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Nanobodies are emerging as critical tools for drug design.
Several have been recently created to serve as inhibitors of se-
vere acute respiratory syndrome coronavirus s (SARS-CoV-2)
entry in the host cell by targeting surface-exposed spike pro-
tein. Here we have established a pipeline that instead targets
highly conserved viral proteins made only after viral entry
into the host cell when the SARS-CoV-2 RNA-based genome
is translated. As proof of principle, we designed nanobodies
against the SARS-CoV-2 non-structural protein (Nsp)9, which
is required for viral genome replication. One of these anti-
Nsp9 nanobodies, 2NSP23, previously characterized using im-
munoassays and nuclear magnetic resonance spectroscopy
for epitope mapping, was expressed and found to block
SARS-CoV-2 replication specifically. We next encapsulated
2NSP23 nanobody into lipid nanoparticles (LNPs) as
mRNA. We show that this nanobody, hereby referred to as
LNP-mRNA-2NSP23, is internalized and translated in cells
and suppresses multiple SARS-CoV-2 variants, as seen by
qPCR and RNA deep sequencing. These results are corrobo-
rated in three-dimensional reconstituted human epithelium
kept at air-liquid interface to mimic the outer surface of
lung tissue. These observations indicate that LNP-mRNA-
2NSP23 is internalized and, after translation, it inhibits viral
replication by targeting Nsp9 in living cells. We speculate
that LNP-mRNA-2NSP23 may be translated into an innova-
tive strategy to generate novel antiviral drugs highly efficient
across coronaviruses.

INTRODUCTION
Coronaviruses that infect humans (HCoV) can be classified based on
their pathogenicity into seasonal and highly pathogenic viruses. Sea-
sonal viruses including HCoV-229E,1 HCoV-OC43,2 HCoV-NL63,3

and HCoV-HKU1,4 induce mild upper respiratory tract symptoms
responsible for up to 30% of common colds in adults but in infants,
the elderly, and immunocompromised individuals, can cause a severe
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lower respiratory tract disease.5,6 The second category comprises
severe acute respiratory syndrome virus (SARS)-CoV and SARS-
CoV-2, as well as Middle East respiratory syndrome (MERS)-CoV,
which can rapidly spread from the upper respiratory epithelial cells,
infect the lower respiratory tract and induce severe diseases.7 These
viruses can cause epidemics and global pandemics such as coronavi-
rus disease 2019 (COVID-19).8,9 Coronaviruses, similarly to other vi-
ruses, have the potential to mutate and recombine to generate new
variants that could escape currently available vaccines. It is, thus, of
utmost importance to develop novel antiviral molecules targeting
conserved processes of coronavirus replication, such as the conserved
replication-transcription complex (RTC). The precise strategy used
by coronaviruses to effectively replicate their large genome is not fully
understood,10,11 but the stability and proper organization of all com-
ponents of coronaviruses-encoded RTC, including the RNA-depen-
dent RNA polymerase and associated factors, play crucial roles in
viral mRNAs synthesis from their RNA templates.10,12 Structural
snapshots of the SARS-CoV-2 RTC have been reported at atomic res-
olution. The mini RTC complex is assembled by several non-struc-
tural proteins (Nsp) including Nsp7-2xNsp8-Nsp12-2xNsp13 and
the RNA-binding protein, Nsp9, necessary for RTC function.13

Although Nsp9 has a strong tendency to oligomerize,14–17 within
the RTC, it is primarily a monomer.18 Previous evidence linking
Nsp9 dimerization and viral propagation19–21 is well explained by
the coincidence of all Nsp9 dimerization interface residues with its
py: Nucleic Acids Vol. 35 September 2024 ª 2024 The Author(s).
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Figure 1. Anti-NSP9 nanobody specifically reduces

SARS-CoV-2 replication

(A) Western blot analysis of stable cell lines expressing

either anti-NSP9 (2NSP23) nanobody or aActin nanobody.

Purified 2NSP23-6XHis nanobodywas loaded as a positive

control. Dox, doxycycline (Figure S2 for source images). (B)

SARS-CoV-2 relative E gene expression in HEK293-ACE2

expressing either anti-NSP9 (2NSP23) or aActin nanobody

(Table S1 for source file). Bars represent mean with error

bars representing SD. ****p<0.0001. (C) SARS-CoV-2

relative E gene expression in Huh-7.5 expressing either

anti-NSP9 (2NSP23) or aActin nanobody (Table S2 for

source file). Bars represent mean with error bars

representing SD. ****p<0.0001.
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binding contacts in the catalytic center of the RNA-dependent RNA
polymerase Nsp12.18 Even the higher affinity for single-stranded
RNA of Nsp9 dimers compared with monomers21,22 did not support
a functional homodimeric state because of the relative weakness of the
binding,23 suggesting the occurrence of a replication complex20 well
ahead the actual observation. Due to its unique role in viral RNA tran-
scription, the Nsp9 protein could, therefore, serve as a compelling
target for inhibiting coronavirus replication.

Several nanobodies have been generated against the surface-exposed
spike protein to primarily block viral entry in the host cell.24–28

However, given the frequency of mutations that affect spike, the ef-
ficiency of these nanobodies as potential antivirals is questionable.
We, therefore, reasoned that the conserved Nsp9 would be a more
efficient target to design novel compounds that robustly inhibit
SARS-CoV-2 replication with the potential to work as pan-corona-
virus antivirals. We generated 136 unique nanobodies against Nsp9
and the most promising ones, namely 2NSP23 and 2NSP90, were
expressed, purified, and characterized.14,15 The results from immu-
noassays show that these nanobodies effectively and specifically
recognize viral Nsp9 in saliva samples from COVID-19 patients.
Nuclear magnetic resonance (NMR) analysis and molecular dy-
namics simulations identified the epitopes on the wild-type Nsp9
protein recognized by the anti-NSP9 nanobodies and revealed that
nanobody treatment leads to predominant non-functional tetra-
meric assembly of Nsp9.14,15

In the present study, we therefore investigated whether the 2NSP23
nanobody either stably expressed in cells or as an mRNA encapsu-
lated into LNPs specifically inhibits SARS-CoV-2 replication in in-
fected cells. LNPs containing mRNA coding for 2NSP23 nanobody,
hereby referred to as LNP-mRNA-2NSP23, are internalized into cells
where they are translated. Using a combination of techniques, we
show that LNP-mRNA-2NSP23 protects cells and suppresses replica-
tion of several SARS-CoV-2 variants. Since nanobody 2NSP23 specif-
ically binds to viral Nsp9,15 these observations strongly suggest that,
2 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
upon translation, the nanobody 2NSP23 in-
hibits viral replication by targeting Nsp9 in
living cells. Given the conservation of Nsp9
across coronaviruses, we speculate that LNP-mRNA-2NSP23 or
similar anti-NSP9 nanobody may be translated into an innovative
technology to generate a pan-coronavirus antiviral drug.

RESULTS
Cellular expression of anti-Nsp9 2NSP23 nanobody specifically

inhibits SARS-CoV-2 replication

To test whether 2NSP23 nanobody could affect the replication of
SARS-CoV-2, we prepared the stable human embryonic kidney cell
(HEK)293-ACE2 and Huh-7.5 cell lines with doxycycline-inducible
expression of 2NSP23 nanobody fused to 6xHis tag. As a negative
control, we prepared HEK293-ACE2 and Huh-7.5 cells expressing
commercially available anti-actin (aActin) nanobody fused with a
V5 tag.29,30 We tested the expression of both nanobodies in these cells
by western blot and showed that each nanobody is specifically ex-
pressed in each cell line and both of them have functional nano-
body-specific VHH domains (Figure 1A). Next, we infected both
cell lines with the SARS-CoV-2 virus and measured the expression
of SARS-CoV-2 E gene expression 16 h after infection. In both cases,
expression of nanobody 2NSP23 significantly reduced SARS-CoV-2
viral replication as evidenced by RT-qPCR quantification of E gene
expression in comparison with aActin nanobody (Figures 1B and 1C).

Taken together, these results indicate that targeting SARS-CoV-2
NSP9 by expressing a specific nanobody 2NSP23 impairs SARS-
CoV-2 replication.

