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ARTICLE INFO ABSTRACT

Keywords: The novel coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2
Exportin-1 (SARS-CoV-2) is responsible for the recent global pandemic. The nuclear export protein (XPO1) has a direct role
XPO1 in the export of SARS-CoV proteins including ORF3b, ORF9b, and nucleocapsid. Inhibition of XPO1 induces anti-
:ﬁ:lsl_c()v_z inflammatory, anti-viral, and antioxidant pathways. Selinexor is an FDA-approved XPO1 inhibitor. Through
COVID19 bioinformatics analysis, we predicted nuclear export sequences in the ACE-2 protein and confirmed by in vitro
Selinexor testing that inhibition of XPO1 with selinexor induces nuclear localization of ACE-2. Administration of selinexor

inhibited viral infection prophylactically as well as therapeutically in vitro. In a ferret model of COVID-19,
selinexor treatment reduced viral load in the lungs and protected against tissue damage in the nasal turbi-
nates and lungs in vivo. Our studies demonstrated that selinexor downregulated the pro-inflammatory cytokines
IL-1, IL-6, IL-10, IFN-y, TNF-a, and GMCSF, commonly associated with the cytokine storm observed in COVID-
19 patients. Our findings indicate that nuclear export is critical for SARS-CoV-2 infection and for COVID-19

SINE compound

pathology and suggest that inhibition of XPO1 by selinexor could be a viable anti-viral treatment option.

1. Introduction

Infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) results in coronavirus disease 19 (COVID-19), a respira-
tory illness that was first identified in Wuhan, China in December 2019
and led to a global pandemic (Gandhi et al., 2020; Lai et al., 2020). The
clinical manifestation of SARS-CoV-2 can range from mild to severe
symptoms which include fever, cough, sore throat, acute respiratory
distress syndrome, viral pneumonia, and respiratory failure (Gandhi
et al., 2020). Patients with COVID-19 can develop dysregulation of the
immune system and immune overactivation (i.e., cytokine storm),
which are strong contributing factors to COVID-19-linked deaths
(Ingraham et al., 2020). The novel coronavirus SARS-CoV-2 is most
closely related to the SARS-CoV virus that caused an epidemic in 2002,
and both viruses are members of the B lineage of the Betacoronaviruses
genus (Shereen et al., 2020; Zhu et al., 2020). SARS-CoV-2 infection is
facilitated by the binding of the viral S protein to the host cellular

receptor angiotensin-converting enzyme 2 (ACE-2) and requires acces-
sory cell surface proteases such as the serine proteases TMPRSS2 and
ADAM17 (Heurich et al., 2014; Shereen et al., 2020).

Selective inhibitors of nuclear export (SINE) are a class of small
molecules that have demonstrated broad spectrum anti-viral and anti-
inflammatory properties (Widman et al., 2018). Nuclear export pro-
tein exportin-1 (XPO1), also called Chromosome Region Maintenance 1
(CRM1), is part of the karyopherin-p superfamily of nuclear transport
proteins, which includes 15 different importin and exportin proteins
(Perwitasari et al., 2016). SINE compounds specifically inhibit XPO1,
resulting in nuclear sequestration of XPO1-dependent cargo proteins
(Sun et al., 2013; Widman et al., 2018).

Selinexor is a potent, oral, slowly reversible SINE small molecule
drug that binds covalently to XPO1 and blocks the shuttling of XPO1
cargo proteins from the nucleus to the cytoplasm. XPO1 inhibitors have
demonstrated activity against over 20 different viruses, including DNA
and RNA viruses like influenza and respiratory syncytial virus (RSV) that
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cause respiratory infections (Jorquera et al., 2019; Perwitasari et al,
2014, 2016; Widman et al., 2018). More than 200 XPO1 cargo proteins
have been identified including proteins with regulatory roles in cell
growth, differentiation, and inflammatory response (Lee et al., 2020). In
addition, XPO1 cargo proteins include many viral proteins such as the
Rev protein of HIV (Cao et al., 2009), NEP of influenza (Paragas et al.,
2001), and agnoprotein of the JC virus (Saribas et al., 2020), for which
their bidirectional shuttling between nucleus and cytoplasm is essential
for viral propagation. Importantly, XPO1 has a direct role in SARS-CoV
replication and pathogenesis, and is responsible for the nuclear export of
certain SARS-CoV proteins including ORF3b (Freundt et al., 2009;
Konno et al., 2020), ORF9b (Jiang et al., 2020; Moshynskyy et al., 2007;
Sharma et al., 2011; Shi et al., 2014) and nucleocapsid N protein (Li
et al., 2020; Timani et al., 2005; You et al., 2007). These proteins help
the virus evade innate immunity by inhibiting induction of type I
interferon (Freundt et al., 2009; Jiang et al., 2020; Konno et al., 2020;
Kopecky-Bromberg et al., 2007; Li et al., 2020). Similar activity was also
reported for the host nuclear protein glioma tumor suppressor candidate
region gene 2 (GLTSCR2), as coronavirus infection induces
XPO1l-dependent cytoplasmic translocation of GLTSCR2, leading to
attenuated IFN-B induction and supporting viral replication (Li et al.,
2017; Wang et al., 2016).

