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Abstract

Influenza A virus (IAV) causes seasonal epidemics of respiratory illness that can cause mild
to severe illness and potentially death. Antiviral drugs are an important countermeasure
against IAV; however, drug resistance has developed, thus new therapeutic approaches are
being sought. Previously, we demonstrated the antiviral activity of a novel nuclear export
inhibitor drug, verdinexor, to reduce influenza replication in vitro and pulmonary virus burden
in mice. In this study, in vivo efficacy of verdinexor was further evaluated in two animal mod-
els or influenza virus infection, mice and ferrets. In mice, verdinexor was efficacious to limit
virus shedding, reduce pulmonary pro-inflammatory cytokine expression, and moderate leu-
kocyte infiltration into the bronchoalveolar space. Similarly, verdinexor-treated ferrets had
reduced lung pathology, virus burden, and inflammatory cytokine expression in the nasal
wash exudate. These findings support the anti-viral efficacy of verdinexor, and warrant its
development as a novel antiviral therapeutic for influenza infection.

Introduction

Influenza A viruses (IAVs) are emerging viruses that cause seasonal epidemics and periodic
pandemics. Annual epidemics caused by IA Vs are substantial causing >200,000 hospitaliza-
tions and >36,000 deaths in the United States each year, and worldwide, cause >20 million
new cases of disease in children <5 years of age [1]. Despite substantial research on the mecha-
nisms of action, only modest progress has been made in the development of IAV drugs. While
annual influenza vaccines are available, antigenic drift and antigenic shift of emerging viruses
naturally reduce vaccine efficacy and control. The current approved anti-influenza virus drugs
are the M2 inhibitors (amantadine and rimantadine), and NA inhibitors (oseltamivir, zanami-
vir, peramivir) [2-4]. Drug-resistance to the M2-ion channel inhibitors is associated with sin-
gle or multiple amino acid substitutions in the transmembrane region of M2, and more than
95% of transmissible, M2 inhibitor resistant influenza A virus strains carry the S31N mutation

PLOS ONE | DOI:10.1371/journal.pone.0167221

November 28, 2016 1/14


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167221&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Verdinexor Restricts Influenza Virus Replication in Mice and Ferrets

Competing Interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: SS and ST are
current employees and shareholders of
Karyopharm Therapeutics. This does not alter our
adherence to PLOS ONE policies on sharing data
and materials. Other authors have declared that no
competing interests exist.

[5]. Further, both classes of approved anti-viral drugs are only effective if administered within
36-48 h of symptom onset having narrow therapeutic value [5]. Similarly, a number of muta-
tions in the NA of viruses have been demonstrated by selection in the presence of NA inhibi-
tors in vitro, thus new antivirals are actively being sought [6-10]. Host cellular genes required
by the virus to replicate are appealing anti-viral targets due to their limited development of
resistance/mutations, and because there are already small molecular drugs identified that tar-
get host genes which are currently under preclinical or clinical investigation and can poten-
tially be repurposed.

Karyopharm Therapeutics has recently developed first-in-class, novel selective inhibitors of
nuclear export (SINE) compounds using molecular modeling to screen a small virtual library
of compounds against the NES groove of human exportin-1 (XPO1) [11, 12]. These com-
pounds inhibit nuclear-cytoplasmic export by reversibly binding to the cargo recognition site
of XPO1 and are orally bioavailable. SINE compounds were originally developed as therapeu-
tics for various hematologic malignancies, as these drugs force the nuclear retention, accumu-
lation, and functional activation of tumor suppressor proteins to limit oncogenesis [12-17].
One SINE compound, verdinexor (KPT-335), has completed a registration-directed study in
companion dogs with newly diagnosed or first relapsed non-Hodgkin lymphoma (NHL). The
FDA’s Center for Veterinary Medicine (CVM) considers the effectiveness and safety technical
sections under the Minor Use Minor Species (MUMS) designation complete to support condi-
tional approval for oral verdinexor as a single agent for the treatment of lymphoma in compan-
ion dogs under a New Animal Drug Application (NADA). Additionally, verdinexor was
recently found to be effective to inhibit the replication of various influenza A and B virus
strains by blocking the XPO1-mediated nuclear export of viral ribonucleoprotein complexes
[18]. A preliminary in vivo study demonstrated verdinexor was efficacious in limiting virus
burden and inflammatory cytokines expression in lungs of mice infected with a mouse-
adapted strain of pandemic 2009 HIN1 influenza virus (A/California/04/09-MA), and mice
that received oral verdinexor treatment also displayed reduced lung pathology and mortality
upon lethal virus infection [18].

