
Vandetanib Blocks the Cytokine Storm in SARS-CoV-2-Infected Mice
Ana C. Puhl,*,† Giovanni F. Gomes,† Samara Damasceno, Ethan J. Fritch, James A. Levi,
Nicole J. Johnson, Frank Scholle, Lakshmanane Premkumar, Brett L. Hurst, Felipe Lee-Montiel,
Flavio P. Veras, Sabrina S. Batah, Alexandre T. Fabro, Nathaniel J. Moorman, Boyd L. Yount,
Rebekah J. Dickmander, Ralph S. Baric, Kenneth H. Pearce, Fernando Q. Cunha, José C. Alves-Filho,*
Thiago M. Cunha,* and Sean Ekins*

Cite This: ACS Omega 2022, 7, 31935−31944 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The portfolio of SARS-CoV-2 small molecule drugs is currently limited to a handful that are
either approved (remdesivir), emergency approved (dexamethasone, baricitinib, paxlovid, and
molnupiravir), or in advanced clinical trials. Vandetanib is a kinase inhibitor which targets the vascular
endothelial growth factor receptor (VEGFR), the epidermal growth factor receptor (EGFR), as well as the
RET-tyrosine kinase. In the current study, it was tested in different cell lines and showed promising results
on inhibition versus the toxic effect on A549-hACE2 cells (IC50 0.79 μM) while also showing a reduction of
>3 log TCID50/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, and TNF-α and
mitigated inflammatory cell infiltrates in the lungs of infected animals but did not reduce viral load.
Vandetanib also decreased CCL2, CCL3, and CCL4 compared to the infected animals. Vandetanib
additionally rescued the decreased IFN-1β caused by SARS-CoV-2 infection in mice to levels similar to that
in uninfected animals. Our results indicate that the FDA-approved anticancer drug vandetanib is worthy of
further assessment as a potential therapeutic candidate to block the COVID-19 cytokine storm.

■ INTRODUCTION
Currently, three vaccines are approved for SARS-CoV-2 in the
USA,1−3 and only a few drugs are approved for use including
remdesivir.4 An emergency use authorization allows the
protein kinase inhibitor baricitinib to be combined with
remdesivir for the treatment of children above 2 years old and
adults admitted to the hospital that need respiratory support.5

Dexamethasone is recommended for certain severe COVID-19
patients that are hospitalized.6 As these limited treatment
options and several drugs in clinical trials7 attest, there is a
global need for more therapeutic options for COVID-19. Such
small molecule antivirals can be used outside of hospitals, while
additional treatments to address the many symptoms of
COVID-19 that are termed long-COVID8,9 are also needed.
Pfizer developed the SARS-CoV-2 inhibitor PF-07321332
targeting Mpro, in combination with ritonavir (paxlovid), which
was granted emergency approval by FDA. Direct acting
antivirals target early stage virus replication, and most of the
research efforts have been focused on finding such molecules;
however, these might have a short therapeutic window, which
would render them less effective if administered during the
immunopathogenic phase of the disease. The cytokine storm is
a major concern with COVID-19 disease,10 and new drugs are
urgently needed for this, as well. Dexamethasone has been
shown to improve the survival of patients when given to those
with an oxygen requirement.11

The cytokine storm is caused by an imbalance in the
immune system,10 and it progresses to acute respiratory
distress syndrome (ARDS) and can also cause multiple organ
failure.10,12 Several cytokines and chemokines are increased
during SARS-CoV-2 infection, and they can recruit and
activate several immune cell types, such as neutrophils,
macrophages, and T-lymphocytes.13 Measuring these cyto-
kines/chemokines may help in predicting the mortality risk of
infected patients.14

Studies have revealed higher levels of cytokine storm
associated with more severe COVID-19 development.12 In
these patients, the inflammatory substances from the cytokine
storm destroy tissues, which can lead to ARDS and multiorgan
failure,15 an important cause of death. Capillary leakage caused
by inflammation driven by TNF-α, IL-6, IL-1, IL-8, and VEGF
is one of the main causes of damaging lung function in
COVID-19, leading to ARDS.12 Another important factor is
that SARS-CoV-2 can interrupt the type I interferon (IFN-α
and -β) release during infection by the host innate immune
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system,16,17 and this delayed response of type I IFN signaling
allows viral replication that can cause tissue damage.18

Targeting the cytokine storm to ameliorate the hyper-
inflammatory state could be a novel therapeutic approach for
the treatment of COVID-19.13,19−21 It was previously
demonstrated that the modulation of host cell signaling is
essential for viral replication, and it could be therapeutically
relevant.22,23 Minimizing or preventing the cytokine storm is
still a significant challenge, and providing more targeted
therapeutic approaches may allow for an earlier anticytokine
treatment and prevention of ARDS and deaths. Multiple
protein kinase inhibitors have demonstrated in vitro24−29 and
in vivo activity for SARS-CoV-2, while several have been tested
in clinical trials.30,31 In the current study, we evaluated
vandetanib in A549-ACE2 and Caco-2 cells infected by SARS-
CoV-2, followed by an in vivo efficacy study of vandetanib in
an acute infection model using K18-hACE2 mice challenged
with SARS-CoV-2.