Selinexor and other SINE compounds have demonstrated potent anti-
inflammatory activity through the inhibition of NF-xB (Kashyap et al.,
2016), leading to reductions in cytokines such as IL-6, IL-1 and IFN-y. In
addition, inhibition of XPO1l leads to the activation of several
anti-inflammatory, antioxidant, and cytoprotective transcription factors
including IxkB, PPARy (Umemoto and Fujiki, 2012), RXRa (Priifer and
Barsony, 2002), HMGB1 (Hyun et al., 2016), COMMD1 (Muller et al.,
2009), and Nrf2 (Tajiri et al., 2016). An example of the potent
anti-inflammatory activity of selinexor was demonstrated in a mouse
model of sepsis (induced by a lethal dose of lipopolysaccharide), where
oral selinexor treatment increased survival and reduced inflammatory
cytokine secretion while reducing the numbers of macrophage and
polymorphonuclear neutrophils in the peritoneal cavity (Wu et al.,
2018). In this mouse sepsis model, selinexor treatment attenuated the
acute respiratory distress syndrome-like lung injury. These findings are
significant as COVID-19 severity correlates with circulating cytokine
levels in patients (Wu et al., 2018).

Recently, three studies suggested a central role for XPO1 and the
SINE drugs in COVID-19. The first study discovered that XPO1 and three
other host hub proteins have the highest number of functional connec-
tions with the SARS-CoV-2 viral proteins (Zhou et al., 2020). The second
study mapped the SARS-CoV-2 protein-protein interaction map and
suggested to repurpose the SINE drug verdinexor as a treatment for
COVID-19 based on in vitro studies showing the ability of verdinexor to
inhibit specific viral-host protein interactions (Gordon et al., 2020). In a
third study, selinexor was ranked 18 out of 400 drugs screened in terms
of drugs whose effects negate the master regulator proteins induced by
SARS-CoV-2 infection (Laise et al., 2020). Blockade of XPO1 is therefore
expected to inhibit viral assembly and propagation (Uddin et al., 2020).
Here, we provide an in vitro and in vivo analysis of the efficacy of seli-
nexor on the modulation of the anti-viral and the anti-inflammatory
effects of selinexor in the context of SARS-CoV-2.

2. Materials and methods
2.1. Nuclear export signal (NES) prediction

Predictions of NESs were performed using NetNES 1.1(la Cour et al.,
2004) and Wregex v2.2 (Prieto et al., 2014). Wregex queries were per-
formed for the leucine-rich NES binding to the CRM1 protein with rec-
ommended settings. An overall prediction score was assigned based on
both algorithms using a threshold of 0.5 for NetNES and 50 for Wregex
(strongly indicates both predictions exceed the thresholds, and moder-
ately indicates that only one algorithm exceeds the thresholds).
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2.2. Anti-viral in vitro efficacy assays

SARS-CoV-2 (2019-nCoV/USA-WA1/2020; MN985325.1) was
received from BEI resources. Viral neutralization assays were performed
for SARS-CoV-2. Vero E6 cells (ATCC: #CRL-1586) cultured in DMEM
with 10% fetal bovine serum (FBS) were incubated overnight at 8 x 10°
cells per well in a 6-well plate. Cells were washed and media was FBS
containing SARS-CoV2. Cells were infected at multiplicity of infection
(MOI) of 0.01 for 1 h. Following infection, selinexor was added at
concentrations of 0, 10, 30, and 100 nM to the wells in 2X overlay in
DMEM with 1.2% Avicel® supplemented with 1% FBS at 0, 24, 36 and
48 h. Total infection time was 4 days at 37 °C, 5% CO.. At the end of the
experiment, cells were fixed for 20 min with acetone and methanol
(60:40) and stained by crystal violet in order to count plaques and
calculate viral titer (PFU/ml). The virus was only propagated once and
never passaged.