The anti-Nsp9 2NSP23 nanobody mRNA is delivered as an LNP

and expressed in human cells

We next tested an mRNA encapsulated into LNPs (mRNA-LNP)
strategy31,32 as an alternative method for delivery of nanobody-en-
coding molecules inside the cells. The mRNA-LNP is now accepted
as a therapeutic platform after its successful use in SARS-CoV-2
mRNA vaccine designs,33 and we hypothesize that this technology
could also overcome the challenge of nanobody uptake into cells.
We thus prepared mRNA molecules encoding a nanobody against
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Figure 2. Testing of LNP-mRNA internalization and translation into a functional protein

(A) Experimental pipeline of LNP-mRNA treatment and readouts done for the HEK293T cells. (B) Quantification of tdTomato red signal intensity by the Incucyte at 16 h post-

treatment with different dilutions of LNP-mRNA-tdTomato (Table S3 for source file). Bars represent mean with error bars representing SD. (C) Representative images of

tdTomato expression by the Incucyte at 16 h post-treatment with LNP-mRNA-tdTomato S56 1:50. (D) Immunofluorescent staining of the anti-NSP9 nanobody at 16 h post-

treatment with LNP-mRNA-2NSP23 S53 1:50 and S55 1:50.
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SARS-CoV-2 NSP9 protein by in vitro transcription, which were
encapsulated into LNPs by nano-assembly microfluidic mixing tech-
nology, as previously described.34,35 This preparation is referred to as
“LNP-mRNA-2NSP23.” We used LNP encapsulating tdTomato
mRNA as a negative control, allowing fluorescent monitoring of the
efficiency of LNP-mRNA uptake by cells and subsequent translation
into a functional protein. Subsequently, HEK293T cells were treated
with LNP-mRNA-tdTomato or LNP-mRNA-2NSP23 for 24 h and
monitored with the Incucyte live-imaging technology or fluorescent
microscope upon immunostaining, respectively (Figure 2A). To test
the optimal dilution of LNP-mRNAs for successful cellular uptake
and translation, dilutions (1:25 to 1:300) from a stock concentration
of 200 ng/mL mRNA. LNP-mRNA-tdTomato was used and the red
fluorescent signal of tdTomato protein was analyzed 16 h after treat-
ment (Figure 2B). We observed an increasing number of tdTomato-
positive HEK293T cells with a peak at 4 ng/mL mRNA concentration
(Figure 2B) with variable expression intensity of the tdTomato
protein (Figure 2C). For LNP-mRNA-2NSP23, we tested two
different batches (S53 and S55) both at 4 ng/mL mRNA concentration
for 16 h on HEK293T cells, and stained the nanobody proteins
using an Alexa Flour 488-conjugated anti-alpaca VHH antibody
(Figure 2D). We observed batch-to-batch variability, but both
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 3

http://www.moleculartherapy.org


CB

A

ED

F

SA
R

S-
C

oV
-2

-m
N

eo
nG

re
en

td
To

m
at

o
2N

SP
23

0
LNP-mRNA (ng/μl)

0.29 1.48 2.97 14.86 29.73

G

Hu
-1

Alp
ha

De
lta Mu

Om
icr
on

0

1

2

3

R
el
at
iv
e
SA

RS
-C
oV

-2
E
ge
ne

ex
pr
es
si
on

LNP-mRNA-tdTomato
LNP-mRNA-2NSP23

0.1 1 10 100
0

20

40

60

80

100

120

LNP-mRNA-2NSP23 (ng/ l)

SA
R
S-
Co

V-
2
Re

pl
ic
at
io
n

(%
)

C
el
lv
ia
bi
lit
y
(%

)

0.1 1 10 100
0

20

40

60

80

100

120

LNP-mRNA-tdTomato (ng/ l)

SA
R
S-
Co

V-
2
Re

pl
ic
at
io
n

(%
)

C
el
lv
ia
bi
lit
y
(%

)

CC50 value > 30 ng/μl

CC50 value > 30ng/μl
EC50 value > 30 ng/μl

EC50 value = 1.7923 ng/μl

0

1×104

2×104

3×104

4×104

5×104

LNP-mRNA-2NSP23 (ng/ l)

R
el
at
iv
e
SA

RS
-C
oV

-2
-n
Lu

c
ex
pr
es
si
on

HEK293T Ace2
Vero 6

0 0.2 0.4 0.8

(legend on next page)

Molecular Therapy: Nucleic Acids

4 Molecular Therapy: Nucleic Acids Vol. 35 September 2024



www.moleculartherapy.org
LNP-mRNA-2NSP23 were able to efficiently deliver the mRNA
translated into protein in HEK293T cells (Figure 2D).

We conclude that the LNP technology is a suitable delivery method
for cellular uptake of mRNA molecules encoding nanobodies and
can be used as a general strategy for intracellular targeting of Nsp9
in cells infected with SARS-CoV-2.

Intracellular LNP-mRNA-2NSP23 expression leads to SARS-

CoV-2 inhibition

Our initial experiments using lentiviral transduction showed that
HEK293-ACE2 or Huh-7.5 cells stably expressing 2NSP23 nano-
body exhibit less SARS-CoV-2 replication compared with control
cells. To evaluate the ability of our LNP-mRNA-2NSP23 nanobody
to affect viral replication, we established a pipeline with different
live infectious coronaviruses (Figure 3A). VeroE6 cells treated
with serial dilutions of LNP-mRNA-2NSP23 or LNP-mRNA-
tdTomato were subsequently infected by an infectious recombinant
clone (icSARS-CoV-2) that expresses the mNeonGreen as a re-
porter.36 The results showed that treatment with LNP-mRNA-
2NSP23 remarkably inhibited viral replication in a dose-dependent
manner without affecting the cell viability (Figures 3B, 3D, and 3E).
Using the variable slope model in GraphPad Prism software, we
calculated the concentration of LNP-mRNA-2NSP23 at which the
green fluorescence intensity, reflecting viral replication, is reduced
to half of its maximal value (EC50) and obtained 1.8 ng/mL of
mRNA encoding 2NSP23 nanobody while cell viability (cytotoxicity
concentration [ CC50] value > 30 ng/mL) is not affected by nano-
body expression in cells (Figure 3B), on par with previously ob-
tained results using the Food and Drug Administration/European
Medicines Agency-approved antiviral small molecule Remdesivir.37

In contrast, mRNA encoding tdTomato expression did not affect
viral replication (Figures 3C–3E), nor cell viability (cytotoxicity con-
centration – CC50 value > 30 ng/mL). We next used an independent
recombinant infectious SARS-CoV-2 clone, harboring the nano-
luciferase as a reporter marker.38 In two cell lines, VeroE6 and
HEK293-ACE2, we observed a dose-dependent decrease in relative
nano-luciferase values when cells were treated with LNP-mRNA-
2NSP23 targeting NSP9 protein (Figure 3F). Data are normalized
to cell viability to control for any inherent toxicity of LNP-mRNA
formulations.39
Figure 3. Inhibition of SARS-CoV-2 replication by LNP-mRNA-2NSP23

(A) Experimental pipeline for testing the LNP-mRNA effect on SARS-CoV-2 replication. (B

LNP-mRNA-2NSP23 were infected with SARS-CoV-2-mNeonGreen, and green fluor

source file). (C) Vero E6 cells treated with serial dilution (29.7, 14.86, 2.97, 1.48, and 0.

and green fluorescence and cell viability were quantified using Incucyte S3 imaging (Table

green color corresponds with the SARS-CoV-2-mNeonGreen-positive cells. The grad

tdTomato (red), respectively. (E) 16-color LUT transformation of the green channel (sub

SARS-CoV-2-mNeonGreen infected cells treated with 29.73 ng/mL of LNP-mRNAs in Fi

or HEK293-ACE2 (red) treated with the indicated concentration of LNP-mRNA-2NSP2

quantified 24 h pi. Nano-luciferase values are normalized using control cells treated wit

bars representing SD. (G) HEK293-ACE2 cells treated with either 0.4 ng/mL of LNP-mRN

strains. The SARS-CoV-2 E gene expression was quantified by qPCR and normalized

represent mean with error bars representing SD. ***p<0.001, ****p<0.0001.
To find out whether LNP-mRNA-2NSP23 treatment inhibits replica-
tion of different SARS-CoV-2 variants, HEK293-ACE2 cells treated
with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato, respectively,
were infected with the wild-type SARS-CoV-2 Hu-1 and SARS-
CoV-2 variants Alpha, Delta, Mu and Omicron. RT-qPCR analysis
of viral E gene expression shows that LNP-mRNA-2NSP23 (mRNA
concentration = 0.4 ng/mL) was able to significantly abrogate viral
replication of all variants in comparison to LNP-mRNA-tdTomato
treated samples (Figure 3G).

Taken altogether, these results indicate that mRNAmolecules encod-
ing the 2NSP23 nanobody are delivered into cells and are translated
into fully functional nanobodies that target SARS-CoV-2 Nsp9 and
inhibit viral replication.

