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The portfolio of SARS-CoV-2 small molecule drugs is currently limited to a handful that
are either approved (remdesivir), emergency approved (dexamethasone, baricitinib) or
in advanced clinical trials. We have tested 45 FDA-approved kinase inhibitors in vitro
against murine hepatitis virus (MHV) as a model of SARS-CoV-2 replication and
identified 12 showing inhibition in the delayed brain tumor (DBT) cell line. Vandetanib,
which targets the vascular endothelial growth factor receptor (VEGFR), the epidermal
growth factor receptor (EGFR), and the RET-tyrosine kinase showed the most
promising results on inhibition versus toxic effect on SARS-CoV-2-infected Caco-2 and
A549-hACE2 cells (ICso 0.79 uM) while also showing a reduction of > 3 log TCIDso/mL
for HCoV-229E. The in vivo efficacy of vandetanib was assessed in a mouse model of
SARS-CoV-2 infection and statistically significantly reduced the levels of IL-6, IL-10,
TNF-a, and mitigated inflammatory cell infiltrates in the lungs of infected animals but did
not reduce viral load.

Vandetanib rescued the decreased IFN-18 caused by SARS-CoV-2 infection in mice to
levels similar to that in uninfected animals. Our results indicate that the FDA-approved
vandetanib is a potential therapeutic candidate for COVID-19 positioned for follow up in
clinical trials either alone or in combination with other drugs to address the cytokine

storm associated with this viral infection.
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Introduction

Currently three vaccines are approved for SARS-CoV-2 in the USA * 2 3. In contrast,
there are relatively few small-molecule drugs that are approved for use including
remdesivir *, while molnupiravir is approved in the UK. An emergency use authorization
allows the protein kinase inhibitor baricitinib to be combined with remdesivir in
hospitalized adults and children 2 years and older who require respiratory support °.
The NIH COVID-19 treatment guidelines recommend the use of dexamethasone in
certain patients hospitalized with severe COVID-19 based on results from the
RECOVERY trial ®. As these limited treatment options and several drugs in clinical trials
" attest, there is a global need for more therapeutic options for COVID-19, such as small
molecule antivirals that can be used outside of hospitals and treatments to address the
many symptoms of COVID-19 that are termed long-COVID & °.

Drug repurposing is an essential strategy used to accelerate the discovery of a
small molecule treatments for COVID-19 that can enable expedited clinical progression
10. 11 Repurposing efforts have already identified molecules (such as remdesivir)
originally developed for other viruses and approved outside the USA with potent in vitro
activity against SARS-CoV-2 *2. Small to medium scale assays and high-throughput
screening (HTS) campaigns ** have been performed for testing FDA-approved drugs.
The catalytic activity of the viral targets M and PLP™ are essential for viral replication,
making inhibition of these enzymes a compelling strategy for antiviral therapy **. The
discovery of PF-008352313 as a covalent active-site-directed inhibitor of SARS-CoV

MP™ in 2003 allowed the translation of this agent into clinical trials for SARS-CoV-2 in

2020 *°. Pfizer also developed the SARS-CoV-2 inhibitor PF-07321332 targeting M, in
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combination with ritonavir (PAXLOVID™), and an interim analysis of the Phase 2/3
EPIC-HR study showed it reduced risk of death or hospitalization by 89 %. All of these
direct acting antivirals target early-stage virus replication and have a short therapeutic
window which would render them less effective if administered during the

immunopathogenic phase of the disease.

When SARS-CoV-2 invades the body, it can cause an imbalance in the immune
system that may result in a cytokine storm °. COVID-19 patients deteriorate over a
short period, leading to acute respiratory distress syndrome (ARDS), coagulation
disorders, and eventually multiple organ failure ** . COVID-19 displays an
“‘inflammatory signature”, characterized by increased levels of soluble biomarkers
(cytokine and chemokines) which are involved in the recruitment and activation of
several immune cell types, like monocyte/macrophages, neutrophils, T-lymphocytes,
and many others '®, These immune-active biomarkers, measured either early upon
patient admission or throughout hospitalization, may provide clinically relevant
information in predicting a more or less severe course of the disease as well as in
estimating the mortality risk of infected patients '°. Targeting the cytokine storm to
ameliorate the state of hyperinflammation has been proposed as a novel therapeutic
approach in the treatment of COVID-19 & 2 2122 |t was previously demonstrated for
many viruses that the modulation of host cell signaling is crucial for viral replication and
it may exhibit strong therapeutic potential % ?*. To date, the FDA has approved over 60
small molecule protein kinase inhibitors and most of these are used in the treatment of
cancers (e.g. leukemias, breast and lung cancers) whereas several are for non-