■ RESULTS
Vandetanib Inhibits SARS-CoV-2 Replication In Vitro

without Cell Toxicity. Initially, vandetanib was tested in
DBT cells infected with murine hepatitis virus (MHV), which
was used as a model of SARS-CoV-2 replication to evaluate its

antiviral activity (IC50 1.60 μM, Figure S1). Vandetanib was
also characterized in A549-ACE2 cells infected with SARS-
CoV-2 using remdesivir as a positive control. Cells were
incubated with compounds 1 h before the SARS-CoV-2
infection, and vandetanib (IC50 0.79 μM, SI > 12.6) showed
lower potency than remdesivir (IC50 of 0.11 μM, SI > 90)
(Figure 1A,B). Vandetanib was further tested in Caco-2 cells
and showed an IC90 of 2 μM, SI = 2 (Table S1) as well as
showed a reduction of >3 log TCID50/mL with HCoV-229E
when tested at 5 μM (Figure 1C). We used a VSV-pseudotype
SARS-CoV-2 assay to evaluate SARS-CoV-2 spike-protein-
mediated entry, and our results demonstrated that vandetanib
was active at 1 μM in the SARS-CoV-2 D614G strain (Figure
2A,B).
In Vivo Efficacy of Vandetanib in Mice. We used the

K18-hACE2 mouse model of COVID-19 to evaluate the in
vivo efficacy of vandetanib32−34 (8 week old females,
challenged with SARS-CoV-2 2 × 104 PFU in 40 μL,
intranasally). Vandetanib (25 mg/kg) was administered i.p. 1
h prior to infection and once a day subsequently for 3 days
postinfection (3 dpi) (Figure 3A). Mice were euthanized on 3
dpi, and lung histopathology, cytokine levels, as well as viral
load were evaluated. The group treated with vandetanib and
the untreated mice lost weight compared to the control group
of uninfected animals, which only received vehicle formulation

Figure 1. Characterization of vandetanib. SARS-CoV-2 inhibition and cytotoxicity were tested in the A549-ACE2 cell line: (A) remdesivir (SI >
90) and (B) vandetanib (SI > 12.6). (C) HCoV229E antiviral assay with vandetanib.

Figure 2. Pseudo-SARS-CoV-2 D614G baculovirus (Montana Molecular #C1110G, #C1120G) assay in the presence of (A) vandetanib at 1 μM
and its (B) graphical analysis.
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(Figure 3B). We used RT-PCR to evaluate lung viral load, 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 3C). While vandetanib did not decrease the viral
load, it had a statistically significant protective effect on the
lung pathology (Figure 3D,E). The untreated mice group
infected with SARS-Cov-2 showed severe pathological
alterations with infiltration of inflammatory cells. Vandetanib
treatment showed milder infiltration and improved morphol-
ogy even in the absence of the effect on the viral load. These
results may indicate an effect of vandetanib on the virus-
induced inflammatory process. Further analyses also showed
that vandetanib treatment restored the levels of IFN-1β

(Figure 4A,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-α,
and CCL4 (compared with infected untreated animals) to
levels similar to those found in uninfected animals (Figure
4C−E). Vandetanib also significantly reduced the levels of
CCL2, CCL3, and IL-10 compared to infected animals (Figure
4F−H). CXCL1 was not affected by the treatment (Figure 4I),
while CXCL2 and CXCL10 were not elevated in infected
animals (Figure 4J,K). Combined, these results indicate that
vandetanib reduces the cytokine storm rather than reducing
SARS-CoV-2 replication in the COVID-19 mouse model that
was used in this study.

