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Abstract: The emergence of more transmissible or
aggressive variants of SARS-CoV-2 requires the devel-
opment of antiviral medication that is quickly adjustable
to evolving viral escape mutations. Here we report the
synthesis of chemically stabilized small interfering RNA
(siRNA) against SARS-CoV-2. The siRNA can be
further modified with receptor ligands such as peptides
using CuI-catalysed click-chemistry. We demonstrate
that optimized siRNAs can reduce viral loads and virus-
induced cytotoxicity by up to five orders of magnitude in
cell lines challenged with SARS-CoV-2. Furthermore,
we show that an ACE2-binding peptide-conjugated
siRNA is able to reduce virus replication and virus-
induced apoptosis in 3D mucociliary lung microtissues.
The adjustment of the siRNA sequence allows a rapid
adaptation of their antiviral activity against different
variants of concern. The ability to conjugate the siRNA
via click-chemistry to receptor ligands facilitates the
construction of targeted siRNAs for a flexible antiviral
defence strategy.

Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the causative agent of the coronavirus
disease 2019 (COVID-19) pandemic, resulting in a high
disease burden and socioeconomic distress. The current
success in curbing the COVID-19-related death toll is based
to a large extent on chemically modified messenger RNA
(mRNA)-based vaccines.[1] However, the emergence of
SARS-CoV-2 variants of concern (VoCs) has reduced the
protective efficacy of vaccination.[2] This makes the develop-
ment of variant-adjusted vaccines or of alternative anti-viral
therapies a prime global goal. One emerging concept in anti-
COVID-19 medication involves the development of nucleic
acid-based therapeutics, which can degrade the viral genome
and can be quickly adjusted to viral mutations. This fast
adjustability is a major advantage of nucleic acid-based
therapies in comparison to other antiviral medications, e.g.
antibodies that target the SARS-CoV-2 spike protein (S
protein).[3] Mutations in the S protein reduce the efficacy of
therapeutic, neutralizing monoclonal antibodies.[4] Small
molecule-based anti-SARS-CoV-2 compounds have recently
also entered the market, but their efficacy is potentially also
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threatened by mutations in the respective viral enzymes as
well as potential side effects that impact their risk profile.[5]

Nucleic acid-based therapeutics include small interfering
RNAs (siRNAs). These are about 21 base-pair long, non-
coding RNA duplexes that are able to induce degradation of
complementary cellular RNAs. After cellular uptake, the
siRNA duplex is loaded into the RNA-induced silencing
complex (RISC). Here, the duplex is processed to a single
strand that binds with high specificity to complementary
RNAs present in the cytosol, resulting in their cleavage.[6]

siRNA therapeutics are already in clinical use, which proves
the validity of the concept.[7]

SARS-CoV-2 is a positive-sense, single-stranded RNA
virus, which enters the host cell via the human angiotensin-
converting enzyme 2 (hACE2) receptor. The viral RNA
genome needs to be replicated for the assembly of new virus
particles. In addition, the viral genomic RNA is copied into
subgenomic mRNAs (sgmRNAs) for the biosynthesis of
viral proteins.[8] Hence, during productive infection, the virus
produces two types of single-stranded RNAs (ssRNAs) and
both the genomic RNA and the sgmRNA strands are in
principle targetable by siRNA-mediated cleavage, which
creates a dual-hit possibility.[9] Such an siRNA-based degra-
dation concept has the advantage that the siRNAs can be
rapidly adjusted if mutations occur in the viral target RNA
sequences. It also allows the simultaneous targeting of
multiple viral genomic sites. Altogether, these advantages
make an siRNA-based approach a promising concept to
target and control constantly evolving RNA viruses.