2NSP23 nanobody treatment rescues transcriptional changes

induced by SARS-CoV-2 infection

While facilitating viral replication by contributing to RTC assembly,
SARS-CoV-2 Nsps, including Nsp9 and Nsp14, directly affect the
host cell transcriptome.40 In this way, SARS-CoV-2 has a direct effect
on the transcriptional profile of infected cells.41–44 We, therefore,
tested whether treatment of HEK293T-ACE2 cells with the 2NSP23
nanobody rescues changes in host cell gene expression due to
SARS-CoV-2 infection. Cells treated with LNP-mRNA-2NSP23 or
LNP-mRNA-tdTomato were infected with SARS-CoV-2 variants
Alpha, Delta, Omicron, and Mu, and total RNA was isolated from
all samples and subjected to deep RNA sequencing (RNA-seq). The
sequencing reads were then aligned to human and SARS-CoV-2 ge-
nomes to measure the overall contribution of SARS-CoV-2 reads to
total reads (Figure 4A). As expected, non-infected cells (NCs) did
not contain any SARS-CoV-2 RNA reads, while in infected cells
SARS-CoV-2 reads contributed to approximately 25%–50% of total
reads, depending on the SARS-CoV-2 variant in control LNP-
mRNA-tdTomato-treated cells. In contrast, LNP-mRNA-2NSP23
treatment significantly decreased the SARS-CoV-2 reads contribution
to the total reads ratio in all variants, further confirming that SARS-
CoV-2 RNA replication is inhibited upon nanobody treatment. Next,
we performed hierarchical clustering based on the similarity of all
SARS-CoV-2-positive and -negative samples treated with either
LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato (Figure 4B). We
found that all LNP-mRNA-2NSP23-treated samples, regardless of
) Vero E6 cells treated with serial dilution (29.7, 14.86, 2.97, 1.48, and 0.29 ng/mL) of

escence and cell viability were quantified using Incucyte S3 imaging (Table S4 for

29 ng/mL) of LNP-mRNA-tdTomato were infected with SARS-CoV-2-mNeonGreen,

S5 for source file). (D) Representative images from Incucyte S3 imaging system. The

ual yellow color indicates a concomitant expression of mNeonGreen (green) and

tracting the signal from tdTomato) of the same Innucyte S3 Image showing only the

gure 3D. The red color represents the SARS-CoV-2 positive cells. (F) Vero E6 (green)

3 were infected with a SARS-CoV-2-nLuc viral strain and luciferase expression was

h LNP-mRNA-2tdTomato (Table S6 for source file). Dots represent mean with error

A-2NSP23 or LNP-mRNA-tdTomato were infected with indicated SARS-CoV-2 viral

to the control LNP-mRNA-tdTomato treated cells (Table S7 for source file). Bars
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Figure 4. Nanobody treatment leads to a specific differential gene expression and suppression of SARS-CoV-2 replication

(A) Overall alignment of sequencing reads to SARS-CoV-2 and human genomes in samples treated with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato in non-infected or

SARS-CoV-2-infected cells. Bars represent mean with error bars representing SD. **p < 0.01, ***p<0.001, ns (not significant). (B) A heatmap representation of the distance

matrix clustering based on similarity between all experimental samples. (C) A heatmap representation of the distance matrix clustering based on similarity between non-

infected (NC) and SARS-CoV-2 Alpha variant-infected (Alpha) cells treated either with LNP-mRNA-2NSP23 (NSP) or LNP-mRNA-tdTomato (Tom). (D) Principal component

analysis plot of non-infected and SARS-CoV-2 Alpha variant-infected cells treated either with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato. (E) MA plot showing differential

gene expression between SARS-CoV-2 infected (AlphaTom) and non-infected (NCTom) cells treated with LNP-mRNA-tdTomato. Each red dot represents a single DEGwith

up-regulated genes in the upper part of the MA lot and down-regulated genes in lower part of the MA plot. (F) MA plot showing differential gene expression between SARS-

CoV-2 infected (AlphaNSP) and non-infected (NCNSP) cells treated with LNP-mRNA-2NSP23. Each red dot represents a single DEG with up-regulated genes in the upper

part of the MA lot and down-regulated genes in lower part of the MA plot. (G) MA plot showing differential gene expression between SARS-CoV-2 infected cells treated with

LNP-mRNA-2NSP23 (AlphaNSP) or control LNP-mRNA-tdTomato (AlphaTom). Each red dot represents a single DEGwith up-regulated genes in the upper part of theMA lot

and down-regulated genes in lower part of the MA plot. (H) MA plot showing differential gene expression between NCs treated with LNP-mRNA-2NSP23 (NCNSP) or treated

with LNP-mRNA-tdTomato (NCTom). Each red dot represents a single DEG with up-regulated genes in the upper part of the MA lot and down-regulated genes in lower part

of the MA plot.
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their infection status, randomly clustered, while LNP-mRNA-
tdTomato-treated samples were separated based on SARS-CoV-2
positivity, which indicates that LNP-mRNA-2NSP23 treatment
suppresses the transcriptional effect of SARS-CoV-2 infection (Fig-
ure 4B). The Alpha variant showed the greatest impact on transcrip-
tional profiling, with a clear separation between the SARS-CoV-2-in-
fected LNP-mRNA-tdTomato-treated cells in comparison with the
rest of the samples. Therefore, we next performed hierarchical clus-
tering of RNA reads obtained from NCs or SARS-CoV-2 Alpha
variant-infected cells (Alpha), which were simultaneously treated
with either LNP-mRNA-2NSP23 (NSP) or LNP-mRNA-tdTomato
(TOM) (Figure 4C). Interestingly, this clustering is not seen in the
principal component analysis, where samples are separated based
on the treatment and infection status (Figure 4D). However, even
here the variance between infected and non-infected samples in
LNP-mRNA-2NSP23-treated cells is lower than in LNP-mRNA-
tdTomato-treated cells. The big variance between LNP-mRNA-
2NSP23 and LNP-mRNA-tdTomato-treated cells suggests that the
expression of the 2NSP23 nanobody in cells causes a specific
transcriptional response in cells (Figure 4D). To understand these
differences, we performed pairwise comparisons between the
four conditions to identify differentially expressed genes (DEGs)
(Figures 4E–4H). The MA plots obtained from this analysis show sta-
tistically significant DEGs (in red), which are either up-regulated (up-
per part) or down-regulated (lower part) in the first condition in com-
parison with o the second condition. Figure 4E shows the effect of
SARS-CoV-2 infection on LNP-mRNA-tdTomato-treated cells with
2,862 up- and 2,668 down-regulated genes. In contrast, SARS-
CoV-2 infection has only a marginal effect on LNP-mRNA-2NSP23
treated cells with only 219 up- and 241 down-regulated genes (Fig-
ure 4F). The comparison between SARS-CoV-2-infected cells treated
with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato shows similar
pattern and number of DEGs (2,003 up- and 2,023 down-regulated),
as seen between infected and non-infected LNP-mRNA-tdTomato-
treated samples, suggesting that LNP-mRNA-2NSP23 expression in
the cells suppresses the transcriptional outcome of viral infection to
almost non-infected levels (Figure 4G). Finally, the comparison be-
tween the treatments in NCs shows the DEGs whose expression
directly depends on LNP-mRNA-2NSP23 treatment with 460 genes
to be up-regulated and 271 genes to be down-regulated (Figure 4H).
In conclusion, transcriptional profiling of SARS-CoV-2-infected cells
Figure 5. SARS-CoV-2 virus infection leads to differential gene expression of R

(A) Top 10 GO terms associated with “biological process,” “cellular component,” and

uninfected cells treated with LNP-mRNA-tdTomato (AlphaTom vs. NCTom) (Table S8

component” and “KEGG pathway” groups based on the analysis of only up-regulated

infected cells treated with LNP-mRNA-tdTomato (Table S9 for source file). (C) Top G

pathway” groups based on the analysis of only down-regulated genes in infected cells

LNP-mRNA-tdTomato (Table S10 for source file). (D) Venn diagram showing the numb

treated with LNP-mRNA-tdTomato (AlphaTom vs. NCTom) and SARS-CoV-2 infect

expression heatmap of normalized counts for each DEG between infected and uninfe

sample replicate (Table S11 for source file). (F) Gene expression heatmap of normalize

between infected and uninfected cells treated with LNP-mRNA-tdTomato (AlphaTom

expression heatmap of normalized counts for each DEG associated with GO term “Mito

(AlphaTom vs. NCTom) across each sample replicate. Data available as a Source data
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treated with either LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato
supports our previous results showing the specific role of anti-NSP9
nanobodies in the reduction of viral replication.