Vero E6 cells were plated on glass coverslips (BioCoat, BD Bio-
sciences) at 500,000 cells/well in 6-well plates and grown overnight.
The following day, the adherent cells were treated with 500 nM seli-
nexor for 24 h. After treatment, coverslips were washed with 1X PBS
(phosphate buffered saline) then fixed with 3% PFA and permeabilized/
blocked with 0.1% Tween X-100 and 1% BSA (w/v) in PBS. Cells were
incubated overnight with ACE2 antibody (Invitrogen, #MA5-32307)
diluted 1:50 in 1%BSA/1X PBS. A rabbit secondary antibody, Alexa
Fluor 488, green-fluorescent dye (Thermo Fisher, #A11008) was used
for all staining, while nuclei were stained with DAPI (Invitrogen). Pro-
tein localization was visualized using an Echo Revolve microscope at
60x magnification.

For nuclear/cytoplasmic protein fractionation, Vero E6 cells were
treated with 500 nM selinexor for 24 h. Cells were trypsinized, washed
with PBS and cellular fractionation was carried out using the NE-PER
nuclear and cytoplasmic extraction kit (Thermo Scientific#78833) ac-
cording to the manufacturer’s instructions. Fractionation efficiency was
evaluated by protein expression of subcellular marker proteins; Beta-
Tubulin (cytoplasmic) and Lamin B (nuclear).

2.3. In vivo efficacy studies

The in vivo studies were performed by Viroclinics Biosciences B.V.
Xplore at their animal facility in Schaijk, The Netherlands under con-
ditions that meet the standard of Dutch law for animal experimentation
(2010/63/EU) and are in agreement with the “Guide for the care and use
of laboratory animals” (8th edition, NRC 2011), ILAR recommendations,
AAALAC standards. The strain of SARS-CoV-2 utilized in the studies was
BetaCoV/Munich/BavPat1/2020. Ferrets (Mustela putorius furo) were
obtained from a dedicated certified supplier in Denmark and were
housed by group in an isolator under BSL3 conditions for the duration of
the experiment. Group 3 and 4 (placebo) were housed together in one
isolator. For intranasal administration and euthanasia by exsanguina-
tion, the animals were anesthetized with an intramuscular (i.m) injec-
tion of ketamine (20 mg/kg; i.m.) and medetomidine (0.1 mg/kg; i.m.).
Atipamezole (0.25 mg/kg; i.m.) was used to antagonize the sedation
with medetomidine.

Serologically pre-screened, SARS-CoV-2 negative female ferrets were
infected intranasally on day 0 with 10® SARS-CoV-2 TCIDso/ml (50%
tissue culture infective dose/ml). Four hours post-infection, animals
received the first oral treatment of either selinexor (5 mg/kg) or placebo
(vehicle only) and were treated twice daily (every 12 h) for 3 days. On
day 4, animals were euthanized and quantitative PCR was performed on
total RNA that was isolated postmortem from the animals’ lungs (Cor-
man et al., 2020). Primers and probes specific for beta coronavirus E
gene were used (REF): Primers, F:ACAGGTACGTTAATAGTTAA-
TAGCGT; R: ATATTGCAGCAGTACGCACACA; Probe, E_Sarbeco_P1:
ACACTAGCCATCCTTACTGCGCTTCG. The number of virus copies in the
samples were calculated using the resulting Ct value for the sample
against slope, intercept, and upper and lower limits of detection for the
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Table 1
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Predicted nuclear export sequences (NESs) of human host and SARS-CoV-2 proteins.

Protein Sequence Wregex score NetNES score Overall Prediction Published XPO1-Protein Interaction
Human host proteins
ACE-2 QEIQNLTVKLQLQALQ 75.0 0.62 Strong
EAGQKLFNMLRLGKSE 64.9 0.31 moderate
ADAM17 LDSLLSDYDI 63.1 0.49 moderate
MLSSMDSASV 39.8 0.62 moderate
TMPRSS2 LGTFLVGAALA 43.3 1.17 moderate .
GLTSCR2 EAEKLERQLALPATE 85.8 0.46 moderate Wang (2016)
IxBa MVKELQEIRL 63.1 0.52 strong Johnson et al. (1999)
SARS-CoV/2 proteins
Nucleocapsid protein LLLLDRLNQLESMSGK . 0.98 moderate Timani (2005), You (2007)
ORF3b Protein IITLKKRWQLAL 35.1 0.655 moderate Freundt (2009)
ORF6 Protein weak .
ORF9b Protein . . 0.85 moderate Moshynskyy (2007), Sharma (2011)
Spike glycoprotein SRLDKVEAEVQID 58.8 . moderate
SFIEDLLFNKVTLAD 54.1 0.29 moderate

standard virus included in each run. Levels of infectious (replication
competent) virus in the tissues were measured using a virus titration
assay on MDCK cells. Data are expressed as Log10 virus particles (CP)/g
and Log10 50% tissue culture infectious dose (TCID50)/g, respectively.

