to various biological barriers such as degradation
by RNAases, instability of the molecule and the immune response
that could neutralize the siRNA and can cause other adverse
effects (Kalita et al., 2022). The carriers provide protection to the
siRNA against biological factors and facilitate targeted delivery
(Zhang et al, 2022a). For the treatment of COVID-19, the
vaccines, Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-
1273) use lipid nanoparticles as carrier molecules. There are a
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TABLE 1 siRNA guide strand sequences reported in literature along with their target site, and drawback of the study.

siRNA guide strand sequence

Target site of
the virus

Key results

Drawbacks

5'-GCGAAAUACCAGUGGCUUA-3' ORF1 Reduction of the viral burden by 99% and 97% in Vero Lack of in vivo approach Friedrich et al.
E6 and Huh-7 hepatoma cells (2022)
5'-UCAAUAGUCUGAACAACUGGU- ORFla/b siRNA selected based on their efficient binding score | Only in silico prediction-based study Hasan et al.
3’ with target sequence (2021)
5'-UACCUUUUUAGCUUCUUCCAC-
3/
5'-
UGUUUAGCAAGAUUGUGUCCG-3'
5'-GGUACUUGGUAGUUUAGC ORF1 92.8% SARS-CoV-2 viral replication inhibition at Lack of in vivo approach Ambike et al.
UTT-3' 50 nM (2022)
5'-UUCGUUUAGAGAACAGAU 5'UTR Viral replication inhibition at 10 nM concentration of = Lack of in vivo delivery approach ~ Tolksdorf et al.
CTT-3' siRNA in studies in Vero E6 cells (2021)
5'-GGAAGGAAGUUCUGUUGA RdRp, and siRNA modified with locked nucleic acid and KK-46 | Effectivity was not checked for other Khaitov et al.
ATT-3' N-protein dendrimer (3.453 mg/kg concentration) to enhance variants (2021)
uptake by inhalation in Syrian hamsters
5'-GUUUAGAGAACAGAUCUA Leader sequence | siRNA sequence has the highest docking score with the No in vitro or in vivo studies Pandey and

Verma, (2021)

CAA-3' leader sequence and no off-target binding performed and not checked against
variants
5'-GGACAAGUUUAACCACGAA-3' ACE2 Reduced mRNA expression by 90% in 6 days, with 92% Lack of in vivo approach Friedrich et al.
viral burden reduction in Vero E6 and Huh-7 hepatoma (2022)
cells
5'-GTACTTTCTTTTGAACTTCTA S-protein siRNA sequences selected based on their efficient No in vivo or in vitro analysis Niktab et al.
CA-3' binding score with target sequences performed or variants considered (2021)
5'-CAACAAAGATAGCACTTAA-3' ORFlab
5'"TCATACCACTTATGTACAA-3' ORFlab
5'-CCAAAATCATAACCCTCAAA-3' ORF3a
5'-AAACCTTCTTTTTACGTTTA-3' E-protein
5'-CGAACGCTTTCTTATTACAA-3' M-protein
5'-UAGUACUACAGAUAGAGA RdRp Key siRNA was selected based on the efficient binding | No in vivo or in vitro experiments Shawan et al.
CAC-3' score with Ago2 by molecular dynamics simulation performed (2021)
5'-UCCUUCUUUAGAAACUAU ORFla/b siRNA selected based on the binding score Theoretical in silico work Chen et al.
ACA-3' (2020)
5'-UGGUUUCACUACUUUCUG ORFla/b
uuu-3’
5'-CUUGAAGCCCCUUUUCUCUAU ORF3a
CuuuU-3’
5'-UUAAAAUAUAAUGAAAAU S-protein
GGA-3'
5'-CAACUAUAAAUUAAACAC M-protein
AGA-3'
5'-UUGAAUACACCAAAAGAUCAC N-protein
AUU-3'
5'-UUUGUAUGCGUCAAUAUG N-protein Surface | siRNA selected based on the molecular docking score | In silico work without consideration Chowdhury

CuUuU-3’ glycoprotein between surface proteins and siRNA sequence of in vitro or in vivo work et al. (2021)
5'-UAAUUUGACUCCUUUGAG
CAC-3'
5'-GGUGGUGUCAGUGUUAUAA-3' S-gene Four sRNA sequences predicted for the spike protein of = In silico prediction, and not much Panda et al.
the virus detailed about different strains (2021)
5'-GCAAAUGGCUUAUAGGUU
UAA-3/
5'-GAGUUACACAGAAUGUUC
ucu-3'
5'-CACAGAAUGUUCUCUAUG
AGA-3'
(Continued on following page)
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TABLE 1 (Continued) siRNA guide strand sequences reported in literature along with their target site, and drawback of the study.