Results and Discussion

To investigate the feasibility of an siRNA-based strategy
against SARS-CoV-2, we analysed the genomic structure of
the virus and designed several siRNAs (L1, R-2 to R-5, S-6
to S-9) complementary to different viral RNA target regions
(Figure 1a, Figure S1a, Table S1). All of them were designed
to contain two 2’-deoxy-thymidine (T) nucleotides at the
respective 3’-ends to increase the stability towards exonu-
clease-based degradation.[10] Using this design principle, we
prepared several siRNAs against the coding regions of the
RNA-dependent RNA polymerase (RdRp, Nsp12), the S
protein and the 5’-leader sequence (L) (Figure 1a). A non-
targeting (scrambled) siRNA (Ctrl.-10) served as a negative
control.

The efficacy of the designed siRNAs was first assessed in
a human lung adenocarcinoma cell line A549 with the help
of a dual-luciferase reporter assay (Figure S1b, Table S2).
For the assay, A549 were transfected with a plasmid that
encodes for Renilla luciferase and the firefly luciferase. The
Renilla luciferase reporter gene was fused to small genomic
target sequences of SARS-CoV-2. Efficient targeting of the
designed siRNAs resulted in degradation of the Renilla
luciferase transcript and consequently lower protein expres-
sion. As a readout, the Renilla luciferase activity was
quantified relative to the firefly luciferase activity that
served as an intraplasmid-encoded reporter for normal-
ization to balance differences in the transfection efficiency.

Using this assay, we detected for the siRNAs L-1 (target: L),
R-2 and R-5 (target: RdRp, Nsp12) and S-6 (target: S) high
knockdown efficiencies between 80% and 92 % relative to
the non-targeting control siRNA with a scrambled sequence
(Ctrl.-10, Figure 1b).

Following this initial pre-screening, we measured the
antiviral potency of the four most promising siRNAs in
Vero-E6 cells infected with an authentic, replication-com-
petent SARS-CoV-2 isolate of the B.3 pangolin lineage. The
siRNAs were applied using lipofectamine as the transfection
agent either 1 h prior to infection or 1 h post-infection. We
quantified the efficacy of the siRNAs by measuring the
plaque forming units (PFU) three days post-infection. This
assay allowed us to confirm the high anti-SARS-CoV-2
activity of the siRNAs R-2 and S-6. The siRNA R-5, in
contrast, was ineffective in this assay (Figure 1c, d), likely
because the full-length genomic SARS-CoV-2 RNA has a
hairpin loop at the target position,[11] which probably impairs
its accessibility for the siRNA-RISC-complex. Since only
small fragments of the viral genome were fused to the
Renilla luciferase gene in the dual-luciferase reporter assay
to test R-5 (Table S2), secondary and tertiary RNA
structures were different and did therefore not impair R-5
efficacy. The siRNAs R-2 and S-6 reduced the viral loads up
to 96% when cells were transfected one hour before virus
challenge (Figure 1c, Figure S1c) and up to 99.95% when
cells were transfected one hour after virus challenge (Fig-
ure 1d, Figure S1d). Based on these results, we selected R-2
and S-6 for further studies (Figure 1e).

To obtain more detailed efficacy data, we established an
assay to quantify SARS-CoV-2-induced cytotoxicity over a
high dynamic range of virus inoculum. For these studies we
used MDA-MB-231-hACE2 cells, which were engineered to
overexpress the hACE2 virus entry receptor. This makes
them highly susceptible to SARS-CoV-2.[12] Titration of the
SARS-CoV-2 inoculum on these cells resulted in a volume-
dependent increase of cell death, which was monitored by
microscopy and quantified by a luminometric cell viability
assay. As an antiviral positive control, the clinical RdRp
inhibitor remdesivir (RDV)[13] potently blocked SARS-CoV-
2 replication and virus-induced cell death (Figure S2a).