Figure 3. In vivo efficacy of vandetanib in a mouse model of COVID-19. (A) Experimental timeline: K18-hACE2 tg mice mock or infected with
SARS-CoV-2 (2 × 104 PFU/40 μL saline, intranasal). Vandetanib group was treated with 25 mg/kg i.p. 1 h before virus infection. (B) Body weight
was measured once a day. (C) Mice were euthanized after 3 dpi and (C) lung viral load and (D,E) lung histopathology was evaluated; ***p <
0.001 in comparison with the uninfected mock group after one-way ANOVA followed by a Tukey posthoc test; ###p < 0.001 in comparison with
the infected group after one-way ANOVA followed by a Tukey posthoc test. Scale bar = 20×, 125 μm; 40×, 50 μm.
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■ DISCUSSION
With mounting COVID-19 infections and global death toll
over 6.3 M to date (June 2022), 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’ future effectiveness,35

while many countries still have little or no access to the
vaccines that are available in the USA and Europe after over 2
years of this pandemic.36 There is also a critical need to
develop treatments that do not require cold chain storage and
can be used outside of hospitals.

Growth factor receptor signaling pathways were described to
be highly activated upon infection by SARS-CoV-2, hence
inhibition of these pathways prevents replication in cells.37

Vandetanib is an FDA-approved drug used to treat thyroid
gland tumors (targeting VEGFR, EGFR, and RET-tyrosine
kinase38) and was active in both A549-ACE2 and Caco-2 cells
infected with SARS-CoV-2 and against HCoV-229E. Based on
this in vitro activity profile, it was selected for further
preclinical testing in a COVID-19 mouse model.

One of the major causes of ARDS and multiorgan
dysfunction syndrome (MODS) observed in severe SARS-
CoV-2 infection is the cytokine storm.12,15 Some regulators of
thrombotic markers, which include IL-1, IL-6, TNF-α, and NF-
kB, were identified in severe and critical patients with COVID-
19.39 Our evaluation of the in vivo efficacy of vandetanib in a
murine model of infection demonstrated that vandetanib
reduced IL-10, IL-6, and TNF-α compared to the infected
untreated animals to levels similar to those found in uninfected

Figure 4. Vandetanib decreases lung inflammation in a mouse model of COVID-19. (A) Expression of IFN-1β quantified by qPCR. Levels of (B)
IFN-1β, (C) IL-6, (D) TNF-α, (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 in comparison with mock group after one-way ANOVA followed by a Tukey posthoc test; #p < 0.05 and ##p
< 0.01 in comparison with the infected group after one-way ANOVA followed by a Tukey posthoc test.
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animals. The levels of several inflammatory cytokines and
chemokines including PDGF, TNF, IL-6, and VEGF are
significantly increased in severe COVID-19 patients.40 IL-6 has
also been shown to correlate with respiratory failure and
adverse clinical outcomes.15,41 Furthermore, a recent clinical
study demonstrated that those patients with ARDS showed
higher levels of IL-6, IL-8, and IL-10 in comparison to the non-
ARDS group, and that the levels of those cytokines are
associated significantly with disseminated intravascular coagu-
lation.15 The levels of IL-6 and TNF-α were also higher in
ARDS patients with acute kidney injury.15 Thus, reducing the
levels of these cytokines upon treatment with vandetanib could
improve prognosis in COVID-19. The host innate immune
response releases cytokines such as type I interferon (IFN-α
and -β) during infection, which initiates antiviral activity.
However, SARS-CoV-2 nonstructural proteins can interrupt
this particular response.16,17 One interesting observation is that
vandetanib rescued the decreased IFN-1β caused by SARS-
CoV-2 infection in mice to levels similar to that in uninfected
animals (Figure 4A). Vandetanib also decreased CCL2, CCL3,
and CCL4 compared to infected animals (Figure 4F,G,E,I).
These chemokines have been reported to be increased in
patients with COVID-19.14 CXCL1 is highly expressed in
macrophages involved in SARS-CoV-2 infection, and it is a
chemoattractant for neutrophils.42 CCL2 levels were also
independently correlated with mortality in COVID-19
patients, and it is known to be responsible for regulation of
monocyte/macrophage migration and infiltration.43 Finally,
CCL2 expression has been shown to be significantly elevated
in patients with unfavorable disease outcome.44 Therefore,
targeting the receptor binding of chemokines and cytokines
might be a good strategy to decrease higher activation of
immune cells in patients with critical COVID-19.42

Mice treated with vandetanib showed a significant treatment
effect with mild infiltration, looking like uninfected mice in the
histological examination of lungs. VEGF expression can be
induced by dyspnea and hypoxia in lung tissues caused by
ARDS. VEGF is a potent vascular permeabilizing agent and
participates in lung inflammation45 and can induce vascular
leakiness and pulmonary edema in the lungs of COVID-19
patients, which subsequently increases hypoxia.46,47 Therefore,
any therapies that can block the signaling mediated by VEGF
and the VEGF receptor could improve oxygen perfusion and
anti-inflammatory response in critical COVID-19 patients. In
agreement, bevacizumab, which is a humanized anti-VEGF
monoclonal antibody, showed improvement of oxygenation
and reduced the duration of oxygen support and no deaths in
severe COVID-19 patients (NCT04275414).48 Therefore,
modulating VEGF using small molecule drugs such as
vandetanib38 may have some clinical utility.