2NSP23 nanobody treatment rescues mitochondrial function

and activates antiviral immune response

During infection, SARS-CoV-2 hijacks the cellular transcription
machinery and suppresses mitochondria-dependent innate immune
response to produce viral proteins.45–48 We performed Gene
Ontology (GO) analyses of all DEGs between SARS-CoV-2 infected
and NCs treated with control LNP-mRNA-tdTomato and focused
on the top hits in “biological process,” “cellular component,” and
“Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway”
GO terms to identify the most affected cellular processes, compart-
ments, and pathways (Figure 5A). With almost no exceptions, the
majority of GO terms in all three categories are associated with
mitochondrial biogenesis and metabolism, as well as with the orga-
nization of chromatin structure and transcriptional regulation. To
examine whether the affected pathways are activated or suppressed,
we performed GO analysis on up-regulated or down-regulated genes
separately (Figures 5B and 5C). Here, the GO terms associated with
the regulation of transcription are heavily up-regulated (Figure 5B),
while GO terms associated with mitochondrial function and oxida-
tive phosphorylation are suppressed (Figure 5C), suggesting that
LNP-mRNA-tdTomato has no significant effect on the SARS-
CoV-2 virus, which fully hijacked cells for its replication and
spreading. As LNP-mRNA-2NSP23 treatment heavily decreased
the number of DEGs between SARS-CoV-2-infected cells and
NCs, we next studied whether SARS-CoV-2 affects the same biolog-
ical processes in nanobody-expressing cells. The comparison be-
tween the two datasets shows that the majority of DEGs observed
in LNP-mRNA-2NSP23-treated samples overlap with DEGs in
LNP-mRNA-tdTomato-treated samples upon SARS-CoV-2 infec-
tion (Figure 5D). We performed the same GO analysis for these
genes and found that both regulation of transcription and mito-
chondrial function are affected in LNP-mRNA-2NSP23-treated
samples, but to a significantly lower extent (Figures S1A–S1C;
Tables S22–S24). To see how nanobody treatment affects the
expression of individual genes, we took all DEGs between SARS-
CoV-2-infected cells and NCs treated with LNP-mRNA-tdTomato
and plotted normalized read counts for each gene and each
NA Polymerase II transcription-regulatory genes and mitochondrial genes

“KEGG pathway” groups based on the analysis of all DEGs between infected and

for source file). (B) Top GO terms associated with “biological process,” “cellular

genes in infected cells treated with LNP-mRNA-tdTomato in comparison with un-

O terms associated with “biological process,” “cellular component,” and “KEGG

treated with LNP-mRNA-tdTomato in comparison with uninfected cells treated with

er of specific and common genes that are DE upon SARS-CoV-2 infection in cells

ion in cells treated with LNP-mRNA-2NSP23 (AlphaNSP vs. NCNSP). (E) Gene

cted cells treated with LNP-mRNA-tdTomato (AlphaTom vs. NCTom) across each

d counts for each DEG associated with GO term “Regulation of Pol II transcription”

vs. NCTom) across each sample replicate (Table S12 for source file). (G) Gene

chondria” between infected and uninfected cells treated with LNP-mRNA-tdTomato

file (Table S13 for source file).



Biological Process Cellular Component KEGG Pathway

U
pr

eg
ul

at
ed

ge
ne

s
Al

l D
E 

ge
ne

s

All DE genes

246 485 3541

NCNSP vs NCTom

AlphaNSP vs AlphaTom

21 45 29

Defense response to virus

Innate immune response

Intersection

Defense response to virus
specific

Innate immune response
specific

A

B

C

D

E

F

G

H

NCTom_0
1

NCTom_0
2

NCTom_0
3

NCNSP_0
1

NCNSP_0
2

NCNSP_0
3

AlphaT
om_0

1

AlphaT
om_0

2

AlphaT
om_0

3

AlphaN
SP_0

1

AlphaN
SP_0

2

AlphaN
SP_0

3

IFI44L
IFNB1
GBP1
IFIT1

ISG15
RTP4

IFITM1
GBP3

IFITM3
PLSCR1

STAT1
IRF9

STAT2
IRF1

NT5C3A
IFITM2

IRF2
MOV10

PMAIP1
BNIP3

AZI2

-0.5

0

0.5

NCTom_0
1

NCTom_0
2

NCTom_0
3

NCNSP_0
1

NCNSP_0
2

NCNSP_0
3

AlphaT
om_0

1

AlphaT
om_0

2

AlphaT
om_0

3

AlphaN
SP_0

1

AlphaN
SP_0

2

AlphaN
SP_0

3

-1.0
-0.5
0
0.5

NCTom_0
1

NCTom_0
2

NCTom_0
3

NCNSP_0
1

NCNSP_0
2

NCNSP_0
3

AlphaT
om_0

1

AlphaT
om_0

2

AlphaT
om_0

3

AlphaN
SP_0

1

AlphaN
SP_0

2

AlphaN
SP_0

3

APOL1
SLC15A3

IFI35
FGR

TRIM21
HLA-C

SERPING1
TRIM14

B2M
CSF1

HLA-B
B2M

TLR1
TRIM38
HLA-E
HLA-C

AXL
NOD2

HLA-E
STYK1
TRIM6

TRIM26
RELB

C1R
OPTN

C1orf106
NOD1

N4BP1
TRIM35

-0.5

0

0.5

NCdTom_0
1

NCdTom_0
2

NCdTom_0
3

NCaN
SP_0

1

NCaN
SP_0

2

NCaN
SP_0

3

UKdTom_0
1

UKdTom_0
2

UKdTom_0
3

UKaN
SP_0

1

UKaN
SP_0

2

UKaN
SP_0

3

RSAD2
OAS1
OAS2
IFI16
MX2

IFNL1
IFIH1
IFIT2
IFIT3

IFNL3
IFI27

OASL
IFI27

IFNL2
TRIM22

OAS3
BST2

DDX60
TLR3

DHX58
IFI6

DDX58
C19orf66

NLRC5
MX1

PARP9
DTX3L
HERC5
ISG20

IRF7
IFIT5
PML

TRIM5
ZC3HAV1
EIF2AK2

APOBEC3G
TRIM25
ZNFX1

SAMHD1
ADAR

UNC93B1
TRIM56

APOBEC3F
MYD88

APOBEC3D

-1.0
-0.5
0
0.5

Figure 6. Nanobody treatment induces changes in gene expression related to the host antiviral immune response regardless of the SARS-CoV-2 infection

(A) Top 10 GO terms associated with “biological process,” “cellular component,” and “KEGG pathway” groups based on the analysis of all DEGs between NCs treated either

with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato (NCNSP vs. NCTom) (Table S14 for source file). (B) Top GO terms associated with “biological process,” “cellular

component,” and “KEGG pathway” groups based on the analysis of all up-regulated genes in NCs treated with LNP-mRNA-2NSP23 in comparison to NCs treated with LNP-

mRNA-tdTomato (Table S15 for source file). (C) Venn diagram showing the number of specific and common genes which are DE in LNP-mRNA-2NSP23 treated NCs in

(legend continued on next page)
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experimental condition in descending order in the form of a heat-
map (Figures 5E–5G). The results show that SARS-CoV-2 infection
has a prominent effect on expression profiles in LNP-mRNA-
tdTomato-treated cells, while treatment with LNP-mRNA-2NSP23
reduces not only the number of DEGs but also the level of expres-
sion of those genes which are significantly changed (Figure 5E). This
can be seen more profoundly in selected groups of genes related to
the regulation of transcription (Figure 5F) and mitochondrial func-
tion (Figure 5G) where nanobody treatment suppresses the effect of
SARS-CoV-2 infection on the transcriptional profile of cells. We,
therefore, conclude that intracellular expression of 2NSP23 nano-
body heavily rescues host cell gene expression programs that are
otherwise dysregulated upon SARS-CoV-2 infection.

Next, we explored the pathways directly affected by 2NSP23 nano-
body expression. The GO analysis of all DEGs between LNP-
mRNA-2NSP23- and LNP-mRNA-tdTomato-treated NCs revealed
multiple biological processes pertinent to antiviral immune
response to be over-represented, including defense response to vi-
rus, negative regulation of viral genome replication, and innate im-
mune response, as well as several KEGG pathways associated with
virus infection (Figure 6A). To see whether these processes are
activated or suppressed in these cells, we performed a GO analysis
of up-regulated and down-regulated genes separately. As the ma-
jority of DEGs between LNP-mRNA-2NSP23- and LNP-mRNA-
tdTomato-treated cells are up-regulated, we did not get any signif-
icant GO terms for down-regulated genes and GO terms associated
with only up-regulated genes copies the patterns seen in global DE
analysis (Figure 6B). This indicates that introducing nanobodies
into cells triggers the host immune response even before SARS-
CoV-2 infection. To test whether immune system activation by
nanobody treatment is persistent even after SARS-CoV-2 infec-
tion, we compared the DEGs between LNP-mRNA-2NSP23 and
LNP-mRNA-tdTomato treatments in non-infected versus SARS-
CoV-2 infected cells. We found that LNP-mRNA-2NSP23 treat-
ment causes a very specific cellular response which is maintained
and even strengthened upon virus infection (Figures 6C and
6D). Finally, to understand how the nanobody may activate an
immune response, we compared the DEGs in the two most signif-
icant GO terms “defense response to virus” and “innate immune
response” (Figure 6E) and plotted expression profiles of every sin-
gle gene based on their specificity and expression pattern to com-
mon genes found in both groups (Figure 6F), genes found only in
“defense response to virus” group (Figure 6G) and “innate im-
mune response” specific group of genes (Figure 6H). While there
comparison to LNP-mRNA-tdTomato uninfected cells (NCNSP vs. NCTom), and LNP-

infected cells treated with LNP-mRNA-tdTomato (AlphaNSP vs. AlphaTom). (D) Gene exp

and LNP-mRNA-tdTomato-treated NCs (NCNSP vs. NCTom) across each sample repl

associated with GO terms “Defense response to virus” and “Innate immune respons

expression heatmap of normalized counts for each DEG found in the intersection betw

treated with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato (Table S17 for source file). (G