siRNA guide strand sequence  Target site of Key results Drawbacks
the virus
5'-UGUAAUAAGAAAGCGUUC M-gene Six siRNAs found for all three S, M, and N-gene of the | Neither in vitro or in vivo approach, Ayyagari,
GUG-3' virus on basis of in silico prediction score nor any other variants data (2022)
mentioned
5'-UAAUAAGAAAGCGUUCGU M-gene
GAU-3'
5'-UGAAAUUUGGAUCUUUGU N-gene
CAU-3'
5'-UUUCUUAGUGACAGUUUG N-gene
GCC-3'
5'-UAGAAGUUUGAUAGAUUC S-gene
Cuu-3’
5'-UUUUUGUCUUGUUCAACA S-gene
GCU-3'
5'-UAUGGGUUGGGAUUAUCCUAA RdRp siRNA-HFDM LNP formulation at a concentration of = Consideration of different variant Idris et al.
AUGT-3' 1 mg/kg in 100 uL administered retro-orbitally in mice data is absent (2021)
reduced viral burden
5'-UGUUGAUUCAUCACAGGGCUC Helicase
AGAA-3'
5'-GUCCCUGGUUUCAACGAGAAA UTR1
ACAC-3'
5'-AUACCUUCCCAGGUAACAAAC UTR3
CAAC-3'
5'-CUGUCAAACCCGGUAAUUU-3’ RdRp Inhalable formulation of siRNA reduced the viral load | Inhalation route was considered, use Chang et al.
and damage by 96.2% in mice of a targeted delivery system is not (2022)
5'-CAGCAUUAAAUCACACUAA-3' PLP mentioned
5'-GCCACUAGUCUCUAGUCAA-3' S-protein
5'-CGCACAUUGCUAACUAAGA-3' Helicase
5'-UUUGUACUGGUCAAUAUG S-protein Aptamer-siRNA-LNP conjugate reduced the viral load = Liposomes were used for delivery  Saify Nabiabad
Ccuu-3/ by 50% in vitro and in a patient et al. (2022)

In silico design of siRNA.

number of suitable carrier configurations for the siRNA-based therapy
as shown in Figure 3. Some of the potential nanocarriers are briefly
discussed in this section.

Lipid nanoparticles

The lipid composition of the cellular membrane bilayer is the
basis for designing and formulating the LNPs. The favorable
interactions of the LNPs with the cell membrane determines the
internalization, release, and stability of the payload (Bunea et al,
2020; Lee et al., 2022). Currently, LNPs are a popular strategy being
explored for various diseases and applications (Chernikov et al.,
2019), mostly attributable to the success of the mRNA-based
vaccines against COVID-19. The LNPs are mainly composed of
four components: Cationic or ionizable lipid (IL), cholesterol,
helper lipid, and PEGylated lipid (Ly et al, 2022). Figure 4
represents the key constituents of LNPs. The cationic or ILs
(also known as pH-sensitive lipids) interact with RNA molecules
through electrostatic interaction between amine and phosphate
groups. The
of nanoparticles along with siRNA and their release in the

interactions mediate the cellular internalization
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cytoplasm (Jayaraman et al,, 2012; Lee et al.,, 2022). DLin-MC3-
DMA [(6Z2,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl 4-
(dimethylamino)  butanoate], ALC-0315 {[(4-hydroxybutyl)
azanediyl]di(hexane-6,1-diyl) bis(2-hexyldecanoate)}, and SM-102
{1-Octylnonyl 8-[(2-hydroxyethyl) (6-0x0-6 (undecyloxy)hexyl)
amino]-octanoate} are clinically approved lipids, among which
ALC-0315 and SM-102 have been applied for mRNA delivery,
and DLin-MC3-DMA (MC3) has been used for siRNA delivery
for treating transthyretin amyloidosis (Suzuki and Ishihara, 2021;
Urits et al., 2021; Saadati et al., 2022). The helper lipids are generally
phospholipids such as DOPE (dioleoylphosphatidylethanolamine)
and DSPC (distearoylphosphatidylcholine) and are used for
the stability of LNPs and for aiding the endosomal release
(Hou et al., 2021). DSPC has been used in the approved vaccines,
improving structural stability through the formation of the
lamellar phase while DOPE is proven for endosomal disability
and release (Koltover et al., 1998). Cholesterols are responsible
for structural integrity and promotes membrane fusion
(Cheng and Lee, 2016). The PEG moieties enhance the colloidal
stability and prevent the aggregation of serum protein on the LNPs
surface and immune response (Suk et al., 2016; Sebastiani et al.,
2021).
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FIGURE 2

Computational pipeline to predict siRNA against target segments of
SARS-CoV-2. Adapted with modifications from Ref. (Chowdhury et al.,
2021).

Along with the conventional composition, Bogaert et al. have
attempted the repurposing of cationic amphiphilic drugs (tricyclic
antidepressants and antihistamines) for formation of cationic lipid
vesicles for mRNA delivery. These drug molecules, due to their
amphiphilic properties, accumulate in acidic lysosomes in their
active form. The formed complex can be used to co-deliver mRNA
within cationic amphiphilic drugs-assisted LNPs for various
applications (Bogaert et al., 2022). The approved LNP-based
therapeutic  formulations such as Patisiran (Alnylam),
Elasomeran (Moderna) use similar ratios (50:10:38.5:1.5) of ILs,
helper lipid (DSPC), cholesterol and polyethylene glycol lipids
(Suzuki and Ishihara, 2021; Ferraresso et al., 2022). The said
molar ratio has been reported by many studies as optimum and
highly potent (Carrasco et al., 2021; Suzuki et al., 2022). Pfizer-
BioNTech mRNA vaccine Tozinameran is based on a lipid molar
ratio of 46.3:9.4:42.7:1.6 (ALC-0315:DSPC:Cholesterol:ALC-0159)
(Schoenmaker et al., 2021).