Material and Methods
Cell cultures and influenza virus stocks

Madin-Darby Canine Kidney (MDCK) cells (ATCC, CCL-34) and A549 cells (ATCC, CCL-
185) were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 5%
heat inactivated FBS (HyClone) in a 37°C incubator with 5% CO,. Parental and mouse-
adapted influenza A/California/04/09, A/Philippines/2/82/X-79, and A/WSN/33 were propa-
gated as previously described [18].

In vivo mouse efficacy studies

BALB/c female mice (6-8 week-old) were obtained from the NCI (National Cancer Institute).
All experiments and procedures were approved by the Institutional Animal Care and Use
Committee of the University of Georgia. All experiments were performed with ten mice per
group and repeated independently at least twice.

Experimental procedures

Mice were intranasally (i.n.) inoculated with 0.1 mL of mouse-adapted A/California/04/09 or
A/Philippines/2/82/X-79 at 10xMIDs, (50%-mouse infectious dose; sub-lethal). Mice were
treated by gavage per os (p.o.) with 20 mg/kg verdinexor at day 1 and 3 post-infection (pi) or

PLOS ONE | DOI:10.1371/journal.pone.0167221 November 28, 2016 2/14



@° PLOS | ONE

Verdinexor Restricts Influenza Virus Replication in Mice and Ferrets

10 mg/kg oseltamivir twice daily after infection. A preliminary study was conducted to deter-
mine the most efficacious treatment regimen for verdinexor and the results showed that 20
mg/kg at day 1 and 3 was the most efficacious yet well tolerated (data not shown). At day 2 and
4 pi, mice were sacrificed and BAL fluids were collected to determine the amount of virus and
pro-inflammatory cytokines secreted as described below. To determine the efficacy of verdi-
nexor-oseltamivir combined treatment, mice were treated orally with 20 mg/kg verdinexor at
day 2 and 4 pi, or in combination with 1 or 10 mg/kg oseltamivir twice daily on days 1 to 4. At
day 5, mice were euthanized and lungs were collected for virus titration.

To determine the efficacy of late dosing of verdinexor, mice were infected with 10xMIDsq
of mouse-adapted A/California/04/09 and treated with 20 mg/kg verdinexor at day 1 and 3,
day 2 and 4, day 3 and 5, day 4 and 5, or 10 mg/kg oseltamivir twice daily at day 1-4 pi. Lungs
were harvested at day 6 pi for virus titration. For the survival study, mice were infected with
10xLDs5 (50%-lethal dose) of mouse-adapted A/California/04/09 intranasally and treated with
5 or 10 mg/kg verdinexor at day 1 and 3 or 10 mg/kg oseltamivir twice daily for 4 days starting
at day 1 pi. Mice were evaluated for weight, clinical signs, and survival for 14 days.

For pharmacokinetics (PK) study of oral verdinexor treatment, n = 3 male CD1 mice per
time point (~28 g of weight) [BK Laboratory Animal Co. Ltd., Shanghai, China; qualification
no. SCXK(SH) 2008-0016 12470] were used. Plasma verdinexor concentrations were deter-
mined by an ultrahigh-performance liquid chromatography-mass spectrometry method as
previously described [18].

