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1 | INTRODUCTION

At the end of 2019, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), an enveloped positive-sense RNA
virus, was identified for the first time in Wuhan, a city in the
Chinese province of Hubei, as the cause of a new pathology,
which was later named coronavirus disease 2019 (COVID-
19).! SARS-CoV-2 belongs to the family Coronaviridae and
shares 79% nucleotide sequence identity with SARS-CoV
and 96% with bat coronavirus RatG13."> The most frequent
symptoms of COVID-19 are cough, fever and weakness, but
it can lead to severe and potentially fatal forms of pneumonia.
Additionally, cytokine storm associated with SARS-CoV-2
infection (ie massive release of cytokines from the immune
system) and immune pathology can lead to acute respiratory
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Since the emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) at the end of 2019, no vaccine has been approved to counter this infec-
tion and the available treatments are mainly directed against the immune pathology
caused by the infection. The coronavirus disease 2019 (COVID-19) is currently caus-
ing a worldwide pandemic, pointing the urgent need for effective treatment. In such
emergency, drug repurposing presents the best option for a rapid antiviral response.
We assess here the in vitro activity of nilotinib, imatinib and dasatinib, three Abl
tyrosine kinase inhibitors, against SARS-CoV-2. Although the last two compounds
do not show antiviral efficacy, we observe inhibition with nilotinib in Vero-E6 cells
and Calu-3 cells with EC50s of 1.44 pM and 3.06 uM, respectively. These values are
close to the mean peak concentration of nilotinib observed at steady state in serum,

making this compound a potential candidate for treatment of COVID-19 in vivo.

COVID-19, nilotinib, SARS-CoV-2, tyrosine kinases inhibitors

distress syndrome, responsible for a considerable number of
deaths among infected patients together with coagulopathy.1

Remdesivir, a nucleoside analogue that blocks the RNA
polymerase of several coronaviruses, was the first antiviral
drug with emergency use authorized in the United States.’ A
randomized double-blind clinical trial showed a reduction in
the length of hospitalization (12 vs 17 days) and a reduction
in mortality (11.4% vs 15.2%) by day 29 in the remdesivir
group compared with the placebo group.3

Drug repurposing offers an optimal strategy to reprofile
existing drugs, thereby reducing the time and minimizing
the cost necessary for the development of an entirely new
drug. In this context, imatinib and dasatinib, two Bcr-Abl
tyrosine kinase inhibitors, have been identified as inhibitors
of SARS-CoV and MERS-CoV, and nilotinib of SARS-CoV
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only.4'6 The antiviral mechanism of action appears to involve
the inhibition of virus-cell fusion in vitro by blocking of the

Abelson (Abl) kinases, Abll and Abl2, likely involved in
45

coronavirus infection.

Based on these results, we sought to evaluate the in
vitro antiviral activity of three tyrosine kinase inhibitors,
imatinib, dasatinib and nilotinib, commonly prescribed for
chronic myeloid leukaemia. Here, we show that nilotinib
displays promising antiviral activity in two different cell
lines and can be of interest for further investigation in clin-
ical trials.

2 | MATERIALS AND METHODS
The study was conducted in accordance with the Basic &
Clinical Pharmacology & Toxicology policy for experimen-
tal and clinical studies.’

2.1 | Compounds

Nilotinib, dasatinib and imatinib were purchased from
Alsachim (Illkirch-Graffenstaden, France). The compounds
were resuspended in DMSO at a concentration of 10 mM.

2.2 | Cells and virus
Vero C1008 (clone E6) (ATCC CRL-1586) were a kind
gift from Prof Kobinger from University of Laval and were
propagated in DMEM High Glucose + Glutamax supple-
mented with 10% foetal bovine serum (FBS) and 1% penicil-
lin/streptavidin (pen/strep). Calu-3 (ATCC HTB-55) were a
kind gift of Prof Chanson from the University of Geneva and
were propagated in MEM + Glutamax supplemented with
10% FBS 1% pen/strep, non-essential amino acids, HEPES
and sodium pyruvate.
SARS-CoV-2/Switzerland/GE9586/2020 was
from a clinical specimen in the University Hospital of Geneva
in Vero-E6. Cells were infected, and the supernatant was col-
lected 3 days post-infection, clarified, aliquoted and frozen at
—80°C and subsequently titrated by plaque assay in Vero-EG6.

isolated

2.3 | Toxicity assay

Vero-E6 (13 000 cells per well) were seeded in 96-well
plate. Nilotinib, dasatinib and imatinib were serially diluted
in DMEM supplemented with 5% FBS and added on cells
for 48 hours. Thiazolyl blue tetrazolium bromide solution
(0.5 mg/mL) was added on cells for 3 hours at 37°C; subse-
quently, cells were lysed with pure DMSO, and absorbance

was read at 570 nm. Percentages of viability were calculated
by comparing the absorbance in treated wells and wells
treated with DMSO in equal volume of the drugs. 50% cy-
totoxic concentration (CCs,) was calculated with Prism 8
(GraphPad).

2.4 | Inhibition assay on Vero-E6 cells
Vero-E6 cells (100 000 cells per well) were seeded in 24-
well plate. Nilotinib, dasatinib and imatinib were serially
diluted in DMEM and added on cells for 1 hour at 37°C;
subsequently, cells were infected with SARS-CoV-2 (MOI,
0.005 PFU/cell) for 1 hour at 37°C. The monolayers were
then washed and overlaid with 0.8% avicel rc581 in medium
supplemented with 5% FBS containing serial dilutions of
compounds. Alternatively, to assess post-infection efficacy,
the cells were only treated with nilotinib at the time of addi-
tion of the medium containing avicel. Two days after infec-
tion, cells were fixed with 4% paraformaldehyde and stained
with crystal violet solution containing ethanol. Plaques were
counted, and the per cent inhibition of virus infectivity was
determined by comparing the number of plaques in treated
wells with the number in untreated control wells. 50% ef-
fective concentration (ECsy) was calculated with Prism 8
(GraphPad).