Properties of LNPs. The selection of ILs or pH-sensitive lipids
depends on the acid-dissociation constant (pKa) value. These
pH-sensitive lipids possess deprotonated tertiary amine head
groups at the physiological pH, but acquire positive charges at
pH below pKa. Thus, the ILs interact with the negatively charged
siRNA molecules through electrostatic interactions enabling
The charge
physiological conditions of blood and serum eases the LNP

neutralization. neutral  surface under the
internalization through the plasma membrane. The protonation
of the head groups in the acidic condition in the cytoplasm helps
destabilize the LNPs structure to release siRNA molecules (Zhi

et al., 2013; Albertsen et al., 2022; Syama et al., 2022). The pKa
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value of the head group of ILs determines the surface charge,
which ultimately affects biodistribution, cellular internalization,
and endosomal release. Studies have reported that lipids with pKa
values between 6 and 6.6 showed well in vivo activity (Rajappan
et al., 2020). Carrasco et al. studied the pKa values of some
commercially available lipids and stated that the lipids with
pKa values between 6 and 7 are optimum for RNA-based
therapeutics, considering the endosomal release at acidic
conditions. The variations in the zeta potential of nanoparticles
derived from commercial lipids and the pKa values of the lipids are
as shown in Figure 5 (Carrasco et al., 2021). The ionizable lipid
DLin-MC3-DMA with an apparent pKa 6.44 used in Onpattro”
was identified from a library of 56 ILs consisting of a dilinoleyl-
based hydrophobic tail with varying headgroups (Jayaraman et al.,
2012).

The tail length of the lipids determines the fluidity in the
bilayer via the carbon length and the structure of the aliphatic
chain (Zhi et al., 2010). The linker between the head group and tail
affects the stability, cytotoxicity, and other aspects. The
internalization and the release of the nucleic acid molecules are
majorly dependent on the linker properties and thus the linker
plays a major design role for the performance of LNPs (Zhi et al.,
2018). Based on the linking bonds present, the lipids can be
categorized into ether, ester, disulfide, phosphate, and other
types. The approved cationic lipids, namely, DLin-MC3-DMA,
ALC-0315, and SM-102, have bio-cleavable ester linkers which
help dissociate the lipid-siRNA complex and thus the release of
siRNA (Maier et al., 2013). The degraded fragments of the lipids
are rapidly cleared from the body allowing for multiple doses
within a short duration.

Lipidoids. Lipidoids are a novel class of lipid-like molecules
resembling cationic lipids with alkylated tetraamine backbone. The
clinically approved siRNA-based drug, Onpattro, is indeed based on
lipidoids. The chemically synthesized lipidoids exhibit an extensive
library of over 1,200 diverse lipids in one study with the potential in
siRNA delivery for specific gene silencing purposes owing to pKa
values between 6 and 7 (Dormenval et al., 2019). Khare et al. have
explored the potential of lipidoid C12-200 in the formulation of a
delivery vehicle owing to excellent knockdown efficacy and cellular
uptake (Khare et al, 2022). The prepared lipidoid CS12-200
nanoparticles showed 83.8% siRNA loading when formulated with
or without PEGylated helper lipids. The transfection efficacy for
siRNA on neural cells was also increased twice without toxicity.
Thus, the suitability of lipidoids for the delivery of siRNA for
various purposes can be explored.

Liposomes

Liposomes are spherical vesicles composed of phospholipid
bilayers with an aqueous core. These structures are advantageous
due to their capability of carrying both hydrophilic siRNA
molecules within the core and lipophilic drugs within the
bilayers (Chadar et al., 2021). Liposomes can be prepared using
mechanical dispersion methods such as ultrasonication, membrane
extrusion, thin film hydration, and microfluidics (Al-Amin et al.,
2020; Has and Sunthar, 2020; Jo et al.,, 2020; Zhang and Sun, 2021).
Liposomes with sizes 100-1,000 nm are referred to as large
unilamellar vesicles, while small unilamellar vesicle sizes range
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FIGURE 3

Potential nanocarrier configurations for siRNA delivery. The carriers can be categorized into organic (i.e., derived from lipid, polymeric and
polysaccharides) and inorganic types. The size and structural features of these nanocarriers are depicted. Adapted from Ref. (Zhang et al.,, 2022a).

from 20-100 nm in size (Dymek and Sikora, 2022). Similar to all
nanoparticles, the size and charge of liposomes determine the
blood circulation time and cellular uptake rates (Ren et al,
2019; Lee et al., 2022). Nogueira et al. showed efficient siRNA
delivery to activated macrophages using neutral lipid DOPE-based
PEGylated liposomes (Nogueira et al., 2017), as shown in Figure 6.
The DOPE-based liposomes with PEG exhibited almost neutral
surface charge and thus showed a higher stealth degree, i.e.
reducing the uptake by mononuclear phagocyte system. Further,
the PEGylated liposomes anchored with folate targeted peptides
showed high specific delivery of siRNA for gene silencing
applications. In another aspect, the cationic liposomes showed
more internalization efficiency than anionic liposomes due to
their better interactions with the negatively charged plasma
membrane. However, cationic liposomes may generate reactive
oxygen species causing cytotoxicity (Kulkarni et al, 2018).
Lechanteur et al. concluded that the cytotoxicity by cationic
liposomes complexed with siRNA was dependent on the molar
ratio of nitrogen on the IL to phosphate on RNA (N/P) and they can
be safely used with the N/P ratio of 2.5 (Lechanteur et al., 2018).
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Polymer nanoparticles