malignancies #. Subsequently, protein kinase inhibitors have been proposed for treating
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SARS-CoV-2 and have demonstrated in vitro 2* 27 28 293031 5n4 in vivo activity while
several are also in clinical trials ** 3. In the current study, we have performed in vitro
screening of 45 approved protein kinase inhibitors in delayed brain tumor (DBT) cells
infected with murine hepatitis virus (MHV), followed by evaluation of entrectinib and
vandetanib in A549-ACE2 cells infected by SARS-CoV-2. Finally, we have evaluated
the in vivo efficacy of vandetanib in an acute infection model using K-18-hACE2 mice

challenged with SARS-CoV-2.

Results

Vandetanib inhibits SARS-CoV-2 replication in vitro without cell toxicity

We used DBT cells infected with murine hepatitis virus (MHV), a model of SARS-CoV-2
replication to evaluate the antiviral activity of 45 kinase inhibitors (Table S1). Among
them, 12 showed close to 100% inhibition, and 11 showed moderate activity >60% and
<83% at 10 uM (Table S1). Two of the most active hits, entrectinib and vandetanib were
also characterized in A549-ACEZ2 cells infected with SARS-CoV-2 using remdesivir as a
positive control. Cells were pretreated with compounds 1 h prior to SARS-CoV-2
infection. Both entrectinib (ICsp 1.97 uM) and vandetanib (ICso 0.79 uM) showed lower
potency than remdesivir (ICso of 0.11 uM) (Figure 1, A-C). Entrectinib was further tested
in Caco-2 and in Calu-3 cell lines infected with SARS-CoV-2, however, this compound
was toxic at the concentrations tested (Figure 1D, S1). Entrectinib (5 uM) was tested in
Huh-7 cells infected with the human coronavirus 229E (HCoV-229E) 3 3> 3¢
demonstrating a decrease of 2.7 logTCID50/ml (Figure 1E). In contrast, vandetanib was

active in Caco-2 cells (ICyo 2 pM, Figure 1D) and showed a reduction of > 3
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logTCID50/mL with HCoV-229E when tested at 5 pM (Figure 1 F). Further
characterization showed that entrectinib binds to the SARS-CoV-2 Spike RBD with a Kp

37, 38
k)

of 166 £ 60 nM (Figure 1G) using microscale thermophoresis (MST) an
approximately 10 times weaker affinity when compared to ACE2 binding, which has a
Kp of 15 nM %% which might not be able to protect against virus entry infection and the
mechanism might be through inhibition of kinases, since it was reported that growth
factor receptor signaling pathways have been reported to be highly activated upon
SARS-CoV-2 infection *. SARS-CoV-2 Spike protein-mediated entry was measured in
VSV-pseudotype SARS-CoV-2 assays demonstrating that vandetanib was active at 1

UM in the SARS-CoV-2 D614G strain, whereas entrectinib had no significant activity

(Figure 1 H, I).

In vivo efficacy of vandetanib in mice

Vandetanib in vivo efficacy was assessed in the K-18-hACE2 mouse model of COVID-
19 %2 4344 (8.week-old females, challenged with SARS-Cov-2 2 x10* PFU, intranasally).
Vandetanib (25 mg/kg) was administered i.p. 1 h before infection and once daily up to
day 3 post-infection (3 dpi) (Figure 2A). On 3 dpi, mice were euthanized, and viral load,
cytokines and lung histopathology were evaluated. In all groups tested, mice lost weight
compared to uninfected animals that received only vehicle formulation (Figure 2B). Lung
viral load was evaluated by RT-PCR, and, although vandetanib reduced SARS-Cov-2
infection in A549-ACE2 cells, no significant reduction in viral RNA levels was observed
in vivo when compared with the infected untreated mice (Figure 2C). While vandetanib
did not decrease the viral load, it had a clear protective effect on lung pathology (Figure

2D and E). Infected untreated mice showed severe pathological changes with
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inflammatory cell infiltrates. In contrast, vandetanib treatment exhibited improved
morphology and milder infiltration even in the absence of effect on viral load. These
results might indicate an effect on the virus-induced inflammatory process. Further
analyses also showed that vandetanib treatment restored the levels of IFN-1p (Figure
3A and B) and prevented the increase of the levels of the most widely evaluated
inflammatory cytokines/chemokines observed in infected mice. Vandetanib reduced IL-
6, TNF-a, and CCL4 (compared to infected untreated animals) to similar levels found in
uninfected animals (Figure 3C, D and E). Vandetanib also significantly reduced the
levels of CCL2, CCL3, and IL-10 compared to infected animals (Figure 3F, G and H).
CXCL1 was not affected by the treatment (Figure 31). CXCL2 and CXCL10 were not
elevated in infected animals (Figure 3J and K). Altogether, these results indicate that
the in vivo efficacy of vandetanib in the COVID-19 mouse model is more likely related to

the reduction in the cytokine storm than reduction in SARS-CoV-2 replication.