We next inoculated target cells with SARS-CoV-2
(B.1.177 pangolin lineage, 20E.EU1) either 21 h or 4 h
before, or 2 h after siRNA treatment. For siRNA delivery,
we used lipofection-mediated transfection. The depicted
data show a highly effective protection of the siRNA-treated
cells from virus-induced cytotoxicity, when R-2 or S-6 were
applied 21 h before virus challenge (Figure S2a–c). Cells
transfected with the non-targeting scrambled siRNA Ctrl.-10
and also untreated MDA-MB-231-hACE2 cells showed, in
contrast, dramatically decreased viability (Figure 1f). In
experiments with Vero-E6 cells, we observed a substantial
protective effect when the siRNAs were applied either one
hour prior (Figure 1c) or post-infection (Figure 1d). This
indicates cell type-specific differences in the dynamics of
siRNA delivery and antiviral potency. In the assay using
MDA-MB-231-hACE2, pre-treatment with siRNAs R-2 and
S-6 protected the cells from being killed by both VoCs
Alpha (B.1.1.7, Figure 1g) and Beta (B.1.351, Figure 1h).
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Notably, the combination of siRNAs R-2 and S-6 was
particularly effective (Figure 1f–h). The virus inoculum
required to eliminate 50% of the cells (cytotoxic volume
(CV50)) increased relative to Ctrl.-10, for R-2 from 78- to
456-fold, and for S-6 to >798-fold. With a combination of
R-2 and S-6, we observed >80 % cell viability even at the
highest virus inoculum. The protective siRNA effect with
this mixture was so strong that we were unable to determine
any meaningful CV50 values for the applied volumes of virus
inoculum (Table S3).

We next examined the anti-viral effect of the siRNA S-6
using the SARS-CoV-2 VoC Delta (B.1.617.2, Figure 1i).
Here, we detected a loss of activity of S-6 in line with the
known C to G point mutation at position 21 618, which is
present directly in the binding target region of the siRNA
(Figure S2d).[14] This activity loss could be partially compen-

sated when we combined S-6 with R-2, but maximum
efficiency could not be restored, showing that viral muta-
tions in the siRNA-binding region can have a dramatic
effect on the antiviral activity. In order to prove that the
siRNA approach allows rapid adaptation to virus mutations
we adjusted the S-6 sequence to account for the mutation in
VoC Delta (S-6δ). Indeed, when we examined the efficacy
of S-6δ, we noted that the original antiviral activity was re-
established (Figure 1i). This result demonstrates the fast
adaptability of the siRNA-based medication approach.

All siRNA-based therapeutics that are in clinical use
feature modified nucleosides with either 2’OMe or 2’F
substituents (Figure 2a) next to the presence of phospho-
thioates. These chemical modifications establish a higher
stability and resistance against endonucleases that are
present in human serum.[7a] Using the design principle

Figure 1. Development of efficient siRNAs targeting SARS-CoV-2. a) Target sequences of designed siRNAs within the SARS-CoV-2 genome.
b) Screening of antiviral efficacy of different siRNAs using a surrogate luciferase-reporter assay. Bars show mean, error bars represent SD. c),
d) Reduction of plaque forming units (PFU) per mL normalized to Ctrl.-10-treated Vero-E6 cells in the context of siRNA treatment (17 nM) and
SARS-CoV-2 infection (MOI 0.01) 72 h p.i. c) siRNA was transfected one hour before or d) one hour after virus challenge. Bars show mean, error
bars represent SD. e) siRNA sequences of the most potent siRNAs, R-2 and S-6. f)–i) Viability of MDA-MB-231-hACE2 cells depends on the SARS-
CoV-2 variant B.1.177 (EU1) (f), B.1.1.7 (Alpha VoC) (g), B.1.351 (Beta VoC) (h), B.1.617.2 (Delta VoC) (i), virus inoculum, and specific siRNA
treatment (40 nM, lipofection). Dots show the mean of two technical replicates from one representative biologically independent experiment.
Details about reproducibility and statistical analysis are given in the Methods section in the Supporting Information.
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adapted from Givosiran,[15] we prepared a fully modified
siRNA S-6fm (Figure 2b). We performed serum stability
studies over multiple time points and noted that S-6fm