2.5 | Inhibition assay on Calu-3 cells

Calu-3 cells (25 000 cells per well) were seeded in 96-well
plate. Cells were infected with SARS-CoV-2 (MOI 0.02
PFU/cell) for 1 hour at 37°C. The monolayers were then
washed and overlaid with medium containing serial dilutions
of nilotinib. At 24 hpi, cells were lysed, and viral RNA was
extracted with EZNA viral RNA kit (Omega Bio-tek). SARS-
CoV-2 RNA was quantified by qPCR with the QuantiTect
Kit (Qiagen, 204443) with Sarbeco E gene primers and probe
in a StepOne thermocycler (Applied Biosystems). Per cent
inhibition of virus infectivity was determined by comparing
viral load in treated wells with the viral load in untreated con-
trol wells. ECs, was calculated with Prism 8 (GraphPad).

3 | RESULTS

Abl kinase inhibitors were previously reported to exert in-
hibitory activities against different viruses, including SARS-
CoV and MERS-CoV by blocking the fusion between viral
envelope and endosomal membrane.*® Therefore, at first, we
tested three Abl kinase inhibitors, namely nilotinib, imatinib
and dasatinib, at non-toxic concentration in Vero-E6 cells
by treating the cells starting 1h before infection. The only
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compound showing inhibitory activity is nilotinib with an
ECj, of 1.88 uM (Table 1).

Subsequently, nilotinib was also tested by only adding the
compound 1h after inoculation. Nilotinib showed a compa-
rable inhibitory activity in this condition, with an ECs, of
1.44 uM (Figure 1). Finally, we also confirmed the antivi-
ral activity in the human respiratory cell line Calu-3 (ECs,
3.06 uM), to exclude any bias related to the green monkey
cell line Vero-E6 (Figure 1). In this cell line, the percentages
of infection were derived from qPCR measurements, possibly
causing the variation of the ECs, observed.

4 | DISCUSSION
The current strategy to combat SARS-CoV-2 consists of sup-
portive care with combination therapy using antiviral and
anti-inflammatory drugs, while many repurposed therapeutic
drugs are undergoing clinical trials. In our work, imatinib and
dasatinib were both inactive against SARS-CoV-2. These re-
sults contrast with previous publications in which these two
drugs were active against both SARS-CoV and MERS-CoV,
In addition to the difference in the targeted virus, the dis-
crepancy could be related to the different toxicity observed in
our cells, especially for dasatinib. Indeed, due to the toxicity
of the compound, only low concentrations of the drug could
be tested against the virus. The difference in the read-out of
the infection may also play a role: in our settings, the per-
centages of inhibition were calculated by plaque assays or
gPCR, while in the cited work, it was measured by ELISA for
MERS and cell viability for SARS. Additionally, in parallel
with the submission process of our manuscript, imatinib was
shown to have no significant in vitro impact on SARS-CoV-2
infection and replication by Zhao et al, which supports our
findings.®

In contrast, nilotinib was previously reported to inhibit
SARS-CoV but not MERS-CoV.° In our study, this drug is
capable of interfering with the replication of SARS-CoV-2
in vitro in both Vero-E6 and Calu-3 cells, with an ECs
evaluated at 1.44 pM and 3.06 pM, respectively. In patients
receiving nilotinib 400 mg twice daily, the mean peak con-
centration in plasma was 3.6 pM at steady state.” Therefore,

TABLE 1 Antiviral activity of Abl kinase inhibitors in Vero-E6
cells
ECs, CCs
(uM) + 95% CI (uM) + 95% CI SI
Dasatinib >0.1 0.23 (0.21-0.26) n.a.
Imatinib >5 18.4 (16.8-20.0) n.a.
Nilotinib 1.88 (1.56-2.27) 29.7 (19.1-50.0) 15.8

Note: 95% CI, 95% confidence interval; CCs, 50% cytotoxic concentration;
ECs, 50% effective concentration; SI, selectivity index.
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FIGURE 1 Inhibitory activity of nilotinib in Vero-E6 and

Calu-3 cells. Cells were infected with SARS-CoV-2 and 1 h post-
inoculation treated with serial dilutions of nilotinib. The infection rate
was evaluated at 48 hpi for Vero-E6 and at 24 hpi for Calu-3 cells.
Results are mean and SEM of 3 independent experiments performed in
duplicate

at therapeutic plasma concentrations, nilotinib appears
to reduce SARS-CoV-2 infection by approximately 50%,
which is noteworthy. Furthermore, nilotinib accumulates
in all body tissues in rat with tissue/blood ratios ranging
between 10 and 40.'° Therefore, expected concentrations in
human lung epithelia should be much higher than measured
ECjsq in vitro. In addition, it is worth noting that nilotinib
has an established safety profile for human use at thera-
peutic doses and is relatively well tolerated.” Moreover, in
silico repurposing studies showed that nilotinib appears to
bind the receptor-binding domain of SARS-CoV-2 spike
protein, which could prevent entry into host cells via the
ACE2 receptor. Additional in silico studies are ongoing to
understand the interaction between tyrosine kinase inhibi-
tors and SARS-CoV-2 in order to elucidate the mechanism
of action. !

In conclusion, although preliminary, the results of this
in vitro study demonstrate the promising antiviral activity
of nilotinib, a Ber-Abl tyrosine kinase inhibitor, not previ-
ously investigated to combat SARS-CoV-2. Determining the
mechanism of action of nilotinib's antiviral activity must be
considered for future studies, and clinical studies have to be
performed to confirm these promising data.
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