Kinase inhibitors can modulate several host cell targets
involved in multiple virus steps of the life cycle and have been
used as broad-spectrum antiviral therapies.49 Kinase inhibitors
also have anti-inflammatory and cytokine inhibitory activity
properties which may address lung damage from respiratory
virus infections.49 Host-targeting antivirals also offer the
advantage that they can exploit the host protein and pathways
needed for the replication of the virus and might decrease the
risk of developing resistance against them, as well.

Although we observed that vandetanib reduced SARS-CoV-
2 infection in A549-ACE2 cells with a reduction of >3 log
TCID50/mL of HCoV-229E and decreased viral entry in the
pseudovirus assay, surprisingly, we did not observe any

statistically significant reduction in the viral load in the
SARS-CoV-2 mouse model. We also did not observe a
decrease in the viral load with the group treated with
remdesivir. Remdesivir is degraded by a serum esterase, and
to perform studies in mice that mirror the pharmacokinetics
and exposure that is seen in humans, Ces1c−/− mice which lack
the serum esterase should be used.50 While our results may
represent a suboptimal remdesivir dose, it demonstrated a
positive effect on the lung pathology in mice that was
comparable to that with vandetanib versus the control. The
positive effects shown in our study regarding modulation of the
main inflammatory cytokines and chemokines as well as
prevention of lung damage demonstrated that vandetanib likely
has the potential to address the cytokine storm associated with
SARS-CoV-2 infection. Although remdesivir was previously
shown to decrease hospitalization time in COVID-1951

patients, only anti-inflammatory approaches have improved
survival in these patients, such as dexamethasone when given
to those with an oxygen requirement.11 A randomized,
placebo-controlled trial using tofacitinib (Janus kinase
inhibitor), with the concurrent use of glucocorticoid treatment,
was reported to improve survival in COVID-19 patients.52 The
SAVE-MORE trial showed that treatment with anakinra, which
is recombinant human IL-1 receptor antagonist, significantly
reduced the risk of worse clinical outcome in patients that were
hospitalized with moderate and severe COVID-19.53

Minimizing or preventing the COVID-19-induced cytokine
storm is still a significant challenge, as it will require definition
of the timing for immunosuppressive or immunomodulatory
agent administration. Knowing which cytokines/chemokines
are important to target in patients with severe COVID-19
pneumonia and providing more targeted therapeutic ap-
proaches may allow for the earlier introduction of treatments
of the cytokine storm. We now report that vandetanib can
decrease levels in mice of several important cytokines that are
significantly elevated in the COVID-19-related cytokine storm,
such as IL-6, IL-10, and TNF-α, and also decrease chemokines
CCL2, CCL3, and CCL4. Whether this COVID-19 mouse
study translates to humans infected with this virus requires
further clinical research outside the scope of this study.

■ CONCLUSIONS
There is continued interest in kinase inhibitors for treating
COVID-19, and several such as masitinib54 and others are in
clinical trials.24 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 vandetanib in the mouse model reduced key
inflammatory cytokines. Vandetanib is well absorbed from the
gut, reaching peak blood plasma concentrations 4−10 h after
application, and has an average half-life of 19 days.55,56 The
pharmacokinetic properties of vandetanib were reported to be
linear over the dosage range of 50−1200 mg/day. In patients
with thyroid medullary cancer, using a dose of 300 mg can
reach a maximum plasma concentration of 857 ng/mL after 6
h. Vandetanib is metabolized by cytochrome P450 3A4
(CYP3A4) and is predominantly excreted via the feces and
urine, while it has a terminal excretion half-life of 20 days.38 In
a study in healthy patients with dose escalation up to 1200 mg/
day, vandetanib appeared to be well tolerated in the
populations studied, and at the dose of 800 mg/kg, vandetanib
can reach a Cmax of 1 μM.55 Vandetanib is FDA-approved and
sold under the name Caprelsa (Sanofi Genzyme) in dosage
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forms of 100 and 300 mg. In our mouse studies, we used 25
mg/kg, which could potentially be extrapolated57 to a daily
human dose of approximately 300 mg. When combined, these
pharmacokinetic and the host effects leading to the prevention
of lung inflammation may suggest that vandetanib has the
potential to address the cytokine storm caused by SARS-CoV-
2 infection that could be investigated in future clinical studies
of COVID-19. While we are aware of at least one report of a
patient treated with vandetanib who had COVID-19 and
recovered,58 to date, it has not been assessed further in a
clinical trial, which this current study may point toward.