Evaluation of virus titers

To evaluate the amount of virus shed, BAL supernatants were serially diluted and titered on
MDCK cells for 72 h. Evaluation of virus titer in the lungs was performed as previously
described [18]. Hemagglutination (HA) assays were performed using turkey RBCs and virus
titers were calculated as 50% tissue culture infectious dose (TCID5,) using the Spearman-Kar-
ber formula 19, 20].

Bronchoalveolar lavage (BAL) for cytokines and cell type description

Levels of cytokines and chemokines in the BAL were analyzed using the MILLIPLEX MAP
Mouse Cytokine/Chemokine Magnetic Bead Panel (EMD Millipore) and Luminex 200 system.
For characterization of inflammatory cells infiltrates, BAL cells were resuspended in 100 pL of
PBS, counted, and evaluated by flow cytometry. Briefly, cells were incubated with Fc Block,
APC anti-mouse CD11c (HL3), PerCP-Cy5.5 anti-mouse Ly-6G/Ly-6C (Gr-1), PE anti-mouse
CD49b/Pan-NK cells (DX5), and Alexa-488 anti-mouse CD3e (145-2C11) (BD Pharmingen)
in staining buffer (1% BSA in PBS) for 60 min at 4°C. Cells were washed with staining buffer
and fixed with 5% formaldehyde. All samples were run on a LSR-II flow cytometer (BD Biosci-
ences) and analyzed using FlowJo (Tree Star).

In vivo ferret efficacy studies

Young adult male ferrets (Triple F Farms) weighing between 800-1,000g (n = 3 per treatment
group) were used for the study. Nasal washes were collected from influenza-naive ferrets to
establish basal cytokine expression profiles. Cells collected from nasal washes were concen-
trated by centrifugation and subjected to RNA isolation and ferret cytokines qRT-PCR as
described below. Ferrets were i.n. inoculated with 0.1 mL of 10xIDs, (50%-infectious doses)
A/California/04/09. Ferrets were treated orally with 15 or 20 mg/kg verdinexor daily (QD), or
10 mg/kg verdinexor or 5 mg/kg oseltamivir twice daily (BID) for 4 days starting at 1 h pre-
infection. Ferrets were monitored for clinical symptoms (body temperature, activity,
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respiratory signs, and weight loss) daily. At day 2 and 4 pi, nasal washes were collected and
centrifuged. Cells were counted and used to determine cytokines gene expression. At day 4 pi,
ferrets were sacrificed and lungs were collected for histopathological analyses. A section of left
cranial lung lobe was homogenized for use in determining lung virus titer as described. For PK
analysis, plasma verdinexor concentrations were determined from n = 3 male ferrets.

Quantitative RT-PCR analysis

Total RNA was isolated from nasal wash cells using the RNeasy Mini Kit (Qiagen) and cDNA
were synthesized using the Verso cDNA Synthesis Kit and random hexamers as primer
(Thermo Scientific). Quantitative PCR was performed using ferret IFN-y, IL-12p40, TNF-c, and
GAPDH gene specific primers [21] and RT> SYBR Green qPCR Master Mix (SABioscience) in
MX3005P thermocycler as previously described [18]. Ct values for cytokines were normalized
to GAPDH and their expressions relative to basal samples were calculated using 2044<Y
formula.

Histopathological analysis

The left cranial lung lobe was removed for virus titration. The remaining lungs were inflated
with 10% buffered formalin then immersed in formalin. Following fixation, lung lobe were
embedded in paraffin and four micron sections stained with hematoxylin and eosin (HE) as
previously described [18]. Overall lung pathology was scored on a range of 0-4: 0 = unremark-
able; 1 = minimal changes in bronchiolar epithelium with minimal perivascular inflammation;
2 = mild multifocal bronchial and/or bronchiolar epithelial changes with perivascular and
peribronchial/bronchiolar inflammation; 3 = moderate, multifocal bronchial and/or bronchio-
lar epithelial changes with perivascular, peribronchial/bronchiolar and alveolar inflammation;
and 4 = marked, diffuse bronchial and/or bronchiolar epithelial changes with perivascular,
peribronchial/bronchiolar and alveolar inflammation.