The application of polymers for siRNA delivery has been well
explored. Common biodegradable polymers such as poly (lactic acid)
(PLA), poly (glycolic acid) (PGA), and poly (lactic-co-glycolide)
(PLGA) are already approved by the Food and Drug
Administration (FDA) for drug delivery applications. These
polymers offer excellent biocompatibility and low immunogenicity
(Wood, 2018; Saeed et al., 2021). Similar to lipids, surface charges of
the resultant nanoparticles and the molecular weight of the
constituting polymer influence siRNA delivery to the desired site.
Cationic polymers such as polyethyleneimine and poly (I-lysine) have
also been explored. However, these polymers show increased toxicity
with increasing molecular weight. Karimov et al. have attempted the
small linear polyethyleneimines modified with tyrosine for enhanced
siRNA attachments (Karimov et al., 2021). The y-[32P]-ATP labeled
siRNA was efficiently transfected in three different xerographs without
exhibiting toxicity. The knockdown efficacy in H441-luc cells due to
the polymer-tyrosine-siRNA complex was also found efficient,
proving the capabilities of polymeric nanoparticles for siRNA delivery.
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Further, studies have reported using low molecular weight polymer
polyethyleneimine (PEI) successfully for siRNA carriers against breast
cancer (Aliabadi et al., 2020; Uludag et al., 2020). Also, the lipophilic PEIs
was used for carrying the siRNA for the toxicity studies on human lung
fibroblast cells and delivery of siRNA against Human Coronavirus 229E.
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The polymer siRNA complex showed more than 85% cell viability, and
their transfection efficiency was similar to reference Lipofectamine™
(Montazeri Aliabadi et al, 2021). Further, biodegradable cationic
polymers with ester bonds, such as poly (beta-amino ester), are used
for siRNA delivery as they offer effective endosomal escape, flexible
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FIGURE 5

The ionization characteristics of the commercially available ILs
obtained through zeta potential measurement. The LNPs showed a
transition of charges-positive zeta potential at low pH and negative zeta
potential at high pH, covering the range of endosomal and

lysosomal pH. Adapted from Ref. (Carrasco et al.,, 2021).

conjugate binding capabilities, high stability, and tunable charge density
(Nezhad, 2022).

Preparation of small interfering RNA-
loaded lipid nanoparticles

The conventional preparation method for lipid nanoparticles, called
thin film hydration, includes the dissolution of the constituent lipids in

10.3389/fbioe.2023.1112755

organic solvents followed by the gradual evaporation of the solvent to
form a thin layer of dried lipids. The film is then rehydrated with a buffer
containing the carrier molecules such as RNA or drugs (Zhang et al.,
2021a). Another popular method for LNPs preparation includes the
dissolution of a mixture of constituent lipids in ethanol and mixing it
with the aqueous phase containing the load molecules such as siRNA (in
phosphate buffers). The homogeneity of the mixing in such methods
was inadequate leading to higher polydispersity index. With the
advancement in instrumentation, microfluidic chambers mix these
two solutions at a particular flow rate to obtain the desired size
range of LNPs (Ly et al,, 2022; Masatoshi et al., 2022; Younis et al.,
2022). The obtained LNPs solution is further concentrated using dialysis
and quantified for the extent of loading for nucleic acid molecules.
Alternatively, polycarbonate-based membrane filters can prepare
narrow-sized LNPs (Syama et al.,, 2022). Figure 7 depicts the steps
involved in the preparation of LNPs using microfluidic method. The
synthesis methods should critically consider some process parameters
such as the molar ratio of lipid components, N/P ratio, and the flow rate
of mixing (in the case of microfluidic chambers). The prepared LNPs
can be qualitatively characterized through particle size distribution,
structure of LNPs (as shown in Figure 3), surface charges and pH for
their stability performance. While, siRNA encapsulation and
transfection efficiency determine the efficacy/potency of prepared
LNPs as therapeutics. The detailed perspective on the preparation of
LNPs for siRNA delivery can be found elsewhere (Aldosari et al., 2021;
Tenchov et al., 2021).

Stability of lipid nanoparticles

For effective therapeutic use of an LNP product, the
formulation lipids should be rapidly metabolized in vivo, yet

RNAT GO

FIGURE 6

Folate-peptide wo

Polyethylene glycol \’U

Folate incorporated liposome formulation for gene silencing applications. siRNA for Mcl-1 (a protein expressed in the rheumatoid joint macrophages)
silencing was loaded in liposome and targeted towards folate receptor. PEGylated liposome offered stealth features against phagocytic uptake; neutral lipids
exhibited low toxicity while specific targeting was observed by anchoring folate-targeted peptides. Adapted from Ref. (Nogueira et al., 2017).
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Microfluidics method for preparation of LNPs formulations. The preparation methods can be optimized through various process parameters such as ratio
of constituent lipids, molar ratio of ILs and RNA (N/P ratio), the mixing flow rate and time, holding time, filtration and storage conditions. After the preparation,
the LNPs can assess for their performance through qualitative analysis through size, charge and transfection and loading efficiency [adapted from

(Ramachandran et al., 2022)].

exhibit good chemical stability in order to maintain sufficient shelf-
life and initial circulation time. During the circulation period in
extracellular fluids and intracellularly, several factors such as ionic
strength, pH, adsorbing proteins and other environmental
conditions may destabilize the LNPs, which can considerably
affect the LNPs efficiency (Shah et al., 2022). Hence, stability of
lipids under various conditions is an important aspect on protect
the gene payloads, enable efficient delivery into target cells and
assure functional outcomes in vivo (Koitabashi et al., 2021; Kon
et al., 2022).

The ILs (Figure 8) are inspected frequently to find the ideal one
for efficacy while maintaining muted
(Paramasivam et al., 2022). The elements of ILs, the ionizable
head groups, linkers and the hydrocarbon tail chains, offer

toxicity  profiles

significant advantages in stability features (Albertsen et al.,
2022). The mRNA-1273 LNP vaccine with ionizable amino-
alcohol head group has pKa 6.75; the pKa range 6.2-6.6 was
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suggested to be optimal for protein expression following IV
delivery, which has been consistent with effective mRNA-1273
use (Hassett et al., 2019). The linker between ionizable head
group and the hydrocarbon chain contributes to head group pKa
and LNPs endosomal escape potential (Maier et al., 2013).
The hydrocarbon chain tails help LNPs by altering the
endosomal escape, stability during storage and toxicity (Suzuki
et al, 2017). The hydrophobic tails with unsaturation and
symmetry contribute to LNP stability. For instance, branched
hydrophobic chains can be advantageous in the context of
endosomal escape by creating a cone shaped structure (Zhang
et al., 2021b).