“Defense response to virus” in NCs treated with LNP-mRNA-2NSP23 or LNP-mRNA-

counts for each DEG specific for GO term “Innate immune response” in NCs treated w
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is a subset of down-regulated genes upon LNP-mRNA-2NSP23
treatment (Figure 6D), all DEGs related either to defense response
to virus or innate immune response are up-regulated suggesting
very specific activation of antivirus response in 2NSP23 nanobody
expressing cells. A remarkable observation is that treatment of
cells with LNP-mRNA-2NSP23 elicited enrichment of genes
related to defense response to viruses in uninfected cells. Several
genes in immune signaling pathways were heavily up-regulated
in these healthy samples. For example, RSAD2, OAS1, and
OAS2, all of which are crucial components of interferon signaling
pathways, were also found to be similarly affected by SARS-CoV-2
infection,49 and their expression profiles in these treated samples
resemble those in the infected cells (Figure 6F). Taken all together
these findings suggest that that 2NSP23 protects cells from SARS-
CoV-2 infection by triggering genes involved in the antiviral im-
mune response.

2NSP23 nanobody treatment suppress SARS-CoV-2 viral

replication in three-dimensional reconstituted human upper

airway epithelium tissues

Finally, to test if LNP-mRNA-2NSP23 suppresses SARS-CoV-2
replication in human tissue, close to physiological conditions, we
used three-dimensional (3D) reconstituted human upper airway
epithelium tissues from healthy donors, which are grown at air-
liquid interface (ALI) (MucilAir-pool, Epithelix, Switzerland). This
system mimics the upper layer of the human epithelium and has
been previously used as a human model for in vivo SARS-CoV-2
infection.50–53 Briefly, the 3D tissues pre-treated with either LNP-
mRNA-2NSP23 or LNP-mRNA-tdTomato were apically infected
with the SARS-CoV-2 virus for 1 h. This was followed by incubation
in an ALI environment for 48 or 96 h before the apical washes were
collected for viral quantification. Next, we performed a qPCR anal-
ysis to monitor the expression of the SARS-CoV-2 E gene as a proxy
for viral replication at both time points. Results from this analysis
show that treatment with LNP-mRNA-2NSP23 expressing anti-
NSP9 nanobody in comparison with tdTomato control significantly
reduced SARS-CoV-2 E gene expression in a dose-dependent
manner (Figures 7A and 7B). These findings support our previous
results in different cellular models and further indicate that
mRNA-2NSP23 could block viral replication ex-vivo under physio-
logical conditions.

In summary, by targeting Nsp9 through a nanobody that is efficiently
expressed via anmRNA encapsulated into LNPs, it is possible to block
SARS-CoV-2 replication in cellular models as well as ex vivo in
mRNA-2NSP23 treated SARS-CoV-2 infected cells in comparison to SARS-CoV-2

ression heatmap of normalized counts for each DEGbetween LNP-mRNA-2NSP23

icate (Table S16 for source file). (E) Venn diagram showing the intersection of DEGs

e” in NCs treated with LNP-mRNA-2NSP23 or LNP-mRNA-tdTomato. (F) Gene
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Figure 7. LNP-mRNA-2NSP23 blocks viral replication in 3D

reconstituted human upper airway epithelium tissues in an air-

liquid interphase environment

(A) Relative quantification of SARS-CoV-2 E gene expression in 3D

reconstituted epithelium treated with either LNP-mRNA-2NSP23 or

LNP-mRNA-tdTomato 48 h pi (Table S20 for source file). Bars

represent mean with error bars representing SD. ****p<0.0001. (B)

Relative quantification of SARS-CoV-2 E gene expression in 3D

reconstituted epithelium treated with either LNP-mRNA-2NSP23 or

LNP-mRNA-tdTomato 96 h pi (Table S21 for source file). Bars

represent mean with error bars representing SD. ****p<0.0001. (C)

Schematic view of nanobody-based therapy against SARS-CoV-2.

mRNA coding for 2NSP23 nanobody against viral NSP9 is mixed with

a combination of lipids to form mRNA encapsulated in LNPs. LNPs

are internalized in cells and mRNA is released for translation into

functional nanobody, which blocks viral replication in cells.
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human nasal tissues, presumably by directly affecting the assembly
and function of the viral RTC complex.

DISCUSSION
In this study, we have focused on the SARS-CoV-2 Nsp9 as a potential
intracellular target to design compounds that might block the replica-
tion of coronaviruses. Specifically, we have established a pipeline for
intracellular expression of 2NSP23, a novel nanobody that specifically
interacts with both recombinantly expressed Nsp9 and the endoge-
nous one in the saliva of COVID-19 patients.15 Earlier work by
NMR spectroscopy showed that anti-Nsp9 nanobodies, including
both 2NSP23 and 2NSP90, stabilize a tetrameric/short oligomeric
form of Nsp9.14,15 As Nsp9 has been suggested to function in a mono-
meric/dimeric form to facilitate the assembly of the RTC complex, we
speculated that targeting viral replication using 2NSP23 nanobody
could serve as an inhibitor of viral replication that would affect the
assembly of the RTC complex. To prove this hypothesis, we combined
the use of 2NSP23 with RNA technology and LNPs. Using this
approach, we show that 2NSP23 is efficiently delivered into
HEK293T cells in the form of mRNA encapsulated into LNPs. After
delivery, the 2NSP23 mRNA is intracellularly translated, binds to
NSP9, and blocks SARS-CoV-2 infection in cells. Analysis of RNA-
seq reads obtained from total RNA isolated from cells expressing
the 2NSP23 nanobody and subjected to SARS-CoV-2 infection
demonstrate the lack of viral RNA reads, indicating that replication
of SARS-CoV-2 RNA is inhibited when Nsp9 is targeted by the nano-
body. Nsp9 contributes to the assembly of RTC complexes at the
genomic SARS-CoV-2 RNA genome, and this is an essential step in
viral replication.13,18 As endogenous Nsp9 seems to be quantitatively
bound by 2NSP23, a likely mechanism of action leading to inhibition
of viral RNA replication is a consequence of impaired RTC assembly
due to the lack of Nsp9 availability.