showed the expected increase of stability in serum in
comparison to S-6. To our surprise, however, we observed in
a subsequent siRNA efficacy study using the dual-luciferase
reporter assay a 40 % loss of activity (dual-luciferase

reporter assay, Figure 2b). Furthermore, a complete loss of
activity was observed in virus challenge studies using
replication-competent SARS-CoV-2 (Figure S3a). There-
fore, we screened various differently modified siRNAs and
found that an only partially modified S-6, with just four 2’-
OMe-modifications (S-6m), featured already the required
stability in serum (Figure 2c), while the antiviral activity was
preserved. S-6m had full activity in the dual-luciferase
reporter assay (Figure 2b) and brightfield microscopy of
MDA-MB-231-hACE2 cells, that had been pre-treated with
S-6m and challenged with SARS-CoV-2, indicated a very
high protective effect of S-6m (Figure 2d).

Next, we performed a quantitative assessment of the
activity of S-6m. While MDA-MB-231-hACE2 cells pre-
treated with Ctrl.-10 showed the expected concentration-
dependent cytotoxicity two days after virus challenge, pre-
treatment with S-6m (Figure 2e) prevented cell death at
siRNA concentrations as low as 2 nM. Importantly, we
observed a significantly higher protective effect of S-6m

compared to unmodified S-6 (Figure 2f) at both 2 nM and
0.2 nM (Table S4). These results were confirmed in a second
SARS-CoV-2-susceptible cell line, A549-hACE2[16] (Fig-
ure S3b, c).

While RNA therapeutics and vaccines are typically
delivered into cells and tissues using cationic lipid- or
polymer-based nanoparticles, the delivery agents often have
adverse effects. In particular, delivery into epithelial cells, as
required for the treatment of SARS-CoV-2 infection in
patients, is often not possible.[7a, 17] To investigate delivery
into epithelial cells, we first assessed whether our siRNAs
can prevent SARS-CoV-2 infection and virus-induced cell
death in human 3D mucociliary lung EpiAirwayTM micro-
tissues. These microtissues are derived from differentiated
airway epithelial cells originating from the tracheobronchial
tract. They feature a realistic air-liquid interface including
pseudo-stratified structures with numerous apical cilia as
well as apical mucous secretion.[18] EpiAirwayTM microtissues
are hACE2-positive. As such they are SARS-CoV-2-suscep-
tible and consequently suitable for the evaluation of
antiviral approaches.[19]

We noted that all attempts to use lipid- or polymer-
based transfection reagents to deliver the siRNA into the
microtissues were not successful. In addition, the sporadi-
cally observed effects could not be assigned to an siRNA-
specific block of infection (Figure S4a, b). In order to
investigate if an siRNA delivery into these microtissues is
possible without a transfection agent, we chemically modi-
fied our siRNA with receptor ligands. We prepared chimeric
siRNA-ligand conjugates that we hypothesized would facili-
tate cellular delivery. This approach is similar to the
clinically approved N-acetyl galactosamine-modification of
siRNAs that target liver cells.[7] For siRNA modification, we
used the highly efficient and mild CuI-catalysed click-
chemistry.[20] The initial idea was to connect the siRNA to
short peptides that are known to interact with the hACE2
receptor as part of the receptor-binding domain of the
SARS-CoV S protein[21] (Figure 3a). For the synthesis of the
chimeric peptide-siRNA, we utilized a CuI-induced click-
ligation between an N3-Linker-YKYRYL (P) peptide and