Size of the LNP is another important factor that plays a vital role
in stability as well as pharmacokinetics. A study found that small-
sized LNPs (<35 nm) showed a tremendous down in lipid packing,
stability, ability for endosomal escape, and the cause appears to a
higher amount protein being adsorbed on the surface of LNPs (Sato
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The schematic of an IL illustrating the main elements and how they contribute towards stability. Adapted from Ref (97)

et al, 2016) (Figure 9). Cabral et al, found only <50nm
nanoparticles can penetrate poorly permeable hypovascular
the of
hypovascular tumors using TGF-p signaling inhibitor improved

tumors.  Furthermore, increasing permeability
the accumulation of >70 nm micelles, offering a way to enhance the
efficacy of larger nanomedicines (Cabral et al., 2015). The stability
of small LNPs in the blood circulation was increased by cholesterol
a known helper lipid which increases the packing of lipids with
unsaturated chains and therefore stabilize LNPs and avoid siRNA

leakage (Hung et al., 2007).

Cleavage of lipid nanoparticles

The prime goal of developing degradable ILs is to improve lipid
metabolism and prevent associated toxicities. The pharmacokinetic
properties of ILs were strongly improved by introducing easily
cleavable ester linkages into the tail hydrocarbon chain (Prata et al.,
2004). Ester bonds is chemically stable under physiological
conditions, but can be hydrolyzed by endogenous esterase or
lipase in tissues and intracellular compartments (Luten et al,
2008). A summary of the hydrolytic cleavage pathway of lipids
is shown in Figure 10. One or more ester linkages in the
hydrophobic tail as well as the linker region appeared to be
particularly interesting in vivo because of their on-demand
by the
pharmacokinetic properties of lipids with negligible toxicity
(Sabnis et al., 2018). Owing to its ability to alter the head group
pKa, the LNPs with ester linkage near to the head group suppresses
the efficacy. In contrast, placing the ester linkage near the terminal
ends of the lipid tail had little effect on the head group pKa and did
not alter the in vivo outcome of the corresponding LNPs. LNPs

degradation feature esterases, which mitigate

formulated with the incorporation of ester linkages into the
hydrocarbon chain region of the amino lipid preserved the head
group linker structure with demonstrated efficacy (Gilham and
Lehner, 2005). One study explored fully biodegradable ester bonds
in the hydrophobic tails; the hydrolysis produced water-soluble
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alkanol amine that were readily eliminated from tissues, resulting
in a reduced toxicity and liberation of endogenous oleic acids (Sato
et al, 2019). Alternatively, replacing double bonds with ester
linkages produces hydrolytic cleavage products that are quickly
merged into catabolic pathways, without dropping capability.
Multiple studies have shown such biodegradable ILs containing
ester bonds attained instant elimination and excretion as well as
significant permissibility in rodents and non-human primates after
intravenous (Sato et al., 2019) and intramuscular (Hassett et al.,
2019) administration. The fragmented lipids need to be
metabolized in the plasma because these smaller fragments are
often carried into systemic circulation. Hence, plasma stability is an
applicable measure of overall biodegradability and potential for

accumulation over time (Pei et al., 2022).

Targeted delivery of nano-formulations

The targeting of LNPs is crucial for the success of the treatment
process. The conventional LNPs resemble the low-density lipids
and thus can be adsorbed by Apolipoprotein E (ApoE) in the blood.
These adsorbed LNPs typically accumulate in the liver and their
hepatocytic uptake occurs via various lipoprotein receptors (Tian
et al,, 2019; Younis et al., 2022). Thus, targeting organs or tissues
other than the liver is complex and inefficient by the conventional
LNPs (Mordn et al., 2022). Better understanding and control of the
LNP fate in vivo is important and this has been actively explored in
numerous studies.

lonizable cationic lipids

Algarni et al. have explored the targeting efficiency of three
ionizable cationic lipids, DLin-MC3-DMA, DLin-KC2-DMA and
DODAP  (1,2-dioleoyl-3-dimethylammonium-propane), for the
organ-specific delivery of pDNA (Algarni et al, 2022). The
intravenous administration in mice models with LNPs formulations
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Schematic illustration of the stability of LNPs based on size. Adapted from Ref. (Sato et al,, 2016).

showed that the DLin-MC3-DMA and DLin-KC2-DMA bearing
LNPs more precisely and efficiently transfected the nucleic acid
cargo to the spleen instead of the liver. The structure of ILs, DLin-
MC3-DMA and DLin-KC2-DMA with two double bonds per alkyl
chains, has influenced the transfection efficiency in the spleen. Thus,
the selection of suitable ILs may improve the targeting.