Histopathological analysis from selected tissues was performed
blinded, for all animals that were euthanized on day 4 post infection.
Samples were stored for two weeks in 10% formalin to fully inactivate
any virus present prior to sample processing. Sections from the cranial
and caudal lung lobes (n = 6 each experimental group; n = 3 control

group) and left nasal turbinate were embedded in paraffin and the tissue
sections were stained with haematoxylin and eosin (HE) for histological
examination. Severity of alveolitis, bronchitis, bronchiolitis, and rhinitis
were scored according to the following: 0 = no inflammatory cells, 1 =
few inflammatory cells, 2 = moderate number of inflammatory cells, 3
= many inflammatory cells. The extent of alveolitis was scored as 0 =
0%, 1 = <25%, 2 = 25-50%, 3 = >50%. A section of these tissues were
homogenized and subjected to Tagman PCR and virus titration.
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Fig. 1. Selinexor inhibits nuclear export and forces nuclear accumulation of ACE-2 in vitro. Vero E6 cells were incubated with 500 nM selinexor or DMSO for
24 h. a) Cells were fixed with 3% paraformaldehyde, incubated with anti-ACE-2 antibody (Invitrogen, #MA5-32307) followed by a rabbit secondary antibody, Alexa
Fluor 488, green-fluorescent dye (Thermo Fisher, #A11008), then visualized with the Echo Revolve fluorescent microscope (ECHO) at 60x magnification.
Membrane-bound ACE-2 receptors are present in DMSO-treated cells only (white arrows). b) Sub-cellular fractionation was performed post-treatment then analyzed
by immunoblots and ¢) quantified by densitometric analysis. d) Vero E6 and HEK 293 cells were treated with selinexor (550 nM, 24 h) and whole protein lysates were

analyzed on immunoblots.
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Fig. 2. Selinexor inhibits SARS-CoV-2 viral replication and shedding in vitro. a) Vero E6 cells were pre-treated with selinexor before SARS-CoV-2 infection (left —
Prophylactic) or treated with selinexor at the time of infection (right — Therapeutic). Both were incubated with selinexor during infection. Viral load was assessed by
plaque assay after 4 days of cell incubation with overlay (Selinexor CCs of Vero E6 Cells at 96 h = 434 nM). b) Vero E6 cells were infected with SARS-CoV-2 and viral
load was assessed in conditioned media collected after 4 days of incubation. ¢) Vero E6 cells were infected with SARS-CoV-2 at a MOI of 0.01 for 1 h then selinexor
was added to overlay media at 0, 24, 36 and 48 h post infection. Viral load was assessed by plaque assay after 4 days of incubation.

2.4. Human PBMC studies

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood from a SARS-CoV-2 negative donor using Ficoll-Paque™
PLUS Media (GE Health Sciences). Cells were seeded into 96-well plates
and selinexor was added to each well at increasing concentrations from
0 to 10000 nM. Then, plates were incubated for 1 h and cells were
stimulated with LPS at a final concentration of 1000 ng/ml per well.
Cell-free supernatant was collected at 6 h, 16 h, 24 h, and 40 h to analyze
IL-2, IFN-y, IL-6, GM-CSF, TNF-q, IL-1p, IL-8, and IL-10 (reported as pg/
ml) according to manufacturer’s instructions of individual ELISA assays
(R&D Systems).

2.5. Statistical analyses

The ICsq values, which indicate the concentration that led to a 50%
reduction in cell cytotoxicity, were calculated using a nonlinear
regression model with variable slope. Statistical analyses and ICsq cal-
culations were performed using GraphPad Prism (version 8.4.3).