Discussion

With a mounting infection and death toll to date, there has been a focus on ensuring the
global population are vaccinated against SARS-CoV-2. Still, we are in a race against
rapidly emerging viral variants that may hamper the vaccines effectiveness in future *°,
while many countries still have little or no access to the vaccines that are available in
the USA and Europe *°. There is also a critical need to develop treatments that do not
require cold chain storage and can be used outside of hospitals. Repurposing approved
small molecule drugs represents the fastest route to the clinic if they can demonstrate

statistically significant efficacy in animal models.
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Growth factor receptor signaling pathways have been reported to be highly
activated upon SARS-CoV-2 infection, hence inhibition of these pathways prevents
replication in cells *’. After screening 45 kinase inhibitors against MHV, we narrowed
them down to entrectinib and vandetanib. Vandetanib is an FDA approved drug used to
treat thyroid gland tumors (targeting VEGFR, EGFR and RET-tyrosine kinase “®) and
was active in Caco-2 cell, A549-ACE2 infected by SARS-CoV-2 and against HCoV-
229E. Based on this in vitro activity profile it was selected for testing in a COVID-19
mouse model.

One of the major causes of ARDS and multi-organ dysfunction syndrome
(MODS) observed in severe SARS-CoV-2 infection is the cytokine storm *" *°. Studies
have revealed higher levels of cytokine storm associated with more severe COVID

development .

In these patients, accumulation and exudation of inflammatory
substances from the cytokine storm destroys tissues, leading to multi-organ failure and
ARDS “°, an important cause of death in severe and critical cases of COVID-19.
Capillary leakage is also major component of deteriorating lung function in COVID-19,
resulting in ARDS due to inflammation driven by TNF, IL-1, IL-6, IL-8, and VEGF *'.
Abnormal coagulation can result in organ failure and death in patients with severe

COVID-19, caused by the cytokine storm '’

. IL-1, IL-6, TNF, signal transducer and
transcriptional activator 3 (STAT3), NF-kB, and lipopolysaccharides were all identified
as regulators of thrombotic markers in COVID-19 patients with the severe-to-critical
disease *°. We are not aware of any current therapies that target the cytokine storm that

have reversed disease.

10
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Our evaluation of the in vivo efficacy of vandetanib in a murine model of infection
demonstrated that vandetanib reduced IL-6, IL-10, and TNF-a compared to infected
untreated animals to similar levels found in uninfected animals. In patients with severe
COVID-19, the levels of several inflammatory cytokines and chemokines including
PDGF, TNF, IL-6, and VEGF are significantly increased *. IL-6 has also been shown to

49,52 Furthermore, a

correlate with respiratory failure and adverse clinical outcomes
recent clinical study showed that the ARDS group had higher levels of IL-6, IL-8, and
IL-10 than the non-ARDS group, and the levels of these cytokines correlated
significantly with coagulation parameters and disseminated intravascular coagulation
(DIC) *. The levels of IL-6 and TNF-a correlated with the levels of creatinine and urea
nitrogen and were also higher in ARDS patients with acute kidney injury (AKI) *°. Thus,
reducing the levels of these mediators upon treatment with vandetanib could improve
prognosis in COVID-19. The host innate immune response releases cytokines such as
type | interferon (IFN a and B) during infection, thereby initiating antiviral activity.
However, this particular interferon response is interrupted by factors such as SARS-
CoV-2 non-structural proteins, aging, diabetes, and germ-line errors eventually making
the host more susceptible to illness ** >* °> % >’ One interesting observation is that
vandetanib rescued the decreased IFN-1B caused by SARS-CoV-2 infection in mice to
levels similar to that in uninfected animals (Figure 3A). Vandetanib also decreased
CCL2, CCL3, CCL4 and CXCL1 compared to infected animals (Figures 3F, 3G, 3E, 3I).
These chemokines have been reported to be increased in patients with COVID-19 *°.