Results from RNA-Seq experiments also indicate that in infected cells,
2NSP23 intracellular expression leads to a general rescue of the host
cell transcriptional profile comparable to that of uninfected cells. This
is particularly interesting considering the emerging view that viral
proteins function in an orchestrated way to efficiently impact the
host cell transcriptome after viral infection. For instance, expression
of exogenous SARS-CoV-2 Nsp14 in cells has been shown to provoke
a dramatic remodeling of the transcriptome similar to that observed
after SARS-CoV-2 infection. Nsp14 seems to contribute to the re-
modeling of the transcriptome through a yet unclear mechanism
that leads to alteration in the splicing of a set of genes and increased
expression of circRNAs, all linked to innate immunity.40 Our present
work goes in the same direction; results from RNA-seq experiments
show significant differential gene expression upon SARS-CoV-2
infection, especially of those genes involved in transcriptional regula-
tion and mitochondrial functions. The GO term “Mitochondrion”
seems to be the most impacted cellular component with metabolic
pathways, especially oxidative phosphorylation, strongly down-regu-
lated. This is consistent with previous studies showing that SARS-
CoV-2 viral damage causes and intensifies oxidative stress.54 More
important, these mitochondrial genes involved in oxidative phos-
12 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
phorylation normally affected in infected cells were among those
gene programs that were rescued in the presence of anti-Nsp9 nano-
bodies. Some of these genes include COX5B and NDUFS8, which are
essential for the electron transport chain, and MRPL9, and MRPL24,
as well as other candidates, which are mitochondrial ribosomal pro-
teins that govern not only oxidative phosphorylation but also other
cellular processes such as apoptosis and immune response. These re-
sults confirm that mitochondrial activity is a critical marker to
examine if any treatment for the disease eventually works. It is
remarkable that, by expressing the anti-Nsp9 nanobody intracellu-
larly, we can rescue these gene expression programs. These results
suggest a potential role of Nsp9 as well as other Nsp proteins such
as Nsp14 not only in RTC assembly but also in altering the expression
of cellular genes involved in essential host cell functions. How this is
achieved remains to be understood. However, given that 2NSP23
expression rescues these gene programs, it is likely that Nsp9, being
an RNA-binding protein, might interact with nuclear factors and
directly affect gene expression at a transcriptional level in the host
cells.55 So, nanobody 2NSP23 is ideally suited to function as a poten-
tial antiviral against SARS-CoV-2 infection. Considering the
extremely low degree of mutagenicity of Nsp9,56 we propose that tar-
geting Nsp9 and/or other Nsps could define a new strategy to combat
related coronaviruses such as MERS and SARS-CoV. The remarkable
finding that treatment of uninfected cells with 2NSP23 elicits enrich-
ment of genes related to defense response to viruses also suggests a
potentially much broader use of this nanobody in general prophylaxis
against pathogens. The LNPs, the unmodified nanobody mRNA used
in our study, and the translated llama-based nanobody could all
potentially lead to unspecific immune response activation. However,
we can exclude these possibilities for several reasons. First, the same
composition of lipids was used for LNP preparation in testing and
control conditions. Second, the negative control tdTomato mRNA
is also unmodified, but does not trigger an immune response in all
cells we tested in the present study. Finally, expression of an unrelated
aActin nanobody in cells does not lead to a specific decrease in SARS-
CoV-2 replication, suggesting that the use of a random nanobody
does not trigger the immune response in cells which, in turn, supports
a specific role of the anti-NSP9 nanobody 2NSP23. This agrees with
other studies showing that llama-based nanobodies have, in general,
very low immunogenicity and even non-humanized unmodified
nanobodies show only marginal capacity to induce an immune
response in humans.57,58 Although the mechanisms underlying the
specific role of 2NSP23 on immune system activation remain to be
understood, we speculate that, by triggering the expression of genes
involved in antiviral immune response, nanobody 2NSP23 protects
cells from SARS-CoV-2 infection and, potentially, provides broadly
neutralizing activity against coronaviruses and other pathogens.

In summary, engineering modifiedmRNAmolecules encoding highly
potent nanobodies directed against key components of the SARS-
CoV-2 RTC components such as Nsp9 is an attractive strategy to
inhibit SARS-CoV-2 RNA replication. An advantage of this approach
is that it targets intracellular viral proteins that are less prone to mu-
tations in comparison to cell surface expressed proteins such as the
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spike proteins and therefore, theymay provide innovative solutions to
combat pathogens. In addition, because of the larger interface area be-
tween the nanobody and its target, it is also anticipated that these
mRNA-nanobodies-based therapies should drive fewer resistant mu-
tants compared with small molecules targeting catalytic pockets for
instance within the Nsp12 enzyme. Translating those therapeutic
mRNAs into innovative antivirals should thus follow the same
path as current mRNA vaccines against SARS-CoV-2. Moreover,
mRNA-nanobodies-based therapies in combination with LNPs also
allow for easy virus-free delivery into cells in vivo as proposed by
our study and other research focusing on the administration of
such particles59–62 or nanobodies themselves63 via inhalation.
Study limitations

We provide proof-of-concept data that intracellularly expression of a
nanobody targeting SARS-CoV-2 NSP9 protein leads to inhibition of
viral replication in cellular models including ex vivo human 3D tis-
sues. Future studies will focus on pre-clinical studies of small animal
models such as Syrian hamsters and, if possible, non-human primates
to determine the potential in vivo toxicity of systemic or local admin-
istration of optimized composition of LNP-mRNA-2NSP23. In addi-
tion, mRNA molecules used in this study were not modified to
include, for example, N1-methyl pseudouridine which has been
shown to increase mRNA stability and reduce innate immunity acti-
vation.64 Finally, determining at which state of viral RNA synthesis
the 2NSP23 nanobody binds to the RTC, and the potentially affected
activity of NSP9 (NMPylation, RNAylation, and deRNAylation/
capping) should allow a precise understanding of the molecular
mode of replication inhibition, and the design of more potent inhib-
itors. This could be accomplished using Cryo-EM and existing RTC
structures.13,18,65
METHODS
Cell culture

The HEK 293T cells, human embryonic kidney cells stably expressing
the human ACE-2 receptor (HEK293-ACE2), human hepatocellular
carcinoma cells (Huh-7.5), and epithelial cells from African green
monkey Cercopithecus aethiops (Vero E6) cells were grown in full
DMEM containing 10% fetal bovine serum, 100 U/mL penicillin,
and 100 mg/mL streptomycin (Millipore-Sigma) in the humidified
incubator at 37�C with 5% CO2.
Preparation of stable cell lines expressing anti-NSP9 or aActin

nanobodies

HEK293-ACE2 and Huh-7.5 cells with doxycycline-inducible
expression of 2NSP23 nanobody were prepared by sequential trans-
duction of cells with first, the lentivirus vector carrying hygromycin
resistance and Tet regulatory protein Tet3G under CMV promoter
(VectorBuilder) followed by a second round of transduction with
lentivirus carrying neomycin resistance and 2NSP23 gene fused
with 6xHis tag under Tre3G promoter (VectorBuilder). The
HEK293-ACE2 and Huh-7.5 cells with stable expression of aActin
nanobody expression were prepared by lentiviral transduction with
a vector carrying neomycin resistance and aActin-nanobody gene
fused with V5 tag and GFP29,30 (VectorBuilder).

Cells were grown in a DMEM medium containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin
(Millipore-Sigma) in a humidified incubator with 5% CO2 at 37�C.
Expression of 2NSP23 nanobody was induced by doxycycline hyclate
(500 ng/mL), which was added to media 48 h before the experiments.
The same treatment was used in aActin nanobody-expressing cells to
minimize the possible effects of doxycycline on the outcome of the
experiment.

Western blot analysis

RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) containing 1�
complete protease inhibitor cocktail (Roche) was used to collect total
cellular lysates from HEK293-ACE2 cells. BCA protein assay kit
(Thermo Fisher Scientific) was used tomeasure protein concentration
and 20mg of total protein per sample together with 1� Laemmli buffer
was loaded to an 18% SDS-PAGE gel and separated under reducing
conditions. The separated proteins were transferred to a PVDF mem-
brane, blocked with 3% milk in 1� TBST buffer (20 mM Tris pH 7.5,
150 mM NaCl, 0.1% Tween 20) for 1 h and immunoblotted with pri-
mary antibodies fused with horseradish peroxidase (HRP) overnight
at 4�C in a rotator. The next day, the membranes were washed three
times with 1� TBST, protein bands were developed with ECL western
blot Substrate (BioRad), and western blots were imaged by a
ChemiDoc MP Imaging system (BioRad). The antibodies used in
the analysis were anti-V5-HRP (Abcam, ab1325), anti-GAPDH-
HRP (Abcam, ab9484), anti-6xHis-HRP (Abcam, ab237339), and
anti-VHH-HRP (Jackson Immuno Research, 128-035-230).

mRNA production

The 2NSP23 nanobody mRNA was prepared by in vitro transcription
of a DNA molecule of using the HiScribe T7 mRNA Kit with
CleanCap Reagent AG (New England BioLabs). The obtained
mRNA has the following sequence and includes a 50-CAP and a
poly-A tail: aggaauugugagcggauaacaauucccucuagaauaauuuuguuuaa
cuuuaagaaggagauauaccaugggcaugcagCAGGUGCAGCUGCAGGAG
UCUGGAGGAGGAUUGGUACAGCCUGGGGGCUCUCUGAGA
CUCUCCUGUGCAGCCUCUGGACUCGCCUUUAGUAUGUAU
ACCAUGGGCUGGUUCCGCCAGGCUCCAGGGAAGGAGCGU
GAGUUUGUAGCAAUGAUUAUUUCAAGUGGUGAUAGCAC
CGACUACGCAGACUCCGUGAAGGGCCGAUUCACCAUCUC
CAGGGACAACGGCAAGAACACGGUGUAUCUGCAAAUGGA
CAGCCUGAAACCUGAGGACACGGCCGUUUAUUACUGUGC
AGCCCCAAAGUUUCGUUACUACUUUAGCACCUCUCCAGG
UGAUUUUGAUUCCUGGGGCCAGGGGACCCAGGUCACCGU
CUCCUCAGCGGCCGCAUACCCGUACGACGUUCCGGACUA
CGGUUCCCACCACCAUCACCAUCACUAGG.