3. Results
3.1. Selinexor mechanism-of-action

To identify the host and SARS-CoV-2 proteins that are directly
modulated by inhibition of XPO1l and could facilitate selinexor-
mediated anti-viral activity, we analyzed accessory proteins related to
SARS-CoV-2 infection to predict NESs. We determined that human ACE-
2 is likely an XPO1 cargo protein after identifying two leucine-rich NESs
- one with high affinity (“strong”) for amino acids 85-101
(QEIQNLTVKLQLQALQ) and the second with “moderate” for amino

acids 529-544 (EAGQKLFNMLRLGKSE) (Table 1). The algorithm also
predicted “moderate” NESs in TMPRSS2 and ADAM17, both known to
have roles in viral entry. An additional NES, ranked “moderate” was
found in the GLTSCR2 protein (amino acids 271-285, EAEKLERQLAL-
PATE), which has been shown to undergo XPO1-mediated translocation
from the nucleus to the cytoplasm upon viral infection, and attenuates
type I interferon response to support viral replication (Wang et al.,
2016). As expected, the algorithm identified the well-studied IxBax NES
as “strong” (Table 1). Potential NES peptides were also ranked by the
algorithm as “moderate” or “weak” in five of the SARS-CoV-2 proteins
(Table 1), as at least three were reported to shuttle between the host cell
nucleus and cytoplasm upon viral infection in studies of SARS-CoV
(Moshynskyy et al., 2007; Sharma et al., 2011; Timani et al., 2005;
You et al., 2007).

We postulated that treatment with selinexor would lead to ACE-2
accumulation within the nucleus, thus protecting the cells from SARS-
CoV-2 infection. In order to test if XPO1 inhibition by selinexor affects
the subcellular distribution of ACE-2 in vitro, Vero E6 cells were treated
with selinexor for 24 h and ACE-2 localization was analyzed by immu-
nofluorescence and sub-cellular fractionation. Selinexor treatment
induced the nuclear retention of the ACE-2 receptor, while DMSO-
treated cells showed membrane bound ACE-2 (Fig. 1A). Immunoblots
of sub-cellular fractions showed that XPO1 inhibition by selinexor
induced nuclear accumulation of ACE-2, with decreased ACE-2 in the
membrane/cytoplasmic fraction, and nearly a 5-fold increase in nuclear
protein levels (Fig. 1B and C). Selinexor treatment also led to nuclear
accumulation of the well-established XPO1 cargo p53 tumor suppressor
protein (Fig. 1B and C). Assessment of total protein levels showed that
cells treated with selinexor had an overall reduction in GLTSCR2 and an
expected decrease of XPO1 protein (Fig. 1D) (Kashyap et al., 2016; Lee
et al., 2020). Importantly, these effects were observed at concentrations
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Fig. 3. Selinexor decreased SARS-CoV-2 viral load in ferret lung tissue.
Levels of viral RNA in the lungs were measured post-mortem on Day 4 by qPCR.
Lower limit of detection range is indicated by dashed lines. Data are expressed
as mean £+ SEM.

that do not affect cell viability as indicated by levels of full-length cas-
pase 3 (Fig. 1D). These results suggest that selinexor could potentially
protect host cells from SARS-CoV-2 infection by sequestering ACE-2 in
the nucleus to reduce the expression of membrane ACE-2 receptors.

3.2. Selinexor inhibits SARS-CoV-2 viral propagation and shedding in
vitro

To test the anti-viral effects of selinexor on SARS-CoV-2 infection in
vitro, Vero E6 cells were incubated with varying concentrations of seli-
nexor starting either 6 h prior (prophylactic) or at the time of viral
infection (therapeutic) (Fig. 2A). Both experiments demonstrated that
selinexor has potent anti-SARS-CoV-2 activity in vitro, with 50% inhi-
bition (ECsg) of SARS-CoV-2 replication at 10 nM and ECgg at 100 nM in
the Vero E6 cells. To test the cytotoxic effects of selinexor on Vero E6
cells, the cells were incubated with increasing concentrations of seli-
nexor and the CCsp was found to be 434 nM. These results demonstrated
that the therapeutic index ([TI] = CCs¢/ECs) of selinexor against SARS-
CoV-2 infection in Vero E6 cells is 35.

To test the anti-viral activity of selinexor on uninfected neighboring
cells, Vero E6 cells were incubated prophylactically with different con-
centrations of selinexor starting 6 h prior to infection with SARS-CoV-2
and continuing for the duration of the experiment. This allowed viral
shedding of SARS-CoV-2 virus from infected cells into the conditioned
media and the infection of other cultured cells in the plate. Four days
after the initial infection, the viral load was calculated as plaque forming
units (PFU)/ml of conditioned media. The results show that selinexor
inhibited SARS-CoV-2 viral shedding and therefore protected the
infection of neighboring cells with an ICgp < 10 nM (Fig. 2B).