CXCL1 is a known chemoattractant for neutrophils, and it was identified, among others,

to be the one of the more abundantly expressed by macrophages involved in SARS-

11
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CoV?2 infection, especially in more severe cases *® CCL2 is one of the key chemokines
that regulate migration and infiltration of monocytes/macrophages and CCL2 levels
were also independently associated (together with other immune soluble biomarkers)
with mortality in COVID-19 patients >°. Finally, RNA isolated from nasopharyngeal swab
samples from COVID-19 positive patients showed that CCL2 (and CCL3) expression
was significantly higher in patients with unfavorable outcomes than cases with a

60

favorable evolution or with negative controls °-. Targeting chemokine/chemokine

receptor binding might suppress hyper immune activation in critical COVID-19 patients

58

The lung histological examination for mice treated with vandetanib showed a
significant treatment effect with mild infiltration, looking similar to uninfected mice.
ARDS and dyspnea create hypoxia in lung tissues and other organs. Hypoxia induces
VEGF expression. VEGF is a potent vascular permeability factor that induces vascular
leakiness in COVID-19 infected lung tissues, resulting in plasma extravasation and

pulmonary edema, which further increases tissue hypoxia % ¢

and VEGF participates in
lung inflammation °%. Blocking VEGF and the VEGF receptor (VEGFR)-mediated
signaling would improve oxygen perfusion and anti-inflammatory response and alleviate
clinical symptoms in patients with severe COVID-19. In agreement, bevacizumab, a
humanized anti-VEGF monoclonal antibody was employed for treating patients with
severe COVID-19 (NCT04275414 °*). Relative to comparable controls, bevacizumab
showed clinical efficacy by improving oxygenation and shortening oxygen-support

duration, and by day 28, 92% of patients show improvement in oxygen-support status,

65% patients were discharged, and none showed worsened oxygen-support status nor

12
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died . Therefore modulating VEGF using drugs such as vandetanib “® may have
clinical utility.

Many FDA-approved kinase inhibitors have been proposed as broad-spectrum
antiviral therapies ®® because they have multiple protein targets, including those in the
host cell required for viral life cycle, replication, and infection of multiple virus types.
Kinase inhibitors also have anti-inflammatory and cytokine inhibitory activity properties

which may address lung damage from respiratory virus infections °°

Host-target
antivirals also offer the advantage that they can exploit the host protein and pathways
needed for the replication of the virus and resistance may be less likely to develop
against them.

Although we observed vandetanib reduced infection in i) DBT cells infected by
MHV and in ii) A549-ACE2 infected by SARS-CoV-2, iii) showed a reduction of > 3
logTCID50/mL of HCoV-229E and iv) decreased viral entry in the pseudovirus assay,
we did not observe a statistically significant reduction in the viral load in the murine
SARS-CoV-2 infected model. We would likely need much longer in vivo studies to
demonstrate a reduction in viral replication. We also did not observe a decrease in
remdesivir viral load although it has been previously reported that remdesivir (25mg/kg)
subcutaneous studies in mice should use Ceslc” which lack the serum esterase in
order to mirror pharmacokinetics exposure that is seen in humans . While our results
may represent a suboptimal remdesivir dose it demonstrated a positive effect on the
lung pathology in mice comparable to vandetanib. The positive effects shown in our

study regarding modulation of the main inflammatory cytokines and chemokines as well

as prevention of lung damage and fibrosis, demonstrated that vandetanib likely has the

13
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potential to address the cytokine storm associated with SARS-CoV-2 infection. Although
the antiviral remdesivir was shown to reduce the length of hospital stay for those with
COVID-19 %, only anti-inflammatory approaches have improved survival in these
patients, such as dexamethasone when given to those with an oxygen requirement .
Most recently, a randomized, placebo-controlled trial of Janus-kinase inhibition using
tofacitinib has been reported to improve COVID-19 survival, in the presence of
background glucocorticoid treatment (received by 89% of patients) . The SAVE-MORE
trial showed that blockade of the cytokine IL-1 via the recombinant human IL-1 receptor
antagonist anakinra in patients with COVID-19, guided by suPAR levels in patients
hospitalized with moderate and severe COVID-19 significantly reduced the risk of worse

clinical outcome at day 28 .

Minimizing or preventing the cytokine storm is still a significant challenge, as it will
require definition of the timing immunosuppressive or immunomodulatory agent
administration. Knowing the cytokines to target in severe COVID-19 pneumonia and
providing more-targeted therapeutic approaches may allow for the earlier introduction of
anti-cytokine treatment. We now report that vandetanib can decrease levels of several
such important cytokines that are significantly elevated in the cytokine storm, such as

IL-6 and TNF-q.