Figure 2. Chemical stabilization of the antiviral siRNAs. a) Methoxy-
and fluor modifications on the 2’OH position of the ribose to improve
siRNA stability. b) Chemically modified versions of S-6 were compared
to the unmodified version in the surrogate luciferase reporter assay.
Ordinary one-way ANOVA combined with Dunnett’s multiple compar-
isons test was performed ****padj-value<0.0001. TRBP=TAR RNA
binding protein that loads siRNA into RISC. c) Serum stability of
unmodified S-6 and S-6m. d) Brightfield microscopy images of virus-
induced cytopathic effects on MDA-MB-231-hACE2 cells and siRNA
concentration-dependent protection of cells challenged with 0.01 μL
B.1.177 stock two days earlier. e), f) Viability of SARS-CoV-2-infected
MDA-MB-231-hACE2 cells to determine the CV50 in the context of
titration of virus inoculum (0.0001 to 10 μL) and of siRNA concen-
trations (0.02 to 20 nM, lipofection). Dots represent the mean of two
technical replicates from one biologically independent experiment. In
(e) S-6m was added, whereas in (f) the unmodified S-6 was used. For
each concentration, CV50 differences between S-6m and S-6 were
analysed using multiple t-tests with FDR multiple comparisons control.
Details about reproducibility and statistical analysis are given for all
experiments in the Methods section.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202204556 (4 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



an siRNA, which we modified with an alkyne-bearing dT at
3’-end (S-6m-sense).[22] For synthetic simplicity, we inserted
the alkyne-bearing dT units at the 2nd position at the 3’-ends.
After the click-reaction with the azido-modified peptide, the
peptide-siRNA S-6m-P-sense was rinsed through a size
exclusion column to remove residual Cu-salts and was then
purified by HPLC. MALDI-TOF analysis confirmed the
successful synthesis of the peptide-siRNA conjugate. The so
prepared S-6m-P-sense strand was finally hybridized to the
corresponding S-6m-antisense strand to furnish the peptide-
modified siRNA chimera S-6m-P.

In a pilot experiment, we analysed peptide-mediated
uptake of the siRNA into Caco-2 cells, which endogenously
express the virus entry receptor hACE2, using Alexa647-
labelled S-6m and S-6m-P. We investigated the cellular
uptake of the siRNAs by confocal microscopy, which allows
the recording of z-stacks to assess whether the siRNA has
been taken up by the cells or is bound to the cell surface.
We indeed observed uptake of the siRNA into Caco-2 cells
and, importantly, this uptake was dependent on the con-
jugation to the peptide (Figure 3b). However, the micro-
scopy analyses also revealed that the peptide-mediated

siRNA uptake into cells was in this assay considerably less
efficient compared to the lipofection-based delivery.

Next, we explored whether the peptide modified siRNA
(S-6m-P) can prevent SARS-CoV-2 replication in the Epi-
AirwayTM microtissues. For this experiment, we pre-treated
the human 3D lung microtissues with siRNA S-6m-P
(300 nM, 24 h pre-treatment basal and apical, no transfection
reagent). RDV was again used as an antiviral positive
control (10 μM, 2 h pre-treatment). Untreated microtissue
served as an additional negative control (Figure 3c, Input).
Microtissues were subsequently challenged with SARS-
CoV-2, followed by apical washes to remove input virus.
Thereafter, post-wash samples were taken (Figure 3c, Post-
Wash) and microtissues were subsequently cultivated for
three additional days. Afterwards, viral replication was
quantified by RT-qPCR, both in the apical wash of the
intact microtissues (Harvest) and in lysates of dispersed
tissue (Tissue). In addition, we also quantified cell-associ-
ated levels of several SARS-CoV-2 transcripts. These viral
transcripts (sgmRNAs, Figure 3d) are synthesized in produc-
tively infected cells to express the viral nucleocapsid (N), as
well as the spike (S), membrane (M), and envelope (E)
proteins. These sgmRNAs can be distinguished in the RT-