■ MATERIALS AND METHODS
Compounds. Vandetanib was purchased from MedChe-

mExpress (MCE, Monmouth Junction, NJ).
SARS-CoV-2 Tested in A549-ACE2 Cells. This assay was

performed as described previously,59 using A549-ACE2 mock
cells or infected cells at a MOI of 0.02 with SARS-CoV-2-
nLuc.60 The drugs (2×) were administered to the cells 1 h
before the infection. Cytotoxicity and viral growth were
evaluated 48 h postinfection using Nano-Glo luciferase and
CytoTox-Glo cytotoxicity assays (Promega), respectively.
Replication and toxicity were normalized to the vehicle wells
on each plate.
SARS-CoV-2 Tested in Caco-2 Cells. The methodology

for the reduction of virus yield (VYR) assay in the Caco-2 is
identical to the Vero 76 cell assay described previously,59 and
the EC90 is reported.
Murine Hepatitis Virus. Vandetanib was tested for

antiviral activity against the murine hepatitis virus (MHV)
infection in DBT cells. This system was used initially as a
model for SARS-CoV-2 infection, and experiments were
performed as described previously.61

HCoV 229E Antiviral Assay. This assay was performed as
described previously.59 CPE was monitored by visual
inspection at 96 h postinfection and TCID50 titers were
calculated.62,63

Pseudovirus Assay. We used the kit pseudo-SARS-CoV-2
D614G Green Reporter (Montana Molecular #C1120G), and
experiments were performed according to manufacturer’s
instructions. Cell imaging and analysis were conducted at
Phenovista Biosciences. Compounds were diluted to 1 μM and
maintained for 60 min with 2 × 109 VG/mL of pseudo-SARS-
CoV-2 or pseudo-SARS-CoV-2 D614G baculovirus (Montana
Molecular #C1110G, #C1120G). Cell nuclei were stained with
Hoechst, and images were acquired with the high content
screening InCell analyzer HS6500 microscope (20× magnifi-
cation) prior to fixation with PFA. Quantitative analysis was
performed with the ThermoFisher HCS Studio Cell analysis
suite.
K18-hACE2 Mice Infection. SARS-CoV-2 was isolated

from a COVID-19 positive-tested patient.64 We used K18-
hACE2 humanized mice (B6.Cg-Tg(K18-ACE2)2Prlmn/
J)32,65,66 from Jackson Laboratory, which has been used as
model for SARS-CoV-2-induced disease.65−71 Mice were breed
in the Centro de Criação de Animais Especiais (Ribeirão Preto
Medical School/University of São Paulo). Experiments were
approved by the University of Sao Paulo ethics committee
(protocol number 105/2021). Mice had access to food and
water ad libitum. Animals were transferred to the BSL3 facility
for the experimental infection.
SARS-CoV-2 Experimental Infection and Treatments.

The experiments were performed as previously described64

with a few modifications. Female K18-hACE2 mice (8 weeks
of age) were infected intranasally with 2 × 104 PFU of SARS-
CoV-2 (in 40 μL), while uninfected mice received 40 μL of
PBS. Animals were treated with vandetanib (25 mg/kg, i.p.) (n
= 6) 1 h before virus inoculation on the day of infection. Five
infected animals were not treated with the drug and were used
as a control group. Vandetanib was also given once daily on
days 1, 2, and 3 dpi. Body weight was evaluated daily, and
animals were humanely euthanized on the day 3 dpi. Lungs
were used for ELISA assay, viral load analysis, and histological
assessment, as described previously.64

Absolute Viral Copy Quantification. A total of 800 ng of
RNA from the lung was used to synthesize cDNA. cDNA
synthesis and the absolute copy quantification were performed
as described previously.64

ELISA Assay. ELISA assay was performed with lung
homogenate as described previously.64 The following cytokines
and chemokines were measured: IL-6, IL-10, IL-1β, TNF-α,
IFN-1β, CXCL1, CXCL2, CXCL10, CCL2, CCL3, and CCL4.
Lung Histopathological Process and Analyses. Lung

histopathology was performed as described previously.64

Morphometric analysis was conducted in accordance the
American Thoracic Society and European Thoracic Society
(ATS/ERS) protocol.72
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