Aptamer

Besides the difficulty of the naked siRNA passing through the

cell membrane, pulmonary proteases, mucus layer, and
macrophage-related inflammation also pose obstacles to siRNA
delivery (Terada et al., 2021). Organ and site-directed targeting of
siRNAs is also a significant challenge in the delivery and aptamers,
which are highly specific single-stranded oligonucleotides directed
against a target, could help in this approach (Khanali et al., 2021).
For use in COVID-19 disease, aptamers prepared against the
receptor binding domain (RBD) of the viral spike protein were
prepared by the SELEX (Systemic Evolution of Ligands by
EXponential enrichment) method and then conjugated with the
siRNA bearing LNP conjugates (Saify Nabiabad et al., 2022) as
shown in Figure 11. A study used 50-90 uM of aptamers to siRNA-
LNP conjugate containing around 40-80 nM of siRNA and found

~50% inhibitory reduction in vitro in SARS-CoV-2 copies. This
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study also included a case study of a SARS-CoV-2 patient
administered 10 mg of the aptamer-siRNA-LNP formulation by
inhalation for 6 days, which indicated improvement in overall
conditions as indicated by chest radiological and biochemical
observations (Saify Nabiabad et al., 2022). The LNP contained
DMKE (45%) (0O,0'-dimyristyl-N-lysyl glutamate), DSPE-
PEG2000 (4%), and cholesterol (46%), and was prepared by a
methanol and chloroform mixture (2:1, v/v).

Many aptamers have been additionally developed for blocking the
interaction of the S protein-ACE2 receptor, preventing viral entry
(Gupta et al., 2021a; Li et al., 2021; Schmitz et al., 2021). Considering
the high mutation rate of the spike protein, the search for a universally
developed aptamer targeting all available variants is challenging. One
such recent study designed an aptamer ‘MSA52'from a library of
specifically curated aptamers with Ky values of 2-10 nM targeting the
wildtype, and B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.429
(Epsilon), B.1.617.2 (Delta), B.1.1.529 (Omicron) variants (Zhang
et al., 2022b). However, the in vitro and in vivo targeting aspects of
these aptamers are yet to be verified.

Selective organ targeting

Selective organ targeting (SORT) is a new technique for the
regulated delivery of siRNA to specific targets with the help of
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Adapted from ref. (Saify Nabiabad et al., 2022).
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LNPs were first complexed with siRNAs, which were then conjugated with

LNPs. In conventional LNPs nanocarrier systems, the balance of
ionizable groups and hydrophobicity of lipid nanoparticles
determines the effective intracellular delivery. Such nanocarriers,
may not show efficient targeting for various organs, except for liver.
However, the SORT approach uses the unbalanced charge of lipids
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to alter the tissue tropism through the functional groups present
and physiochemical properties of SORT molecules (Cheng et al.,
2020). The design of the SORT includes introducing a fifth
component into the formulation of LNPs without destabilizing
the actual structure. The added SORT molecule controls the
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biodistribution, apparent pKa, and interaction with serum protein.
The change in tissue tropism depends on surface charges of SORT
molecules and their amount, which may help to predict the
targeting of the LNPs for expression of load in particular organs
(Wang et al., 2022). Compared to other targeting strategies such as
aptamers or antibodies, SORT molecules offer innate targeting
without any surface modifications. During the circulation, PEG-
lipids of SORT-LNPs get desorbed, exposing the SORT molecules,
followed by the adsorption of distinct serum proteins. These
protein-adsorbed LNPs interact with specific receptors expressed
by cells of the target organ (Cheng et al., 2020; Dilliard et al., 2021).

Frontiers in Bioengineering and Biotechnology

Cheng et al. used an engineered degradable dendrimer-based
ionizable cationic lipid to target the lung, spleen, and liver.
Here, the 5A2-SC8 SORT lipid fraction (0%-100%) was added
to DOTAP. The shift in target from the liver to the spleen to the
lungs was observed as an expression of luciferase protein, as shown
in Figure 12. Another SORT molecule, 4A3-SC8, was used with 20%
DODAP for liver targeting, 50% DOTAP for lung targeting, and
10% 18 PA for spleen targeting (Wang et al., 2022).

Effects of incorporation of SORT molecules in LNPs formulations
visible from luminescence profile for tested mice models. Adapted
from Ref. (Cheng et al., 2020).
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Internalization and release of RNA molecules in the hepatocytes. At physiological pH 7.4, the LNPs are adsorbed with ApoE protein which binds to low-
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destabilization LNPs alters the hexagonal-like structure to release the loaded RNA molecules within the cell membrane for upregulation (MRNA) or
downregulation (siRNA). The destabilized LNPs structure disintegrates and is removed while some LNPs face endosomal escape. Adapted from Ref

(Schlich et al., 2021).

Release of small interfering RNA

The internalization of LNPs occurs through the endocytosis process
(Lee et al,, 2022). In the case of hepatocytes, the serum proteins such as
ApoE are hypothesized to adsorb on the LNPs surface and interact with
lipoprotein receptors for cellular internalization (Mordan et al,, 2022), as
shown in Figure 13 (Zhang et al., 2020). In other cases, antibodies specific
to cell surface markers can mediate LNPs internalization (Kampel et al,,
2021). With the maturation of the endosomes, the pH decreases below the
pKa value, resulting in the increased protonation of the ILs (Younis et al,,
2022). The accumulation of accumulation protons and counterions
enhances the osmotic transportation of ions and water from the
cytoplasm into the endosome. The rapid ionization at pKa values
creates proton sponge effects resulting in osmotic swelling (Kalita et al,,
2022). The electrostatic interaction between the cationic lipids forming
LNPs, and anionic lipids in the plasma membrane can further destabilize
the endosomal membrane. During the process, the planar endosomal
bilayer structure rearranges to a hexagonal-like shape (Schlich et al,, 2021),
further bursting of endosomes releasing the siRNA in the cytoplasm
following the complete disintegration of LNP structure during the process.