Figure 3. RBD-peptide siRNA conjugates suppress SARS-CoV-2 infection in human 3D lung microtissues. a) Depiction of the S-6m-P-sense strand
synthesis using click-chemistry. b) hACE2-peptide-dependent delivery of S-6m-P-Alexa647 compared to S-6m-Alexa647 (900 nM each, no transfection
reagent) into human Caco-2 cells. Lipofection of S-6m-Alexa647 (20 nM) served as a positive control. Scale bar: 25 μm. c), d) Ct values of SARS-CoV-
2 RT-qPCR in 3D lung microtissues 72 h after virus challenge (SARS-CoV-2 B1.177 stock) are shown. Tissues were pre-treated with either S-6m-P
siRNA (300 nM, no transfection reagent) or RDV (10 μM) or left untreated before virus challenge. Dots represent mean, error bars represent SEM.
Two-way ANOVA combined with Dunnett’s multiple comparisons test was performed. c) RT-qPCR on S gene of SARS-CoV-2. d) RT-qPCR on viral
intracellular sgmRNAs in harvested tissue, GAPDH served as a reference. e), f) SARS-CoV-2 RNA FISH analysis of 3D lung microtissues, either
pre-treated with S-6m-P (300 nM, no transfection reagent) or RDV (10 μM) or left untreated, following SARS-CoV-2 infection (stock B1.177).
e) Representative microscopic images 72 h p.i., scale bars: 60 μm. F) Quantitative analysis of e). Nested one-way ANOVA combined with Dunnett’s
multiple comparisons test was performed. g) Histopathological analysis of S-6m-P (300 nM, no transfection reagent), RDV-pre-treated (10 μM) or
untreated 3D lung microtissues 72 h post SARS-CoV-2 infection to quantify apoptosis of epithelial cells. Bar represents mean, error bars represent
SD. Ordinary one-way ANOVA combined with Dunnett’s multiple comparisons test. Representative images are displayed, scale bar is 30 μm,
arrows indicate apoptotic cells. c), d), f), g) *padj-value<0.05, **padj-value <0.01, ***padj-value<0.001, ****padj-value<0.0001. Details about
reproducibility and statistical analysis are given for all experiments in the Methods section.
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qPCR from the viral genomic RNA by the presence of the
5’-leader sequence, which is attached to every viral tran-
script, but only present once at the very 5’-end of the viral
genomic RNA. We observed an siRNA-peptide chimera-
mediated inhibitory effect on SARS-CoV-2, which was
comparable to the small molecule inhibitor RDV. Pre-
treatment with S-6m-P provided a �25-fold reduction of the
virus load in the apical wash and �80-fold reduction of cell-
associated SARS-CoV-2 total RNA levels (Figure 3c and
Figure S4c, d). Moreover, S-6m-P efficiently repressed the
levels of all four viral transcripts investigated in a range
from 130- to 400-fold reduction (Figure 3d and Figure S4e,
f).

Next, we performed RNA-fluorescence in situ-hybrid-
ization (RNA FISH) to further quantify SARS-CoV-2-
positive cells in infected lung microtissues. This allowed us
to confirm the protective effect of our peptide-conjugated
siRNA. In this experiment, we also observed a significant
reduction of the number of infected cells after pre-treatment
with S-6m-P (Figure 3e, f and Figure S4g). Importantly, we
detected virus-induced apoptotic cell death in untreated
SARS-CoV-2-infected tissues, but not after pre-treatment
with S-6m-P or RDV (Figure 3g, Figure S4h). These data
fully support the protective effect of S-6m-P.

However, we noted that despite the siRNA treatment of
the lung microtissue, genetic viral material was still detect-
able in the supernatant by RT-qPCR (Figure 3c). To
characterize this further, we re-investigated the virus titra-
tion experiments with the siRNA S-6m and lipofectamine
transfection. In these experiments, we noted the same
discrepancy. While the cell viability data indicated a
complete suppression of virus replication at 72 h post
infection (Figure 4a), residual virus material was, in contrast,
still detectable by RT-qPCR (Figure 4b) with only minor Ct