The mRNA for tdTomato has the following sequence and includes a
50-CAP and a poly-A tail: gagagccgccaccAUGGUGAGCAAGGGC
GAGGAGGUCAUCAAAGAGUUCAUGCGCUUCAAGGUGCGC
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 13

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
AUGGAGGGCUCCAUGAACGGCCACGAGUUCGAGAUCGAG
GGCGAGGGCGAGGGCCGCCCCUACGAGGGCACCCAGACC
GCCAAGCUGAAGGUGACCAAGGGCGGCCCCCUGCCCUUC
GCCUGGGACAUCCUGUCCCCCCAGUUCAUGUACGGCUCC
AAGGCGUACGUGAAGCACCCCGCCGACAUCCCCGAUUAC
AAGAAGCUGUCCUUCCCCGAGGGCUUCAAGUGGGAGCGC
GUGAUGAACUUCGAGGACGGCGGUCUGGUGACCGUGACC
CAGGACUCCUCCCUGCAGGACGGCACGCUGAUCUACAAG
GUGAAGAUGCGCGGCACCAACUUCCCCCCCGACGGCCCC
GUAAUGCAGAAGAAGACCAUGGGCUGGGAGGCCUCCACC
GAGCGCCUGUACCCCCGCGACGGCGUGCUGAAGGGCGAG
AUCCACCAGGCCCUGAAGCUGAAGGACGGCGGCCACUAC
CUGGUGGAGUUCAAGACCAUCUACAUGGCCAAGAAGCCC
GUGCAACUGCCCGGCUACUACUACGUGGACACCAAGCUG
GACAUCACCUCCCACAACGAGGACUACACCAUCGUGGAA
CAGUACGAGCGCUCCGAGGGCCGCCACCACCUGUUCCUG
GGGCAUGGCACCGGCAGCACCGGCAGCGGCAGCUCCGGC
ACCGCCUCCUCCGAGGACAACAACAUGGCCGUCAUCAAA
GAGUUCAUGCGCUUCAAGGUGCGCAUGGAGGGCUCCAUG
AACGGCCACGAGUUCGAGAUCGAGGGCGAGGGCGAGGGC
CGCCCCUACGAGGGCACCCAGACCGCCAAGCUGAAGGUG
ACCAAGGGCGGCCCCCUGCCCUUCGCCUGGGACAUCCUG
UCCCCCCAGUUCAUGUACGGCUCCAAGGCGUACGUGAAG
CACCCCGCCGACAUCCCCGAUUACAAGAAGCUGUCCUUC
CCCGAGGGCUUCAAGUGGGAGCGCGUGAUGAACUUCGAG
GACGGCGGUCUGGUGACCGUGACCCAGGACUCCUCCCUG
CAGGACGGCACGCUGAUCUACAAGGUGAAGAUGCGCGGC
ACCAACUUCCCCCCCGACGGCCCCGUAAUGCAGAAGAAGA
CCAUGGGCUGGGAGGCCUCCACCGAGCGCCUGUACCCCC
GCGACGGCGUGCUGAAGGGCGAGAUCCACCAGGCCCUGA
AGCUGAAGGACGGCGGCCACUACCUGGUGGAGUUCAAGA
CCAUCUACAUGGCCAAGAAGCCCGUGCAACUGCCCGGCU
ACUACUACGUGGACACCAAGCUGGACAUCACCUCCCACA
ACGAGGACUACACCAUCGUGGAACAGUACGAGCGCUCCG
AGGGCCGCCACCACCUGUUCCUGUACGGCAUGGACGAGC
UGUACAAGUCCGGACUCAGAUCUAAGCUGAACCCUCCUG
AUGAGAGUGGCCCCGGCUGCAUGAGCUGCAAGUGUGUGC
UCUCCUGA.

LNP production

The LNP-mRNA was prepared using NanoAssemblr (Precision
Nanosystems) microfluidic mixing technology under time-invariant
conditions. 2 mL of an aqueous solution containing the mRNA at a
concentration of 174 ng/mL in aqueous 70 mM acetate buffer, pH
4.0, was mixed with 1 mL aqueous ethanolic lipid solution containing
12.5 mM lipids to form the nanoparticles. The flow rate ratio between
the aqueous solution and the aqueous ethanolic lipid solution was 3:1,
and the total flow rate was 12 mL/min.

The aqueous ethanolic lipid solution was prepared by dissolving
C12-200 (Corden Pharma), DOPE (1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine), cholesterol, DMG-PEG (PEGylated myristoyl
diglyceride; Avanti catalog no. 880151P-1G) and DOTAP (1,2-di-(9Z-
octadecenoyl)-3-trimethylammonium propane methylsulfate Avanti
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catalog no. 890890-200 mg) in a molar ratio of 29.8:13.6:39.5:2.1:15 in
ethanol. This was done by preparing separate 12.5-mM solutions of
each lipid in the ethanol andmixing the solutions in the ratio givenabove
to give the aqueous ethanolic lipid solution.

We immediately diluted with 1.6 mL of the obtained LNP-mRNA
product 64 mL PBS (1�) and concentrated to 1.5 mL at 2,000�g
for 30 min at 20�C using Amicon Ultra-15 centrifugal filtration tubes.
Finally, the LNP sample was sterilized with a 0.2-mm syringe filter and
stored at 4�C.

Particle size was measured as the hydrodynamic diameter (intensity-
averaged particle size, Z-average) with a ZetaSizer Ultra dynamic light
scattering instrument from Malvern Panalytical. Samples were
measured in triplicate through backscatter detection after production.
Specifically, particle size was measured within the following instru-
ment setting. The temperature was set at 25�C with the return to
set default temperature after each measurement. Equilibration time
was 10 s, data processing was set with automatic size display limit
mode and general purpose analysis model. Regarding advanced set-
tings options, data were collected in backscatter (angle of detection),
with optimal positioning method, automatic attenuation, and mea-
surement process. No pause after subruns and no optical filter was
applied. Samples after microfluidics production were diluted 1:20 in
PBS buffer placed in the cuvettes DTS0012. Results are given as
Z-average diameter [nm].

The zeta potential was measured with a 100-fold LNP dilution in
800 mL PBS using the DTS1070 capillary cell. The size distribution
of particles is 70.7 nm, particle number 5.31E+11, and zeta potential
0.51 mV.
mRNA delivery with LNPs

HEK 293T cells were plated in a complete medium at a density of
30000 cells and 100 mL per well in a 96-well plate (transparent flat bot-
tom, Sarstedt) and incubated for 24 h in 5% CO2 at 37�C. LNPs car-
rying mRNA for tdTomato (LNP-mRNA-tdTomato) or the nano-
body (LNP-mRNA-2NSP23) were added to the cells at different
dilutions and the cells were incubated overnight (16 h) at the 5%
CO2 37�C Incucyte incubator. Untreated HEK 293T cells were used
as an autofluorescence control.
Analysis of tdTomato expression levels after LNP delivery by

live-cell imaging

For monitoring tdTomato expression levels, cells were scanned for
red signal detection during 16 h incubation with the different dilu-
tions of LNP-mRNA-tdTomato. Live-cell imaging was done with
an S3 Incucyte (S3/SX1 G/R Optical Module, Sartorius) for red and
phase channels, acquisition time of 400 ms for both channels, and
magnification of 10�. Total Red Object Integrated Intensity was
quantified for each condition using the Incucyte Software Basic
Analyzer. The analysis definitions used for the red signal were seg-
mentation Top-Hat, radius 40 mm, and threshold 0.4 RCU with
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Edge Split Off. A filter for a minimum of 20 mm2 of area was used to
remove debris from the analysis.

Analysis of nanobody expression levels after LNP delivery by

immunostaining

After 16 h of incubation with the LNP-mRNA-2NSP23, cells were fixed
by adding 100 mL 8% PFA for 20 min at room temperature (RT) (final
concentration of PFA is 4%). All media were then gently removed and
cells were washed three times for 5 min with 150 mL PBS. After the last
wash, 100 mL of a blocking/permeabilization buffer (5% BSA and 0.2%
Triton in PBS; BSA from Sigma; Triton X-100 from VWR) was added
and cells were incubated for 1h at RT. Cells were then washed three
times for 5 min with 150 mL PBS and staining was performed. For im-
munostaining, 50 mL of a 1:100 dilution of the AF488 goat anti-alpaca
VHH secondary antibody was used (Jackson Immuno Research). For
all cases, the antibody was prepared fresh at 1:100 in PBA (1% BSA
in PBS). Incubation with the antibody was performed for 1 h at RT
and protected from light. After nanobody staining cells were washed
3 times for 5 min with 150 mL PBS and then incubated for 5 min
with 100 mL of DAPI 1:1000 in PBS for nuclear staining (DAPI from
Sigma). The last three washes were then performed and cells were
imaged directly at the 96-well plate with an inverted DMi8 microscope
(Leica). For image acquisition, the same exposure times were used for
each corresponding channel, between the different conditions.

