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Abstract: There is an urgent need to develop antiviral drugs
and alleviate the current COVID-19 pandemic. Herein we
report the design and construction of chimeric oligonucleotides
comprising a 2'-OMe-modified antisense oligonucleotide and
a 5'-phosphorylated 2'-5" poly(A), (4A,.s) to degrade envelope
and spike RNAs of SARS-CoV-2. The oligonucleotide was
used for searching and recognizing target viral RNA sequence,
and the conjugated 4A,; was used for guided RNase L
activation to sequence-specifically degrade viral RNAs. Since
RNase L can potently cleave single-stranded RNA during
innate antiviral response, degradation efficiencies with these
chimeras were twice as much as those with only antisense
oligonucleotides for both SARS-CoV-2 RNA targets. In
pseudovirus infection models, chimera-S4 achieved potent
and broad-spectrum inhibition of SARS-CoV-2 and its N501Y
and/or AH69/AV70 mutants, indicating a promising antiviral
agent based on the nucleic acid-hydrolysis targeting chimera
(NATAC) strategy.

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has continued to spread globally and caused the
COVID-19 pandemic since 2019.1 This situation demands
more preclinical drug candidates for further development of
antiviral agents. As structural proteins of SARS-CoV-2,
envelope (E), spike (S) and membrane (M) proteins assemble
viral membranes in infected host cells,”! thus becoming ideal
drug targets to intervene virus proliferation.

RNase L participates in innate antiviral response of
vertebrate cells by cleaving UN”N sites located in viral or
cellular single-stranded RNA (ssRNA). Cytoplasmic RNase
L monomer only displays weak catalytic cleavage on the
substrate. However, upon dimerization induced by its specific
ligand 5’ phosphorylated 2'-5' polyA (such as 4A,5), RNase L
is highly activated and performs intense RNA cleavage."
Ubiquitous activation of RNase L might cause widespread
attenuation of basal mRNA and possible cell apoptosis,
especially at high doses of 4A,.. Otherwise, guided and
controlled activation of RNase L could achieve more specific
target RNA degradation.

RNA binding small molecules conjugated with RNase L
recruiter such as 4A,; have been recently designed to
selectively target highly-structured microRNA or RNA frag-
ments of viral genomes® aided by the online Inforna
computational server.”) High lipophilicity of these small
molecules facilitates their cellular uptake® and tissue
penetration,””! while the accessibility to discover such a chem-
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ical structure to selectively bind RNA region of interest is
relatively limited. As an alternative approach, sequence-
selective antisense oligonucleotides (ASOs) are more avail-
able and have broader application to bind pathogenic RNA
transcripts currently not targetable by small molecules. After
binding, ASO can inhibit expression of target RNA through
various mechanisms such as RNase-H1 mediated cleavage
and steric interference.”! Since the natural anionic phosphate
backbone of ASO hinders its efficient tissue delivery, multiple
approaches seeking to address this challenge have been
developed such as bioconjugation and chemical modifica-
tion.’?. As common modification approaches, phosphoro-
thioate (PS) and 2'-O-methyl (2-OMe) can further promote
ASO nuclease resistance and/or binding affinity.’! Currently
nine ASO drugs have been approved to treat rare diseases,®
and two ASO candidates have entered clinical phase II to
treat lung diseases.’) One of them (Eluforsen) also utilized
full PS backbone and full 2’-OMe modification to alleviate
lung cystic fibrosis.'"") In the early nineties the Silverman
group have raised the possibility to combine ASO with 4A, 5
for targeted viral RNA decay, such as human immunodefi-
ciency virus."!! Therefore, it is promising to develop ASO-
4A, 5 chimera to target SARS-CoV-2 genomic RNA and
inhibit viral infection based on nucleic acid-hydrolysis target-
ing chimera (NATAC) strategy (Scheme 1).