In conclusion, there is continued interest in kinase inhibitors for treating COVID-
19 and several such as masitinib “* and others are in clinical trials %°. We now report
that the FDA approved kinase inhibitor vandetanib could be a potential drug to target

the cytokine storm and prevent patients from developing ARDS. Treatment with

14
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vandetanib in the mouse model also reduced key inflammatory cytokines. Vandetanib is
well absorbed from the gut, reaching peak blood plasma concentrations 4 to 10 h after

application, and has an average half-life of 19 days > "

The pharmacokinetic
properties of vandetanib were linear over the dosage range of 50 to 1200 mg/d. The
maximum plasma concentration of 857 ng/mL is usually reached after 6 h in patients
with thyroid medullary cancer at a dose of 300 mg. Vandetanib is highly protein-bound
(92-94%) and has a terminal excretion half-life of 20 d. It is metabolized by cytochrome
P450 3A4 (CYP3A4) and is predominantly excreted via the feces and urine (44% and
25%, respectively “®). In another study in healthy patients with dose escalation up to
1200 mg/d, vandetanib appeared to be well tolerated in the populations studied and at
the dose of 800 mg/kg, vandetanib can reach a Cmax 0f 1 pM "2, that is above the ICso
reported in our study infection of SARS-CoV-2 in A549-ACEZ2 cells. When combined
these pharmacokinetic effects and positive impacts on the cytokine storm and
preventing lung inflammation, may suggest it is worthy of clinical studies for COVID-19.
While ee are aware of at least one report of a patient treated with vandetanib who had

COVID-19 and recovered ", to date it has not been accessed further in a clinical trial

which this current study may point towards.
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Figure 1. Characterization of entrectinib and vandetanib. SARS-CoV-2 inhibition in
A549-ACE2 cell lines and cytotoxicity of A) remdesivir B) entrectinib and C) vandetanib.
D) ECg and CCsy values for entrectinib and vandetanib (strain USA_WA1/2020) in
Caco-2 cells. Only VYR data was reported. E) HCoV229E antiviral assay and in Huh-7
cell line with entrectinib and F) vandetanib. G) MicroScale Thermophoresis binding
analysis for the interaction between SARS-CoV-2 Spike RBD and entrectinib. H)
Pseudo SARS-CoV-2 D614G baculovirus (Montana Molecular #C1110G, #C1120G)
assay in presence of vandetanib at 1 pM and its 1) graphical analysis.
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Figure 2: In vivo efficacy of Vandetanib in a mouse model of COVID-19. A)
Experimental timeline: K18-hAce2 tg mice were infected with SARS-CoV-2 (2 X 10*
PFU/40 uL saline, intranasal) or mock. One group of mice was treated with Vandetanib
(25 mg/kg i.p.) 1 h before virus inoculation. B) Body weight was evaluated daily. C) At 3
DPI, mice were euthanized and the C) lung viral load, and D-E) Lung histopathology
were evaluated. *** p<0.001 as compared with mock group after one-way ANOVA
followed by Tukey post-hoc test. ### p<0.001 as compared with infected group after
one-way ANOVA followed by Tukey post-hoc test. Bar scales = 20x — 125 ym; 40x — 50
um.
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Figure 3: Effects of Vandetanib on SARS-CoV-2-induced lung inflammation in a
mouse model of COVID-19. A) Expression of INF-1p quantified by qPCR. Levels of B)
INF-1B, C) IL-6, D) TNF-a, E) CCL4, F) CCL2, G) CCL3, H) IL-10, I) CXCL1, J) CXCL2,
and K) CXCL10 measured by ELISA. * p<0.05, ** p<0.01, and *** p<0.001 as compared
with mock group after one-way ANOVA followed by Tukey post-hoc test. # p<0.05 and
## p<0.01 as compared with infected group after one-way ANOVA followed by Tukey

post-hoc test.
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Supplemental Materials

METHODS

Chemicals and reagents
Entrectinib, Vandetanib were purchased from MedChemExpress (MCE,

Monmouth Junction, NJ).