To test how long after SARS-CoV-2 viral infection selinexor remains
effective inhibiting viral propagation, Vero E6 cells infected with SARS-
CoV-2 were treated with selinexor at 0, 24, 36, and 48 h post infection.
Assessment of viral load demonstrated that selinexor inhibited SARS-
CoV-2 viral propagation in vitro even when added up to 48 h after
infection (Fig. 2C).

3.3. Selinexor demonstrated efficacy against SARS-CoV-2 in ferrets

To assess the in vivo therapeutic efficacy of selinexor against SARS-
CoV-2 infection, we used a ferret model of viral challenge where ani-
mals were infected intranasally with SARS-CoV-2, then treated with
either selinexor (5 mg/kg) or placebo (vehicle only) for three days
starting 4 h after infection. On day 4 post-SARS-CoV-2 infection,
placebo-treated animals had a mean viral RNA of 4.6 log;( viral copies/
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gram (vc/g) of lung tissue, whereas selinexor-treated animals had a
mean of 3.8 ve/g (p = 0.0335), with most animals measuring in lower
limit of detection of the assay (Fig. 3).

Histopathological analysis of formalin-fixed tissue from the respira-
tory tracts of animals that had been infected with SARS-CoV-2 showed
severe neutrophilic rhinitis with lamina propria necrosis and inflam-
mation in the lamina propria when treated with placebo. Animals
treated with selinexor had mild to moderate neutrophilic rhinitis with
mild and focal epithelial necrosis that was significantly less severe (p =
0.0001) (Fig. 4A-E). The lungs demonstrated inflammation of the
bronchial tubes (bronchitis) in infected ferrets treated with placebo, but
not in infected ferrets treated with selinexor (Fig. 5A-D). Quantification
of pathological changes in the lungs demonstrated that the extent of
alveolitis was significantly decreased in selinexor-treated animals with a
score of 1.5 out of 3 compared to 2.04 in the vehicle placebo-treated
animals (p = 0.045) (Fig. 6A). The average severity of alveolitis and
bronchitis was also numerically lower in the selinexor-treated animals,
but the difference did not reach statistical significance (Fig. 6B and C).

3.4. Selinexor inhibits inflammatory cytokine expression by LPS-
stimulated human PBMCs

As described above, selinexor as well as other SINE compounds force
the nuclear retention and functional activation of IkB and other anti-
inflammatory proteins, leading to attenuation of NF-kB and other pro-
inflammatory transcription factors (Widman et al., 2018; Wu et al.,
2018). To further evaluate the anti-inflammatory effects of selinexor,
PBMCs from human volunteers were isolated, stimulated with LPS, and
incubated with increasing concentrations of selinexor. Cell free super-
natants were collected at 6, 16, 24, and 40 h post-incubation and
assayed by ELISA for selected pro- and anti-inflammatory cytokines.
Compared with vehicle, selinexor inhibited production of IL-1f, IL-6,
TNF-a, IL-10, and IFN-y at each time point. In addition, production of
GM-CSF and IL-8 showed moderate decreases with the highest dose of
selinexor at later timepoints (Fig. 7).

4. Discussion

Selinexor is one of several SINE drug molecules that binds covalently
to cysteine 528 in the cargo binding pocket of XPO1 and inhibits its
ability to facilitate nuclear export, leading to the accumulation of XPO1
and its cargo proteins in the nucleus. In addition to proteins at the
epicenter of inflammation, cell-cycle and cell survival pathways, the
more than 200 XPO1 cargo proteins also include viral proteins and
accessory host proteins that enable efficient viral infection, replication,
suppression of host innate immunity. In this report, we focused on the
XPO1 inhibitor selinexor and demonstrated its direct anti-viral activity
against SARS-CoV-2, and indirect anti-inflammatory activities.

The role of XPO1 in SARS-CoV/SARS-CoV-2 replication and patho-
genesis has been examined previously (Freundt et al., 2009; Jiang et al.,
2020; Konno et al., 2020; Li et al., 2020; Moshynskyy et al., 2007;
Sharma et al., 2011; Shi et al., 2014; Timani et al., 2005; You et al.,
2007). ORF3b, ORF9b and the nucleocapsid protein have all been shown
to localize to the cell nucleus and undergo XPO1l-mediated nuclear
export (Sharma et al., 2011) (Freundt et al., 2009) (Timani et al., 2005;
You et al., 2007). In addition, the SARS-CoV ORF3b, ORF9b and
nucleocapsid proteins, are p-interferon antagonists, blocking the innate
immune response which is activated to combat viral infection (Freundt
et al., 2009; Kopecky-Bromberg et al., 2007). Recently, the SARS-CoV-2
ORF3b, ORF9b and the nucleocapsid proteins have also been shown to
counteract the innate immune response (Jiang et al., 2020; Konno et al.,
2020; Li et al., 2020).