Here, we designed and selected chimeric antisense
oligonucleotides targeting envelope (E-) or spike (S-) RNA
of SARS-CoV-2. In vitro E-RNA cleavage by RNase L and
target RNA knockdown was first evaluated. Then in the
pseudotyped SARS-CoV-2 infection model, ASO-4A, s chi-
meras targeting S-RNA successfully inhibited pseudovirus
packaging and further infection of host cells. One of these
chimeras also effectively inhibited three SARS-CoV-2 pseu-
dovirus mutants, including N501Y, AH69/AV70, and the
recently discovered dual-site mutations with higher trans-
mission ability.
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Scheme 1. Schematic representation of 4A,5-ASO chimera induced
inhibition of SARS-CoV-2 proliferation. Black arrows: processing of
viral RNA upon treatment; dashed arrow: inhibited viral assembly.
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Our study began with the selection of complementary
oligonucleotide sequences for specific RNA targets in the
SARS-CoV-2 genome. After predicting RNA secondary
structures of spike receptor binding domain (S-RBD) and
envelope (E) protein of SARS-CoV-2, loops composed of
more than 10 nucleotides were selected as ideal target regions.
In addition, considering the space required for RNase L
activation and substrate cleavage, stem structure in 3’
proximity of the selected loop was limited to have less than
4 base pairs, and its 3’ pairing end should have more than
1 RNase L cleavage site (UN”N) in a bulge structure.
Oligonucleotide sequences predicted with more than 70 %
success probability and complementary to the selected loops
were synthesized by solid phase synthesis (Table S1). Since 2'-
OMe modification of ASO is not compatible with RNase H
activity,®! PS backbone and 2-OMe were incorporated to
avoid RNase H-mediated target cleavage and to improve
oligonucleotide nuclease resistance. A 5’ terminal poly 2'-5
poly(A), ligand (4A,.5) was conjugated through a short PEG
linker (Figure 1A).
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Figure 1. Targeted degradation of SARS-CoV-2 envelope RNA (E-RNA)
with RNase L participation in vitro. A) Structures of 4A,-ASO chimera
targeting E-RNA (Chimera-E). B) RNase L cleavage assay of a 3’-Cy3-
labeled E-RNA segment. C, D) Relative levels of E-RNA and RNase L
mRNA in Vero cells upon 24 h treatment, as measured by RT-qPCR.
Data represent mean + s.e.m. (n>3). *P<0.033, **P<0.002,
*%%P < 0.001 as measured by a two-tailed Student’s t test.

We first tested RNase L recruitment ability of Chimera-E-
PO that is complementary to a loop structure of Cy3-labeled
partial E-RNA of SARS-CoV-2 (Table S1). In vitro cleavage
assay showed RNase L alone or addition of ASO-E did not
cleave substrate RNA, while additional Chimera-E-PO treat-
ment activated RNase L and produced cleavage bands in
a manner different from that of 4A, 5 treated group at 375 nM
(Figure 1B).

Cleavage preferences of Chimera-E-PO for these specific
cleavage sites indicated its specific binding to RNA substrate.
At 750 nM, 4A, 5 could induce so intense E-RNA cleavage
that short RNA fragments as cleavage products couldn’t be
retained and analyzed in this 12.5% denaturing PAGE gel.
We then evaluated E-RNA degradation in Vero cells using
Chimera-E with a full-length PS backbone to further improve
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the nuclease resistance and chemical stability in vitro. Treat-
ment of 20 nM ASO-E alone only downregulated E-RNA
level to 83%, while the treatment of 20 nM Chimera-E
downregulated the E-RNA level to 35% (Figure 1C). This
improved degradation efficiency induced by Chimera-E was
attributed to intracellular RNase L activation. Transcription
level of RNase L was also elevated when further increasing
Chimera-E concentration (Figure 1D), which might result
from some regulatory mechanisms amplifying RNase L
activity to enhance cellular immune response. However, at
320nM, Chimera-E and ASO-E showed similarly potent
effects on E-RNA degradation. Since ASO-E alone could
induce intense target RNA silencing through post-RNA-
binding mechanisms at such a high concentration,® Chimera-
E showed no improvement of E-RNA degradation via RNase
L compared with that of ASO-E. Therefore, we chose
concentrations below 80 nM in the following evaluation.
These promising results inspired us to choose spike protein,
a more promising target to inhibit SARS-CoV-2 infection.
We then evaluated the on-target effects of three previ-
ously designed chimeric oligonucleotides (Table S1) against
S-RNA. All chimeras (Chimera-S) and antisense oligonucle-
otides without 4A, 5 conjugation (ASO-S) decreased S-RNA
down to less than 50 % level at 80 nM (Figure 2 A). More than

o

IS
H

©
n

»

1

Normalized S-RNA
Fold change (18S)
Normalized RNase L mRNA
Fold change (GAPDH)