Statistical analyses

Statistical analyses were done using student’s t-test and results were presented as means * stan-
dard errors (SE). Values of p<0.05 were considered significant.

Results and Discussion

Verdinexor reduces influenza virus shedding, pro-inflammatory
cytokines, and inflammatory cell infiltration

We have previously demonstrated the efficacy of verdinexor against IAV in vitro and in vivo in
a mouse model of influenza infection [18]. Because verdinexor targets a host factor, it is
expected that there will be limited to no development of resistance. As shown in S1 Fig, serial
propagation of IAV in the presence of sub-virucidal dose of verdinexor did not result in a
reduction of drug sensitivity in vitro. Thus, as part of further pre-clinical evaluation, and to
expand on the initial in vivo findings, the in vivo efficacy of verdinexor was evaluated more
comprehensively in mice, and in a second animal model of influenza pathogenesis, i.e. ferrets.
In support of the finding that verdinexor reduces lung virus burden in influenza virus-
infected mice, the amount of infectious virus shed was assessed at day 2 and 4 pi (Fig 1a and
1b). Mice that received 20 mg/kg verdinexor at day 1 and 3 pi had considerably (p<0.05)
reduced IAV in the bronchoalveolar lavaged fluid (BALF) at day 2 and 4 pi which was compa-
rable to IAV observed in oseltamivir-treated mice. Since exacerbated inflammatory responses
are associated with severe influenza virus infection, amount of pro-inflammatory cytokines
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Fig 1. Verdinexor reduces influenza virus shedding and pro-inflammatory cytokines expression in BAL fluid. a) Experimental
design: mice were infected with 10xMIDsqo of mouse-adapted A/California/04/09 intranasally and treated orally with 20 mg/kg verdinexor at
day 1 and 3 or 10 mg/kg oseltamivir twice daily post-infection. Five mice per group were sacrificed at day 2 and 4 post-infection and BAL
fluids were collected. b) Virus titers in the BAL were evaluated. Protein levels of c) IFN-y, d) TNF-q, e) IL-6, f) IL-12p40, g) MCP-1, and h)
RANTES in the BAL fluid were evaluated using the mouse cytokines/chemokines multiplex assay kit. *, p<0.05; **, p<0.01; n.s., not

significant.

doi:10.1371/journal.pone.0167221.9001

and chemokines in the BALF were also assessed (Fig 1c-1h). Verdinexor-treated mice had sig-
nificantly (p<0.01) lower IFN-y and TNF-o in the BALF compared to mock-treated mice. Lev-
els of IL-6 and IL-12p40 were also reduced at day 4 pi, although these were not statistically
significant. When compared to oseltamivir-treated mice, mice treated with verdinexor also
showed significantly (p<0.05) lower IFN-y and slightly lower TNF-o at day 4 pi, although this
difference was not statistically significant. Interestingly, levels of chemokines MCP-1 and
RANTES were elevated in verdinexor-treated mice, although no significant increase in inflam-
matory cell recruitment was observed (Fig 2).
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Fig 2. Verdinexor reduces inflammatory cell infiltration into the bronchoalveolar space in influenza infected mice. Mice were
infected with 10xMIDs, of mouse-adapted A/California/04/09 intranasally and treated orally with 20 mg/kg verdinexor at day 1 and 3 or 10
mg/kg oseltamivir twice daily post-infection. BAL cells from day 2 and 4 post-infection were characterized using flow cytometry. Percent of
CD11¢c+Gr-1-, CD11c+Gr-1+, CD3+, DX5+, and CD3+DX5+ cells were plotted. The data are from five mice per experimental group per
time point. ¥, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001.