Current clinical status

Many modified formulations for siRNAs delivery have been
demonstrated to have overcome the challenges with membrane
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penetration and stability. Several candidates for gene silencing are
now in the clinical trial pipeline, with the major breakthrough
occurring in 2018 with the FDA approval of the first
siRNA The
nanoparticle-based siRNA formulation, known as Patisiran
(ONPATTRO™) targets transthyretin mRNA and is used for
the treatment of polyneuropathy in a hereditary form of
transthyretin-mediated (hATTR) amyloidosis (Wood, 2018). As
indicated by (de Brito et al., 2022), many drug candidates are still

therapeutics by Alnylam® Pharmaceuticals.

in phase 3 trials. Out of which, Vutrisiran and Inclisiran have been
recently approved. Vutrisiran, Givosiran (Givlaari®), Lumasiran
(Oxluma®), and Inclisiran (Leqvio"), are the siRNA-based
formulations employed to treat hATTR-related polyneuropathy,
acute  hepatic  porphyria, primary hyperoxaluria, and
atherosclerotic cardiovascular disorders, respectively (Balwani
et al., 2020; Raal et al., 2020; Garrelfs et al., 2021; Aimo et al.,
2022). Table 2 summarizes the siRNA formulations under various
clinical trials for diverse disorders. No clinical research has now
been focused on the siRNA-mediated gene silencing in SARS-
CoV-2, but a similar approach can be followed to target divergent
sections of the genome of COVID-19 virus leading to the
degradation of the viral mRNA sequence. Considering the
target specificity and lower side effects, siRNA therapeutics
have emerged as a promising therapeutic class (Forgham et al.,
2022). However, the fast mutation rate of the viral genome has to

be kept in mind with potentially targeting the conserved viral
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TABLE 2 Approved and under trial siRNA therapeutics for different diseases.

Manufacturer

Disease

mRNA target

Delivery
system

DrugBank
accession
number

10.3389/fbice.2023.1112755

FDA-approved siRNA therapeutics

(ESC+) technology

Patisiran Alnylam Polyneuropathy in Transthyretin (TTR) Lipid nanoparticle DB14582 Wood, (2018)
(Onpattro”) hereditary transthyretin- (DLin-MC3-DMA)
mediated amyloidosis
Lumasiran Alnylam Primary hyperoxaluria Hydroxyacid oxidase GalNAc DB15935 Garrelfs et al. (2021)
(Oxluma®) type 1 1 (HAO1)
Givosiran Alnylam Acute hepatic porphyria Aminolevulinic acid GalNAc DB15066 Balwani et al. (2020)
(Givlaari®) synthase 1 (ALAS-1)
Inclisiran Alnylam-Novartis Atherosclerotic Proprotein convertase GalNAc DB14901 Raal et al. (2020)
(Leqvio”) cardiovascular disease subtilisin/kexin type 9
(PCSK9)
Vautrisiran Alnylam Hereditary transthyretin Transthyretin (TTR) GalNAc DB16699 Adams et al. (2022); Aimo et al.
(Amvuttra”) mediated amyloidosis (2022)
siRNA therapeutics under clinical trial
Teprasiran Quark-Norvartis Prevention of Major p53 Naked siRNA DB15064 Thielmann et al. (2021)
(QPI-1002) Adverse Kidney Events molecule
(MAKE)
Fitusiran Alnylam-Sanofi Haemophilia A & B Antithrombin (AT) GalNAc DB15002 Srivastava et al. (2021)
(ALN-AT3) Genzyme
Nedosiran Dicerna-Alnylam Acute kidney injury Hepatic lactate GalNAc - Liu et al. (2022)
(PHYOX1) dehydrogenase (LDH)
Cosdosiran Quark Non-arteritic anterior Caspase-2 Naked siRNA - Jiang et al. (2021)
(QPI-1007) ischemic optic neuropathy molecule
(NAION)
Tivanisiran Sylentis Dry eye disease (DED) Transient Receptor Naked siRNA - Moreno-Montaiiés et al. (2018)
(SYL1001) Potential Vanilloid 1 molecule
(TRPV1)
Fazirsiran Arrowhead Liver disease associated Mutant a-1 GalNAc - Strnad et al. (2022)
(ARO-AAT/ Pharmaceuticals and with a-1 antitrypsin antitrypsin (Z-AAT) (NCT03945292)
TAK 999) Takeda deficiency (AATD)
ARO- Arrowhead Familial chylomicronemia | Apolipoprotein C-IIT GalNAc - Watts et al. (2020); Akoumianakis
APOC3 Pharmaceuticals syndrome (FCS), and (APOC3) et al. (2021)
Severe (NCT05089084)(NCT04720534)
Hypertriglyceridemia
ARO-ANG3 Arrowhead Treatment of Homozygous |  Angiopoietin-like 3 GalNAc - Watts et al. (2020); O’Donoghue
Pharmaceuticals Familial (ANGPTL3) et al. (2022)
Hypercholesterolemia (NCT05217667)(NCT04832971)
(HOFH), and Mixed
Dyslipidemia
Olpasiran Amgen Atherosclerotic Lipoprotein(a) (Lp(a)) GalNAc - O’Donoghue et al. (2022)
(AMG 890) Pharmaceuticals cardiovascular diseases (NCT05581303)
(ASCVD)
Revusiran Alnylam Polyneuropathy in Transthyretin (TTR) GalNAc DB16309 Judge et al. (2020)
(ALN-TTRSC) hereditary transthyretin- (NCT02319005)
mediated amyloidosis
SLN360 Silence Therapeutics Atherosclerotic Lipoprotein(a) (Lp(a)) GalNAc - Rider et al. (2022)
cardiovascular diseases (NCT05537571)
(ASCVD)
SLN124 Silence Therapeutics | Erythropoiesis and hepatic Transmembrane GalNAc - Vadolas et al. (2021)
iron-overload serine protease 6 (NCT04718844)
(TMPRSS6)
ALN-APP Alnylam-Regeneron Early onset Alzheimer’s Amyloid precursor Cl16 conjugate - Akoumianakis et al. (2021)
disease and cerebral protein (APP) technology (NCT05231785)
amyloid angiopathy (CAA)
Cemdisiran Alnylam-Regeneron Complement-mediated Complement GalNAc DB16121 Badri et al. (2021)
(ALN-CC5) diseases, viz., paroxysmal component 5 (C5) (NCT03841448)
nocturnal hemoglobinuria
(PNH), and
immunoglobulin A
nephropathy (IgAN)
ALN- Alnylam-Vir Chronic hepatitis B virus All viral transcripts GalNAc and - Gupta et al. (2021b)
HBV02/VIR- Biotechnology (HBV) infection and HBV protein Enhanced (NCT03672188)
2218 stabilization
chemistry plus
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TABLE 2 (Continued) Approved and under trial siRNA therapeutics for different diseases.