@ 40nM O 80nM

°

)
Co-transfection

Pseudovirus Packaging
Bl Aol UL

Normalized
Firefly Luminescence

HEK293T Pseudovirus

Firefly L uc;fcrase ! Harvest

GFPL -
_ 9/ Pseudovirus Infection

HEK293T-hACE2

Scramble

Figure 2. Screening the most effective 4A,5-ASO chimeric oligonucleo-
tides to target spike RNA (S-RNA) of SARS-CoV-2. A, B) Relative
transcription level of S-RNA and RNase L mRNA upon 24 h treatment,
as measured by RT-qPCR. C) Experimental procedure to evaluate the
inhibitory effect of oligonucleotides on virus infection in a pseudotyped
SARS-CoV-2 model. D, E) Relative expression levels of firefly luciferase
and GFP in infected HEK293T-hACE2 cells. Negative control (NC):
group transfected with only virus-constructing plasmids. Scramble:
group treated with the plasmids and a nonsense oligonucleotide.
Blank: group without exogenous transfection. Scale bar=100 um.
Data represent mean + s.e.m. (n>3). *P<0.033, **P<0.002,
#4%%P<0.001 as measured by a two-tailed Student’s t test.
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2-fold enhancement of efficiency was also observed for 80 nM (Figure 3C). In comparison to the individual ASO-S4
Chimera-S compared with ASO-S. Furthermore, RNase L  and 4A,, Chimera-S4 degraded S-RNA in Vero cells with up
transcription levels were elevated with Chimera-S treatment,  to 4.5- and 2.1-fold higher efficiency at 40 nM concentration
while ASO-S didn’t change it obviously (Figure2B). In  (Figure 3A). Compared with physically mixed 4A,s; and
a pseudotyped SARS-CoV-2 infection model (Figure2C), ASO-S4 (4A,s + ASO-S4), Chimera-S4 led to a similar
each Chimera-S was applied to HEK293T packaging cells.  reduction profile of S-RNA from 20 nM to 80 nM. However,
Pseudoviral titration was performed by measuring two  Chimera-S4 displayed 2.2- and 6.1-fold higher inhibitory
reporter genes, GFP and firefly luciferase in HEK293T-  effects on viral titers at 40 nM and 80 nM than those of 4A, s
hACE2 host cells. At 40 nM and 80 nM, Chimera-S4 treat- + ASO-S4 group (Figure 3C). In the infection model, the
ment reduced the firefly luminescence to 24% and 6%  positive rate of GFP fluorescent cells treated with 40 nM
respectively, more potent than Chimera-S5 (45% and 14%)  Chimera-S4 was 29.07 %, indicating the lowest viral titer at
and Chimera-S6 (50% and 28%) (Figure 2D). Results of 40 nM (Figure 3D), and could be further enhanced at higher
GFP measurement were consistent with luciferase assay in  concentrations (Figure S2). Fluorescent images of the
HEK?293T-hACE?2 cells (Figure 2E). Meanwhile, the scram-  infected HEK293T-hACE2 cells were consistent with the
bled oligonucleotide showed no inhibitory effect on pseudo-  results of flow cytometry (Figure 3E, Figure S2). Similarly,
virus, thus confirming the on-target effect of Chimera-S.  GFP fluorescence in HEK293T packaging cells confirmed the
Similar GFP fluorescence in HEK293T cells indicated similar ~ consistency of transfection efficiency across different groups
transfection efficiencies of plasmids in the first step between  (Figure S2).
groups (Figure S2). Therefore, Chimera-S4 could efficiently reduce S-RNA
Since Chimera-S4 showed more efficient inhibition of level and inhibit SARS-CoV-2 pseudovirus at moderate
spike RNA transcription and virus packaging/infection than  doses, without severely damage to cell status or viability
Chimera-S5 and Chimera-S6, we further investigated its  (Figure S2, Figure S3). Low concentrations of 4A, s compo-
concentration dependence of S-RNA degradation and pseu-  nent of Chimera S4 could also lower the risk of ubiquitous
dovirus inhibition. Chimera-S4 induced a reduction of S-RNA  basal RNA decay caused by 4A, s induced RNase L activa-
up to 80% at 20 nM. Increasing its concentration to 80nM  tion.[*'? In addition, Chimera-S4 increased the relative
only led to slight enhancement of S-RNA reduction, but mRNA levels of IFN-f§ and IL-6 in A549 cells up to 5.9-
would cause an approximately 2-fold up-regulation of RNase  and 2.0- fold, respectively at 40 nM, both higher than those of
L expression (Figure 3A, 3B). Surprisingly, the titers of individual 4A,s, ASO-S4, and 4A,5 + ASO-S4 mixture
SARS-CoV-2 pseudovirus dropped sharply from 60% to 6%  (Figure S3). The result was consistent with literature and
when the concentration of Chimera-S4 increased from 20 to  demonstrated that RNase L activation could stimulate
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Figure 3. Chimeric-S4 can effectively degrade SARS-CoV-2 S-RNA and inhibit pseudoviral infection in vitro. A, B) Concentration-dependent
degradation of S-RNA and increase of RNase L mRNA in Vero cells upon 24 h treatment. Firefly luminescence (C), cytometry analysis of GFP
signals (D, 40 nM), GFP fluorescence images (E, 40 nM) in HEK293T-hACE2 cells after 48 h infection of the collected SARS-CoV-2 pseudovirus.
Negative control (NC): transfection of virus-constructing plasmids. Blank: without exogenous transfection. 4A,; + ASO-S4: co-transfection of
virus-constructing plasmids and physically mixed 4A,s and ASO-S4 with each final concentration of 20 nM, 40 nM and 80 nM. Scale bar=100 um.
Data represent mean + s.e.m. (n>3). *P<0.033, **P<0.002, ***P <0.001 as measured by a two-tailed Student’s t test.
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interferon (IFN) production," which in turn induces positive
feedback on expression of interferon stimulated genes (ISGs)
including RNase L, to enhance antiviral response.['*!4