value differences between S-6m- and Ctrl.-10-pre-treated
cells. To exclude a primer-specific artefact, we performed
additional PCR quantification with RdRp, E and M gene-
targeted primers and observed that the impact of S-6m was
in fact strongest for the S gene (Figure 4c). Based on these
results, we hypothesized that the application of S-6m induced
a highly specific viral RNA degradation, limited to the
siRNA-targeting region. We reasoned that this might result
in secretion of defective particles that lack the S protein and
are thus non-infectious. To test this hypothesis, we
performed a supernatant transfer experiment, in which the
culture supernatant of siRNA-pre-treated SARS-CoV-2-
infected A549-hACE2 cells was used to challenge MDA-
MB-231-hACE2 cells (Figure 4d). We compared the effects
of pre-treatment of A549-hACE2 cells with either siRNAs
R-2, S-6m or an equimolar combination thereof, relative to
Ctrl.-10. We found that while Ctrl.-10-treated A549-hACE2
supernatants induced a titratable cytopathic effect on MDA-
MB-231-hACE2 cells, supernatants of R-2-, S-6m- and in
particular R-2+S-6m-treated A549-hACE2 cells did not
show evidence for a productive SARS-CoV-2 infection with
release of infectious virions (Figure 4e). These data suggest
that the PCR-based analysis of the antiviral effect indeed
underestimates the antiviral impact of the applied siRNAs.

This result is of importance for future antiviral siRNA
developments.

Conclusion

In summary, the data presented here show that chemically
modified and stabilized siRNAs offer a superb potential to
develop antiviral therapies. A particular strength of the
concept is its flexibility to rapidly adapt the siRNA
sequences to newly arising mutants. Since the Omicron VoC
(BA.1), similar to the Alpha and Beta VoCs, carries no
mutation in the RNA regions targeted in this study, we
expect that the here reported siRNA sequences will be
active on such variants as well.

In contrast to small molecule-based approaches, the
siRNA-based approach allows targeting of multiple viral
sites at once, reducing the risk of escape variants. Further-
more, our study shows that fully-modified siRNAs are not
efficient in blocking virus replication. All the siRNAs that
are in clinical use as of today target cellular genes that, in
contrast to viruses, do not underlie a constant evolutionary
pressure. Our data show that siRNAs can in principle be
used to effectively suppress genetically rapidly evolving viral
RNAs. Of note, our siRNA approach resulted in a stronger
protective effect on virus-induced cytotoxicity than on
suppression of viral RNA species. Our data indicate that a
partial 2’-OMe-modification is the ideal compromise for

Figure 4. Effects of siRNA treatment on SARS-CoV-2 replication.
a) Viability of SARS-CoV-2 (stock B1.177) challenged A549-hACE2 cells
72 h post infection. Dots represent mean of two technical replicates
from one representative experiment. b) SARS-CoV-2 RT-qPCR to
monitor SARS-CoV-2 RNA that was released into the supernatant of the
infected A549-hACE2 cells displayed in (a). c) Comparison of the ΔCt

values including trend lines for RT-qPCR on different SARS-CoV-2
coding regions. The same sample as in (b) was analysed. d) Schematic
overview of transfer experiment to assess infectious virus titer in the
supernatant of siRNA-pretreated, infected A549-hACE2 cells. An
inoculum of 25 μL of B1.177 was used. e) Viability of MDA-MB-231-
hACE2 cells exposed to supernatants of A549-hACE2 cells that had
been pre-treated with either R-2 or S-6m or a combination thereof or
with Ctrl.-10 prior to SARS-CoV-2 challenge.
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high siRNA stability and strong antiviral activity. Finally,
click-chemistry can be applied to modify the siRNA further,
e.g. with receptor ligands such as peptides. This may allow
the generation of potent antiviral siRNAs that can be used
for cell type-specific targeting. The future challenge is to
identify high-affinity receptor ligands that facilitate optimal
siRNA internalization. Collectively, this study demonstrates
that ligand-coupled, optimized siRNA-based therapeutics
can be generated that efficiently restrict the infection by
RNA viruses. For the treatment of patients with COVID-19
inhalation of siRNA-peptide conjugates may be a viable
strategy.
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