Expression and purification of Spike RBD of SARS-CoV-2

A codon-optimized gene encoding for SARS-CoV-2 (331 to 528 amino acids,
QIS60558.1) was expressed in Expi293 cells (Thermo Fisher Scientific) with human
serum albumin secretion signal sequence and fusion tags (6xHistidine tag, Halo tag,

and TwinStrep tag) as described before *

. S1 RBD was purified from the culture
supernatant by nickel—nitrilotriacetic acid agarose (Qiagen), and purity was confirmed to
by >95% as judged by coomassie stained SDS-PAGE. The purified RBD protein was

buffer exchanged to 1x PBS prior to analysis by Microscale Thermophoresis.

Microscale Thermophoresis

We used Microscale thermophoresis (MST) to detect binding of entrectinib to the
Spike RBD protein. The experiments were performed according to the manufacturer’'s
instructions (NanoTemper) and as described previously 2. Briefly, for protein labeling, 6
uM of protein was be used with 3-fold excess NHS dye in MST Buffer (HEPES 10 mM

pH 7.4, NaCl 150 mM), using Monolith Protein Labeling Kit RED-NHS 2nd Generation
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(Amine Reactive). Free dye was removed, and protein eluted in MST buffer, and
centrifuged at 15 k rcf for 10 min. Binding affinity measurements were determined using
NanoTemper’'s Monolith NT.115 Pico (Nanotemper) and were performed using 5 nM
protein a serial dilution of compounds, starting at 100 uM in MST buffer containing 5 %
glycerol, 1 mM B-Mercaptoethanol and 0.1 % Triton X-100. Spike RBD was incubated at
room temperature in presence of compounds for 20 min prior measurement. Samples
were then loaded into sixteen standard capillaries (NanoTemper Technologies) and
fluorescence was recorded for 20 s using 20 % laser power and 40 % MST power. The
temperature of the instrument was set to 23°C for all measurements. After recording the
MST time traces, data were analysed. KD value was calculated from ligand
concentration-dependent changes in the fraction bound (Fbound) of Dye-Spike RBD
after 10 s of thermophoresis. The assay was performed in quadruplicate and the values
reported were generated through the usage of MO Affinity Analysis software

(NanoTemper Technologies).

Pseudovirus Assay

Cell imaging and analysis was conducted at Phenovista Biosciences. HUVEC
single cell donor (Lonza, cat#C2517A) cells were transduced at room temperature with
ACEZ2 using a BacMam viral vector at a concentration of 2e® VG/ml (Montana Molecular
#C1120G Pseudo SARS-CoV-2 D614G Green Reporter) followed by incubation at 36°C
for 24 hours. After this step, inhibitor compounds were diluted to 1uM and incubated

for 60 minutes with 2e9 VG/ml of Pseudo SARS-CoV2 or Pseudo SARS-CoV2 D614G
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baculovirus (Montana Molecular #C1110G, #C1120G). Prior to fixation with PFA, cell
nuclei were stained with Hoechst, and images were acquired with the high content
screening InCell Analyzer HS6500 microscope (20X Magnification). Quantitative

analysis was done with ThermoFisher HCS Studio Cell analysis suite.

SARS-Cov-2 tested in A549-ACE2 cells

A549-ACE2 cells were plated in Corning black walled clear bottom 96 well plates
24 hours before infection for confluency. Drug stocks were diluted in DMSO for a 200X
concentration in an 8-point 1:4 dilution series. Prepared 200X dilutions were then
diluted to 2X concentration in infection media (Gibco DMEM supplemented with 5%
HyClone FetalClonell, 1% Gibco NEAA, 1% Gibco Pen-Strep). Growth media was
removed, and cells were pretreated with 2 X drug for 1 hour prior to infection at 37C and
5% CO2. Cells were either infected at a MOI of 0.02 with infectious clone SARS-CoV-

2-nLuc °

or mock infected with infection media to evaluate toxicity. 48 hours post
infection wells were treated with Nano-Glo Luciferase assay activity to measure viral
growth or CytoTox-Glo Cytotoxicity assay to evaluate toxicity of drug treatments,
performed per manufacturer instructions (Promega). Nano-Glo assays were read using
a Molecular Devices SpectraMax plate reader and CytoTox-Glo assays were read using
a Promega GloMax plate reader. Vehicle treated wells on each plate were used to

normalize replication and toxicity. Drug treatment was performed in technical duplicate

and biological triplicate.
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SARS-Cov-2 tested in Calu-3 cells

Calu-3 (ATCC, HTB-55) cells were pretreated with test compounds for 2 hours
prior to continuous infection with SARS-CoV-2 (isolate USA WA1/2020) at a MOI=0.5.
Forty-eight hours post-infection, cells were fixed, immunostained, and imaged by
automated microscopy for infection (dsRNA+ cells/total cell number) and cell number.
Sample well data was normalized to aggregated DMSO control wells and plotted versus

drug concentration to determine the 1Cs (infection: blue) and CCs (toxicity: green).