Additionally, the role of XPO1 in SARS-CoV/SARS-CoV-2 replication
and pathogenesis is not limited to direct interactions with viral proteins,
as XPO1 was recently identified as one of four hub proteins suggested as
candidates for targeted COVID-19 therapies because of their
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Fig. 4. Selinexor protects from pathological
changes associated with SARS-CoV-2 infection

Infected

in nasal turbinates. Histopathological analysis in
formalin-fixed tissue demonstrates inflammation of
the nasal turbinates (rhinitis) in infected ferrets
treated with placebo (a), but not in infected ferrets
treated with selinexor (b) or uninfected animals (c,
d). Inflammation is seen as infiltrates of inflamma-
tory cells (leukocytes) in the lamina propria/sub-
mucosa (epithelium) of the nasal turbinates with
associated edema and prominent (dilated) blood
vessels. e) Quantification based on 5 sections from 6
animals to determine the severity of rhinitis (score
details described in methods). Data are expressed as
mean + SEM.
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downstream targets, specifically GSK3B, SMAD3, PARP1, and IkB (Zhu
et al., 2020). This is in alignment with a recent in vitro study showing
that another SINE compound, verdinexor, inhibited protein-protein in-
teractions between SARS-CoV-2 proteins and human host proteins,
suggesting that it may interfere with viral propagation and could be a
potential treatment for COVID-19 (Gordon et al., 2020).

Our results demonstrated that at least four of the SARS-CoV-2 pro-
teins (nucleocapsid, ORF3b, ORF9b and the spike protein) contain pre-
dicted NESs, and three of these have been experimentally validated by
others to be XPO1 cargos (Table 1). Similarly, we found that five of the
human host proteins we tested contain NESs, including GLTSCR2 and
Ikb, which have been previously experimentally validated (Table 1).
ACE-2, the functional receptor for the SARS-CoV-2 spike glycoprotein
contains two predicted NESs (Table 1). Our studies confirmed that XPO1

No infection

inhibition by selinexor induced nuclear retention of ACE-2 and reduced
its cell surface localization (Fig. 1), providing experimental evidence to
support ACE-2 as an XPO1 cargo protein. Reduction of ACE-2 mem-
branal expression diminishes SARS-CoV-2 viral infection, as was
demonstrated in ACE-2 knockout mice (Kuba et al., 2005). Therefore,
our findings that selinexor inhibited SARS-CoV-2 viral replication and
shedding in vitro (Fig. 2) are consistent with a mechanism by which
selinexor-mediated XPO1-inhibition leads to a reduction in the cellular
membrane fraction of ACE-2, which helps to protect from viral infection.
We showed that selinexor inhibited viral infection when given prophy-
lactically, at the time of viral infection and also up to 24 h following cell
infection (Fig. 2). These results suggest that selinexor can protect
healthy tissue from infection in an infected individual. Importantly,
selinexor levels required to block viral replication are not cytotoxic, with
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Fig. 5. Selinexor protects from pathological changes associated with SARS-CoV-2 lung infection. Histopathological analysis in formalin-fixed tissue dem-
onstrates inflammation of the bronchial tubes (bronchitis) in infected ferrets treated with placebo (a), but not in infected ferrets treated with selinexor (b) or un-

infected animals (c, d). Insets show higher magnifications of indicated fields.
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Fig. 6. Quantitative assessment of selinexor effects on alveolitis and bronchitis after SARS-CoV-2 lung infection. Histopathological analysis was performed
on formalin-fixed lungs. Tissues were analyzed for the a) extent and b) severity of alveolitis, and severity of ¢) bronchitis. Quantification based on 5 sections from 6

animals. Data are expressed as mean + SEM.

a therapeutic index of 35 (Fig. 2).