10.3389/fbioe.2023.1112755

Manufacturer Disease mRNA target Delivery DrugBank
system accession
number
ALN-XDH Alnylam Gout Xanthine GalNAc and - (NCT05256810)
dehydrogenase (XDH) Enhanced
stabilization
chemistry plus
(ESC+) technology
Zilebesiran Alnylam Hypertension Angiotensinogen GalNAc and - (NCT04936035)
(ALN-AGT) Enhanced
stabilization
chemistry plus
(ESC+) technology
ALN-KHK Alnylam Type-2 Diabetes Mellitus ketohexokinase GalNAc and - NA
(T2DM) (KHK) or fructokinase Enhanced
stabilization
chemistry plus
(ESC+) technology
Belcesiran Dicerna-Alnylam a-1 antitrypsin (AAT) a-1 antitrypsin (AAT) GalXC™ RNAi - (NCT04764448)
(DCR-A1AT) deficiency-associated liver platform based on
disease (AATLD) GalNAc
RG6346 Dicerna-Roche Chronic Hepatitis B Virus | Conserved S region for GalXC™ RNAi - (NCT03772249)(NCT04225715)
(DCR-HBVYS) (HBV) Infection the treatment of HBV platform based on
GalNAc
DCR-AUD Dicerna-Alnylam Alcohol use Aldehyde GalXC™ RNAi - Sasso et al. (2022) (NCT05021640)
disorder (AUD) dehydrogenase platform based on
2 family (ALDH2) GalNAc
AB-729 Arbutus Biopharma Chronic Hepatitis B Hepatocytes GalNAc - Phillips et al. (2022)
Infection (NCT04980482)
STP705 Sirnaomics Keloid scarring Transforming growth Polypeptide - Zhou et al. (2017) (NCT04844840)
factor beta 1 (TGF- Nanoparticle (PNP)
B1)/cyclooxygenase-2
(COX-2)
ALN-HSD Alnylam-Regeneron Non-alcoholic Hydroxysteroid 17- GalNAc and - Cui et al. (2021) (NCT04565717)
steatohepatitis (NASH) beta dehydrogenase 13 Enhanced
(HSD17B13) stabilization
chemistry plus
(ESC+) technology
siG-12D- Silenseed Pancreatic Cancer KRAS (Kirsten rat - - Golan et al. (2015)
LODER sarcoma virus) (NCT01676259)
GSK GlaxoSmithKline/ Non-alcoholic Hydroxysteroid 17- GalNAc - (NCT05583344)(NCT04202354)
4532990 Arrowhead steatohepatitis (NASH) beta dehydrogenase 13
(ARO-HSD) Pharmaceuticals (HSD17B13)

ClinicalTrials.gov Identifier: NCTXXXXXXXX.

domains with the help of available libraries and computational
resources.

Conclusion

Considering the ever-changing dynamic mutations in the SARS-
CoV-2 genome, the demand for well-targeted specific and highly
effective therapeutics are needed. Genomic regions of the virus
conserved across the variants and sub-variants could be first
targeted to inhibit viral entry and replication in the host. Many
in silico algorithms and web servers have been deployed to design
siRNAs following the three golden rules of design, that is Ui-Tei,
Amarzguioui and Reynolds. The accessory parameters such as heat
capacity (Cp), melting temperature (T,,), GC content, and off-target
matches are predicted computationally. In a limited set of studies,
some validation efforts have been attempted to experimentally
verify the silencing efficiency of the computationally designed
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siRNAs, but this will require more extensive studies to assure
confidence in the theoretical designs. Nevertheless, a handful of
effective designs are now available that could be tested in a clinical
setting, should there be sufficient impetus from clinicians and
Further, the siRNAs
formulated with different nanocarriers for practical utility.
Lipids-based and polymeric nanoparticles offer the flexibility of
conjugation with siRNAs and surface functionalization for targeted

industrial parties. designed can be

delivery. siRNAs-based therapies have been approved for other
diseases, but in the case of COVID-19 clinical trials are yet to be
undertaken. Along with the efficacy of nano-formulations, other
inflammatory responses should be investigated through in vivo
studies. The COVID-19 treatment, in addition to targeting the
viral cause, can be directed to aberrant, excessive inflammation
that is ultimately cause of patient exhaustion in clinic. The dosage of
siRNAs should be confined to a minimum concentration, preferably
below 100nM at local sites and <1 mg/kg overall for practical
The siRNA-based nano-

translation of delivery systems.
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formulations appear to be promising for the therapy of contagious
COVID-19 and post-COVID inflammations.
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