SARS-Cov-2 tested in Caco-2 cells

For the Caco-2 VYR assay, the methodology is identical to the Vero 76 cell
assay other than the insufficient CPE is observed on Caco-2 cells to allow EC50
calculations. Supernatant from the Caco-2 cells are collected on day 3 post-infection

and titrated on Vero 76 cells for virus titer as before.

Murine Hepatitis Virus

Each compound was tested for antiviral activity against murine hepatitis virus
(MHV), a group 2a betacoronavirus, in DBT cells. MHV-A59 with nano-Luciferase: The
MHV-A59 G plasmid was engineered to replace most of the coding sequence for orf4a
and 4b with nano-luciferase (nLuc). Briefly, nucleotides 27,983 to 28,267 were removed
and replaced with Sall and Sacll restriction sites; approximately 111 bp of the 3’ end of
orf4B was left to maintain the TRS for orf5. Nano-luciferase was pcr amplified with

primers 5'nLuc Sall (5-NNNNNNGTCGACATGGTCTTCACACTCGAAGATTTC-3’) and
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3'nLuc Sacll (5-NNNNNNCCGCGGTTACGCCAGAATGCGTTCGCAC-3’), digested
with Sall and Sacll and then cloned into the G plasmid which had been similarly
digested. A sequence verified G-nLuc plasmid was used with MHV-A59 wild type A, B,
C, D, E and F plasmids to recover virus expressing nLuc, using our previously
described molecule clone (Systematic assembly of a full-length infectious cDNA of
mouse hepatitis virus strain A59 *. Each compound was tested against MHV using an 8-
point dose response curve consisting of serial fourfold dilutions, starting at 10 uM. The
same range of compound concentrations was also tested for cytotoxicity in uninfected

cells.

HCoV 229E antiviral assay

HCoV 229E, (a gift from Ralph Baric, UNC, Chapel Hill) was propagated on Huh-
7 cells and titers were determined by TCIDsy assay on Huh-7 cells. Huh-7 cells were
plated at a density of 25,000 cells per well in 96 well plates and incubated for 24 h at
37°C and 5% CO,. Growth media was removed, and cells were pretreated with 2 X drug
for 1 hour prior to infection at 37C and 5% CO2. Cells were infected with HCoV 229E at
a MOI of 0.1 in a volume of 50 ul MEM 1+1+1 (Modified Eagles Medium, 1% FBS, 1%
antibiotics, 1% HEPES buffer) for 1 hour. Virus was removed, cells rinsed once with
PBS growth medium was added back at a volume of 100 pl. Supernatants were
harvested after 24 h, serially ten-fold diluted, and virus titer was determined by TCIDsg
assay on Huh-7 cells. CPE was monitored by visual inspection at 96h post infection.

TCIDsy titers were calculated using the Spearmann-Karber method * °.

Mouse studies
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Ethical approval
All the experimental procedures were performed in accordance with the guide for
the use of laboratory animals of the University of Sao Paulo and approved by the

institutional ethics committee under the protocol number 105/2021.

SARS-CoV-2

SARS-CoV-2 was isolated from a COVID-19 positive-tested patient. The virus
was propagated and titrated in Vero E6 cells in a biosafety level 3 laboratory (BSL3) at
the Ribeirao Preto Medical school (Ribeirao Preto, Brazil). Cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS) and antibiotic/antimycotic
(Penicillin 10,000 U/mL; Streptomycin10,000 ug/mL). The viral inoculum was added to
Vero cells in DMEM (FBS 2%) incubated at 37 °C with 5% CO, for 48 h. The
cytopathogenic effect was observed under a microscope. Cell monolayer was collected,
and the supernatant was stored in -70 °C. Virus titration was made by the plaque-

forming units (PFU).

K18-hACE2 mice

To evaluate the effects of vandetanib in vivo, we infected the K18-hACEZ2
humanized mice (B6.Cg-Tg(K18-ACE2)2Primn/J)” ® °. K18-hACE2 mice were obtained
from The Jackson Laboratory and were breed in the Centro de Criacdo de Animais
Especiais (Ribeirdo Preto Medical School/University of S&do Paulo). This mouse has
been used as model for SARS-CoV-2-induced disease and it presents clinical signs,

and biochemical and histopathological changes compatible with the human disease® *
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10 11,12, 13, 14 " Mice had access to water and food ad libitum. For the experimental

infection, animals were transferred to the BSL2 facility.