doi:10.1371/journal.pone.0167221.g002

The type of BAL cells as determined by flow cytometry showed that verdinexor-treated
mice had substantially lower immune cells infiltrates, in particular CD11c+Gr-1+ (granulo-
cytes; p<0.001), CD3+ (T cells; p<0.05), DX5+ (NK cells; p<0.0001), and CD3+DX5+ (NKT
cells; p<0.01) cells, but not CD11c+Gr-1- cells (dendritic cells and macrophages) (Fig 2). Rep-
resentative flow cytometry plots for day 4 pi BAL samples are presented in S2 Fig. Together,
these findings support the therapeutic use of verdinexor, and are consistent with the interpre-
tation of the prior study regarding verdinexor prophylactic treatment to limit lung influenza
virus replication and the pulmonary inflammatory response in infected mice [18].

Efficacy of late-dosing with verdinexor

Ensuing studies were designed to evaluate the antiviral effect of a late dosing regimen with ver-
dinexor. A group of mice infected with influenza A/California/04/09-MA were treated with 20
mg/kg verdinexor every-other-day (QOD) for a total of 2 doses, starting at day 1 pi. Additional
groups of mice received similar but a delayed regimen starting at day 2, 3, or 4 pi. Lung virus
titers were evaluated at day 6 pi (Fig 3a). Delayed verdinexor treatment, i.e. administered at
day 2 pi or later, was able to reduce lung virus titer to comparable if not better levels than the
regimen started at day 1 pi (p<0.05). The most significant (p<0.001) reduction in lung virus
titer was observed when one of the doses was given at day 4 pi which is the peak of virus repli-
cation in the absence of treatment.

The efficacy of late verdinexor treatment was assessed for improving survival following
lethal influenza virus challenge (Fig 3b). When verdinexor treatment was delayed, mortality
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Fig 3. Verdinexor administration is efficacious when administered post-infection in mice. a) Mice were
i.n. infected with 10xMIDs, of mouse-adapted A/California/04/09 and orally treated with 20 mg/kg verdinexor
atday 1 and 3, day 2 and 4, day 3 and 5, day 4 and 5, or 10 mg/kg oseltamivir twice daily at day 1—4 post-
infection. Lungs were harvested at day 6 post-infection for virus titration. b) Mice were i.n. infected with
10xLDso, mouse-adapted A/California/04/09 and orally treated with 5 or 10 mg/kg verdinexor at day 1 and 3 or
10 mg/kg oseltamivir twice daily for 4 days starting at day 1 post-infection. Mice were evaluated for morbidity
and mortality. Day of death was recorded either when a mouse was found deceased or when weight and
health score required euthanasia. The data are from 8—10 mice per experimental group. c) Mice were infected
with 10xMIDs of A/Philippines/2/82/X-79 (H3N2). Mice were treated orally with 20 mg/kg verdinexor (V20) on
both day 2 and 4 following infection, alone or in combination with 1 (O1) or 10 mg/kg (O10) oseltamivir twice
daily on days 1 to 4. At day 5, mice were euthanized and lungs were collected for virus titration. The data are
from 8—-12 mice per experimental group. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.

doi:10.1371/journal.pone.0167221.g003

was still reduced in groups that received 5 mg/kg verdinexor at day 3 and 5, or 10 mg/kg at day
3 and 5 mg/kg at day 5 pi (p<0.05) compared to non-treated mice. No significant difference in
survival was observed between groups that received delayed verdinexor treatment and a con-
trol group receiving standard twice-daily oseltamivir regimen initiated immediately following
infection. The results demonstrate that verdinexor is efficacious even when given at later time
points post-infection.