SARS-CoV-2 infection assays

Viruses used in this study are recombinant infectious strains icSARS-
CoV-2-mNeonGreen36 and icSARS-CoV-2-nLuc,38 and wild-type vi-
ruses Wuhan strain (Hu-1), UK variant or B1.617X (Alpha), B1.621
(Mu), B1.617.x (Delta), and B1.1.529 (Omicron), which were isolated
at REGA Institute (Katholieke Universiteit Leuven, Belgium) in
2021.66–69 In all experiments, viruses were used at 0.1 of multiplicity
of infection (MOI). 2� 105 Vero E6 cells, HEK293-ACE2, or Huh7.5
cells were cultured in 24-well plates in DMEM (Sigma D5796) con-
taining 10% of fetal bovine serum, 2 mM of L-glutamine, 100 U peni-
cillin, and 100 g/L of streptomycin in a cell culture incubator at 37�

with 5% CO2 and 95% humidity. After 24 h, cells were treated with
an increased concentration of LNP-encapsulated mRNA molecules
encoding for the nanobody 2NSP23 targeting NSP9 protein or
mRNA molecules encoding tdTomato, as a control. The mRNAs
were encapsulated in LNPs, with initial working concentrations of
mRNA of 200 ng/mL, and five serial dilutions of 2-fold were used. Af-
ter 8 h of incubation, cells were infected with indicated strains of
SARS-CoV-2 at 0.1 of MOI. The next day, after 16 h of culture, cells
were either lysed for RNA extraction, nano-luciferase quantified in
the case of icSARS-CoV-2-nLuc, or fixed with 3.7% paraformalde-
hyde during 20 min followed by fluorescent analysis using Incucyte
S3 instrument. For the icSARS-CoV-2-mNeonGreen replication effi-
ciency, fluorescence quantification was performed using Incucyte
software, and EC50 values were calculated via the variable slope model
in GraphPad Prism v8. For the icSARS-CoV-2-nLuc, luminescence
was quantified using Molecular Devices Instrument. Cell viability
was measured using the Cell Titer-Glo Luminescent Cell Viability
Assay kit (Promega, G7750). Nano-luminescence values were
normalized with corresponding viability data to control for any
inherent toxicity of LNP-mRNA formulations.39

RNA extraction and RT-qPCR

HEK293-ACE2 cells were infected as above with different strains of
SARS-CoV-2 - original Wuhan strain (Hu-1), UK variant or
B1.617X (Alpha), B1.621 (Mu), B1.617.x (Delta), and B1.1.529 (Om-
icron), and treated with LNP-mRNA (0.4 ng/mL) complexes encoding
either the nanobody NSP23 targeting NSP9 (LNP-mRNA-2NSP23)
or mRNA molecules encoding tdTomato (LNP-mRNA-tdTomato),
as a control. Twenty-four hours post-infection (pi), cells were washed
with PBS and lysed with RNA extraction buffer (Nucleo spin RNA
extraction kit, Macherey-Nagel, Cat# 740955). Total RNA was ex-
tracted according to the manufacturer’s instructions, concentrations
were determined using Nanodrop (Thermo), and the integrity of
RNAwas verified using Agilent 2100 Bioanalyser Systems. One nano-
gram of RNAwas subsequently used in a one-step RT-qPCR for the E
gene of SARS-CoV-2 using the following primers: F: 50- ACAG
GTACGTTAATAGTTAATAGCGT-30 and R: 50-ATATTGCAG
CAGTACGCACACA-30 for amplification, and the double dye probe
P: 5’-(FAM) ACACTAGCCATCCTTACTGCGCTTCG (BHQ)-30 as
previously described.70

RNA-seq analysis

HEK293-ACE2 cells either infected with the SARS-CoV-2 virus
(named by variant) or uninfected (NC), treated with LNPs containing
mRNA sequences of either the anti-NSP9 nanobody (NSP) or
tdTomato (Tom) were used for total mRNA isolation by TRI Reagent
(Millipore-Sigma) according to the manufacturer’s protocol. Three
biological replicates for each condition were used for transcriptional
profiling. The RNA-Seq library was prepared by using the NEBNext
Ultra II RNA Library Prep Kit for Illumina (NEB) and sequenced with
the NextSeq 500/550 sequencing platform (performed at the NYUAD
Sequencing Center). Raw FASTQ sequenced reads were first assessed
for quality using FastQC v0.11.5 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). The reads were then passed
through Trimmomatic v0.36 for quality trimming and adapter
sequence removal, with the parameters (ILLUMINACLIP: trimmo-
matic_adapter.fa:2:30:10 TRAILING:3 LEADING:3 SLIDING-
WINDOW:4:15 MINLEN:36).71 The surviving trimmed read pairs
were then processed with Fastp to remove poly-G tails and
Novaseq/Nextseq-specific artifacts.72 Following the quality trimming,
the reads were assessed again using FastQC.

Post QC and QT, the reads were aligned to the human reference
genome GRCh38.81 using HISAT273 with the default parameters
and additionally by providing the –dta flag. The resulting SAM align-
ments were then converted to BAM, while retaining only the un-
mapped read pairs using SAMtools74 v1.9 “samtools view -f 12 -F
256 -b INPUT.sam > OUTPUT.bam.” The resulting unmapped
BAM reads were then sorted and converted to fastq reads using sam-
tools sort ”samtools sort -@ 14 -o OUTPUT.sorted.bam INPUT.bam”

and samtools fastq “samtools fastq �1 read1.fastq �2 read2.fastq -@
14 INPUT.sorted.bam.” These unmapped reads were then aligned to
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the SARS-COV-2 reference genome available through NCBI with the
accession NC_045512.2 using HISAT2 with the same parameters that
were used in the initial mapping to the human reference. The result-
ing SAM alignments were then converted to BAM format and
coordinate sorted using samtools view and samtools sort, respectively.
Read groups were then added to the sorted SARS-COV-2 mapped
BAM files using Picard AddOrReplaceReadGroups (http://
broadinstitute.github.io/picard/). A consensus genome was then
generated for each SARS-COV-2 sample using samtools mpileup
and ivar75 version 1.3 with the minimum depth set at 20 “samtools
mpileup -A -d 0 -Q 0 INPUT.sorted.bam | ivar consensus -m 20 -p
OUTPUT.sars-cov-2-consensus.fasta.” Finally, Qualimap76 v2.2.2
was used to generate alignment-specific QC metrics per sample,
both for alignments vs. the human reference, as well as the SARS-
COV-2 reference. The BAM alignment files were processed using
HTseq-count, using the reference annotation file to produce raw
counts for each sample. The raw counts were then analyzed using
the online analysis portal NASQAR (http://nasqar.abudhabi.nyu.
edu/), to merge, normalize, and identify DEGs. DEGs (log2(FC) R
0.5 and adjusted p value of < 0.05 for up-regulated genes, and
log2(FC) % �0.5 and adjusted p value of < 0.05 for down-regulated
genes) between each sample combination were subjected to GO
enrichment using DAVID Bioinformatics (https://david.ncifcrf.
gov/).77 The full RNA-Seq dataset was deposited in the Gene Expres-
sion Omnibus (GEO) database under accession number GSE244714
(Gene Expression Omnibus: GSE244714).

Viral infection of human 3D reconstituted human upper airway

epithelium tissues and subsequent quantification

The 3D reconstituted human upper airway epithelium tissues from
healthy donors were provided by Epithelix company and maintained
in an ALI in Costar Transwell insert (Corning). On day 0 of the exper-
iment, the 3D reconstituted epithelium was pre-treated for 24 h with
basal medium containing LNP-mRNA-2NSP23 or LNP-mRNA-
tdTomato, followed by incubation with SARS-CoV-2 at 1 � 10^3
TCID50/insert virus (150 mL) input at the apical side for 1 h and sub-
sequent removal of the inoculum. A first apical wash with OptiMEM
media was performed on day 1 pi, but this was not retained for analysis.
On day 2, the medium at the basolateral side of the 3D reconstituted
epithelium was replaced with fresh medium, and on day 2 (48 h pi)
andday 4 (96 h pi), apical washes were collected for viral quantification.

Viral RNA from apical wash was extracted using QIAamp Viral RNA
Kits (QIAGEN), and quantified using one-step RT-qPCR for the E
gene of SARS-CoV-2 using the following primers: F: 50- ACAGGTA
CGTTAATAGTTAATAGCGT-30 and R: 50-ATATTGCAGCAGT
ACGCACACA-30 for amplification, and the double dye probe P1
5’-(FAM) ACACTAGCCATCCTTACTGCGCTTCG (BHQ)-30 for
quantification. Changes in gene expression were calculated using
the 2�DCt method.

DATA AND CODE AVAILABILITY
Gene expression data are publicly available in the Gene Expression Omnibus:
GSE244714.
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