SARS-CoV-2 experimental infection and treatments

Female K18-hACE2 mice, aged 8 weeks, were infected with 2x10* PFU of
SARS-CoV-2 (in 40 uL) by intranasal route. Uninfected mice were inoculated with equal
volume of PBS. On the day of infection, 1 h before virus inoculation, animals were
treated with vandetanib (25 mg/kg, i.p.) (n = 6). Five infected animals remained
untreated. Vandetanib was also given once daily on the days 1, 2 and 3 post-infection.
Body weight was evaluated on the baseline and on all the days post-infection. On the
day 3 post-infection, 6 h after treatments, animals were humanely euthanized, and
lungs were collected. Right lung was collected, harvested, and homogenized in PBS
with steel glass beads. The homogenate was added to TRIzol reagent (1:1), for
posterior viral titration via RT-qPCR, or to lysis buffer (1:1), for ELISA assay, and stored
at -70 °C. The left lung was collected in paraformaldehyde (PFA 4%) for posterior

histological assessment.

Absolute viral copies quantification

Total RNA from the lung was obtained using the Trizol® (Invitrogen, CA, EUA)
method and quantified using NanoDrop One/Onec (ThermoFisher Scientific, USA). A
total of 800 ng of RNA was used to synthesize cDNA. cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA,

USA), following the manufacturer’s protocol. The determination of the absolute number

37


https://doi.org/10.1101/2021.12.16.472155
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.16.472155; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

of viral copies was made by a tagman real-time gPCR assay with the ad of the
StepOneTM Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). A
standard curve was generated in order to obtain the exact number of copies in the
tested sample. The standard curve was performed using an amplicon containing 944 bp
cloned from a plasmid (PTZ57R/T CloneJetTM Cloning Kit Thermo Fisher®), starting in
the nucleotide 14 of the gene N. To quantify the number of copies, a serial dilution of
the plasmid in the proportion of 1:10 was performed. Commercial primers and probes
for the N1 gene and RNAse P (endogenous control) were used for the quantification

(2019-nCov CDC EUA Kit, IDT), following the CDC's instructions.

ELISA assay

Lung homogenate was added to RIPA buffer in proportion of 1:1, and then
centrifuged at 10,000 g at 4 °C for 10 minutes. Supernatant was collected and stored in
-70 °C until use. The Sandwich ELISA method was performed to detect the
concentration cytokines and chemokines using kits from R&D Systems (DuoSet),
according to the manufacturer. The following targets were evaluated: IL-6, I1L-10, IL-1j3,

TNF-a, INF-1B, CCL2, CCL3, CCL4, CXCL1, CXCL2, and CXCL10.

Lung histopathological process and analyses

Five micrometer lung slices were submitted to Hematoxylin and Eosin staining. A
total of 10 photomicrographs in 40X magnification per animal were randomly obtained
using a microscope Novel (Novel L3000 LED, China) coupled to a HDI camera for

images capture. The total septal area and total area were analyzed with the aid of the
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Pro Plus 7 software (Media Cybernetics, Inc., MD, USA). Morphometric analysis was

performed in accordance with the protocol established by the American Thoracic

Society and European Thoracic Society (ATS/ERS) *°.
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Figure S1: In vitro antiviral SARS-CoV-2 testing in Calu-3 cells. Calu-3 (ATCC,
HTB-55) cells were pretreated with test compounds for 2 hours prior to continuous
infection with SARS-CoV-2 (isolate USA WA1/2020) at a MOI=0.5. Forty-eight hours
post-infection, cells were fixed, immunostained, and imaged by automated microscopy
for infection (dsRNA+ cells/total cell number) and cell number. Sample well data was
normalized to aggregated DMSO control wells and plotted versus drug concentration to
determine the ICsq (infection: blue) and CCso (toxicity: green). Percentage of Control
(POC)=(sample well measurement /aggregated DMSO avg)*100 for n=3 replicates. A)

remdesivir, B) entrectinib.
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*Clinical trials
Covid-19

Competitively inhibits

both nonreceptor tyrosine
kinases (nRTKs) and receptor
tyrosine kinases (RTKs). NRTK
targets of nintedanib

include Lck, Lyn, and Src. RTK
targets of nintedanib

include platelet-derived growth
factor receptor (PDGFR) a and
B; fibroblast growth factor
receptor (FGFR) 1, 2, and

3; vascular endothelial growth
factor receptor (VEGFR) 1, 2, and
3; and FLT3.
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