Alveolar injury and interstitial inflammation in COVID-19 patients is
induced through a “cytokine storm” in the infected target tissue (Gav-
riatopoulou et al., 2020; Mehta et al., 2020). This reaction occurs when
dendritic cells and alveolar macrophages phagocytose the virus-infected
epithelial cells undergoing apoptosis, resulting in T-cell responses that
activate the innate and adaptive immune mechanisms (Channappanavar
etal., 2014). Also, during the cytokine storm, proinflammatory cytokine
and chemokine levels, such as TNF-a, IL-1p, IL-6, are increased, further
propagating the extensive hemophagocytosis (Gavriatopoulou et al.,
2020). In addition to inhibiting cytokines associated with the COVID-19

cytokine storm, our study also demonstrated that selinexor protected
from pathological changes in lung and nasal tissue associated with the
cytokine storm caused by SARS-CoV-2 infection. These results
strengthen previous findings of direct inhibition of inflammation and
cytokine secretion by SINE compounds in animal models of traumatic
brain injury (Tajiri et al., 2016), LPS-induced septic shock (Wu et al.,
2018), influenza (Perwitasari et al., 2014), and in vitro viral infection
studies (Jorquera et al., 2019; Perwitasari et al., 2014; Widman et al.,
2018). It is likely that the combination of anti-viral and
anti-inflammatory activities of selinexor provided protection from the
SARS-CoV-2 induced tissue damage.
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Fig. 7. Selinexor diminishes inflammatory cytokine levels associated with SARS-CoV-2 infection in human cells. Human peripheral blood mononuclear cells
were incubated with LPS (1000 ng/ml) and increasing concentrations of selinexor for 6, 16, 24, and 40 h. Supernatant was collected and analyzed by individual

ELISAs. Data are expressed as mean + SEM.

The ACE-2 receptor is ubiquitously expressed in many organs
including lungs, heart, kidney, testis, gut, and brain (Saponaro et al.,
2020). One of its roles is to catalyze the formation of angiotensin-(1-7)
through either degradation of angiotensin II or conversion of angio-
tensin I into angiotensin-(1-9), which in turn, is converted to
angiotensin-(1-7) (Verdecchia et al., 2020). Through this process, ACE-2
receptors protect tissue from vasoconstriction, fibrosis, enhanced
inflammation, pulmonary damage, and thrombosis that occurs when
AT receptors bind angiotensin II (Verdecchia et al., 2020). As we have
provided evidence that ACE-2 is an XPO1 cargo, it is worth discussing
the potential clinical outcome of the membranal reduction of ACE-2 in

selinexor treated patients. In vivo studies show mild acute lung injury in
ACE-2 knockout mice (Kuba et al., 2005). Unlike the ACE-2 knockout,
the effects of selinexor on the membranal expression of ACE-2 are milder
and transient. Selinexor treatment reduced membranal and cytoplasmic
ACE-2 without completely depleting it from the cell membrane (Fig. 1).
In addition, preclinical and clinical use of selinexor demonstrated
maximal activity in the first 48 h after drug dosing, and human selinexor
treatment for a number of non-viral indications demonstrated tolera-
bility with no hyperactivation of AT; receptors (Abdul Razak et al.,
2016; Grosicki et al., 2020; Kalakonda et al., 2020).

Taken together, XPO1l inhibition, including the reduction of
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a Fig. 8. Blocking nuclear export inhibits SARS-
CoV-2 infection, replication and viral propaga-
. tion. a) Selinexor treatment blocks nuclear export
DMSO Selinexor and induces nuclear localization of the ACE-2 pro-
ACE-2 tein. Our results demonstrate that selinexor induces
significant retention of ACE-2 in the cell nucleus
while a small portion remained on the cell surface
as seen in Fig. 1a and b. The reduction in ACE-2 on
the cell surface confers protection from SARS-CoV-2
infection. b) A schematic model demonstrates how
inhibition of nuclear export protects cells from
SARS-CoV-2 infection by: reducing membranal
presentation of ACE-2, blocking the cytoplasmic
shuttling of the host protein GLTSCR2, (Wang et al.,
2016), and sequestering the viral proteins ORF3b
(Freundt et al., 2009), ORF9b (Moshynskyy et al.,
2007; Sharma et al., 2011), and the nucleocapsid
protein (Timani et al., 2005; You et al., 2007) in the
nucleus. This allows for the activation of the innate
immune response and the production of the type I
interferons.
b
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membranal ACE-2 receptor (Fig. 8A), exerts therapeutic effects due to Acknowledgements

the inhibition of viral infection, activation of the type I interferon
response, and anti-inflammatory activity (Fig. 8B), blocking viral
infection, replication, and propagation of SARS-CoV-2. Future studies
will directly examine the role of additional host and viral proteins in
SARS-CoV-2 infection and the effects of selinexor on their functions in
order to identify combinations with other drugs that may synergize and
enhance selinexor activity for the potential use of SINE compounds,
including selinexor, in the clinic.
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