Mutations AH69/AV70 and N501Y on the spike protein of
SARS-CoV-2 have been reported to cause S-gene target
failure (SGTF) and greatly increase viral transmissibility.!*”
To assess the broad-spectrum inhibitory effect on SARS-
CoV-2 mutants, Chimera-S4 was then co-transfected with
pseudovirus packaging plasmids carrying AH69/AV70, N501Y
or dual-site mutations into HEK293T packaging cells. Trans-
fection efficiencies in HEK293T cells across different groups
were consistent (Figure S5). The luciferase assay showed that
titers of all three mutants were reduced to less than 20 % after
48 hours treatment of 40 nM Chimera-S4 (Figure 4). GFP
fluorescence analysis in infected HEK293T-hACE2 cells also
displayed the same inhibiting mode (Figure S4). Since muta-
tion sites on S-RNA corresponding to N501Y and AH69/AV70
are not overlaid with targeted region of Chimera-S4, unaf-
fected high potent inhibition of these mutants was still
successfully achieved.

L 1 T, S Hl N501Y
T AHB9/AV70
. T B Dual
0.54

Normalized
Firefly Luminescence

Figure 4. Determination of the viral titer of SARS-CoV-2 mutants upon
Chimera-S4 treatment. Efficiently inhibited infection of three mutated
SARS-CoV-2 pseudoviruses, N501Y, AH69/AV70 and their combined
mutants (Dual) in HEK293T-hACE2 cells after Chimera-S4 treatment
(40 nM, 48 h), as measured by luciferase assay.

In summary, we developed a group of 4A,; chimeric
oligonucleotides based on nucleic acid-hydrolysis targeting
chimera (NATAC) strategy, which successfully down-regu-
lated target SARS-CoV-2 RNAs. Among them, Chimera-S4
showed the most potent ability to degrade S-RBD RNA and
to inhibit SARS-CoV-2 pseudovirus. Compared with classic
ASO silencing strategy, Chimera-S4 also activated RNase L,
which significantly improved RNA degradation efficiency
and induced additional antiviral immune responses after
being recruited by 4A, 5 ligand. This chimeric sequence still
showed robust inhibiting capability toward three highly
transmissible SARS-CoV-2 mutants involving N501Y and
AH69/AV70 mutations. Since viruses can also evolve multiple
mechanisms to evade RNase L activity and block IFN
production,’® such as a 2,5 phosphodiesterase (PDE) that
can degrade native 4A,s in murine coronavirus,'” it is
necessary to evaluate the antiviral efficiency of Chimera-S4
modified with phosphorothioated 4A,; ligand in a real
SARS-CoV-2 infection model when biosafety level 4 was
available in future. In addition, inhalation formulations have
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been reported to achieve deep lung deposition of naked
nucleic acids in forms of inhaled powder or nanoparticles,'®!
which helps to further deliver these exogenous oligonucleo-
tides in vivo. Antisense oligonucleotides have been charac-
terized by sequence-specific targeting, convenient design and
synthesis, which make this 4A,5-ASO chimera suitable for
further development of nucleic acid drugs combating foresee-
able evolving COVID-19 pandemics.
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