Efficacy of verdinexor-oseltamivir combination treatment

The efficacy of verdinexor given alone or in combination with oseltamivir against another IAV
subtype was evaluated (Fig 3c). Mice were infected with influenza A/Philippines/2/82/X-79
(H3N2) and either not treated, treated with 1 or 10 mg/kg oseltamivir only, 20 mg/kg verdi-
nexor only, or treated with verdinexor and oseltamivir in combination. On day 5 pi, mice were
euthanized and lungs were collected to determine virus titers. All treatment groups had appre-
ciably lower lung virus titers compared to the non-treated group. Importantly, mice treated
with a combinational therapy of 20 mg/kg verdinexor and 10 mg/kg oseltamivir had signifi-
cantly lower titers when compared to those that received 20 mg/kg verdinexor only
(p<0.0001) or 10 mg/kg oseltamivir only (p<0.001), with 4 of the 10 mice had levels of virus at
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or below the assay detection limit. This result further demonstrates the efficacy of verdinexor
against multiple IAV subtypes, and that it augments the antiviral effect of oseltamivir.

Verdinexor limits IAV replication, lung pathology, and inflammation in
ferrets

The mouse model has been used extensively to study the host response to IAV primarily
because of lower costs, reagent availability, and precedence [22]. However, mice do not accu-
rately emulate the clinical signs of IAV in humans, in contrast to the ferret model, which more
closely emulates IAV disease pathogenesis [22, 23]. Furthermore, as in human, predominance
of 02,6-linkage sialic acid (SA) is found in the upper respiratory track of ferrets, whereas 02,3
SA are more predominant in mice [23]. A pharmacokinetic (PK) study of oral verdinexor
administration in ferrets was conducted to determine the feasibility of investigating the in vivo
antiviral efficacy in ferrets (Fig 4a and Table 1). The study showed that verdinexor is orally bio-
available in ferrets, but was more rapidly cleared from the plasma compared to mice [18]. To
address this, ferrets were dosed daily (QD) or twice daily (BID) for four days for a total of 4 or
8 doses, respectively, starting at 1 h prior to infection with A/California/04/09. Nasal washes
were collected from infected ferrets at day 2 and 4 pi for cytology and evaluation of cytokines
expression. Ferrets were sacrificed at day 4 pi and lungs were collected for evaluation of virus
titers and pathology. The ferrets that received verdinexor at 15 mg/kg QD, 25 mg/kg QD, 10
mg/kg BID, or the standard oseltamivir treatment regimen showed considerably (p<0.001)
reduced lung virus titers (Fig 4b). Histopathology of the lungs revealed significant ameliora-
tion of influenza-associated lung pathology and inflammation in ferrets that received verdi-
nexor at 25 mg/kg QD (p<0.05) or 10 mg/kg BID (p<0.01) (Fig 4c). However, limited
reduction in pathology was observed in ferrets that received lower verdinexor dose of 15 mg/
kg QD or oseltamivir. Representative histopathology slides and detailed pathology report are
included in S3 Fig.

To understand the effect of verdinexor on inflammatory responses associated with IAV,
bronchoalveolar immune cell infiltration and cytokines expression was determined in ferret
nasal washes. Lower numbers of infiltrating leukocytes were observed for all ferrets that
received verdinexor or oseltamivir treatment at day 2 pi (p<0.001), while only ferrets receiving
verdinexor at 25 mg/kg QD or 10 mg/kg BID showed significant (p<0.05) reduction at day 4
pi (Fig 5a).

Due to limited antibodies available for ferret cytokines detection, qRT-PCR methods were
employed to detect cytokines gene expression in cells harvested from the nasal washes (Fig 5b-
5d). Ferrets that received verdinexor at 25 mg/kg QD (p<0.01), 10 mg/kg BID (p<0.01), or
oseltamivir (p<0.05) showed reduced IL-12p40 expression in nasal exudates collected at day 2
pi. Ferrets that received 25 mg/kg QD verdinexor (p<0.01) or oseltamivir (p<0.05) also
showed reduced TNF-a expression at day 2 pi. Except for the ferrets that received the lowest
dose of verdinexor (15 mg/kg QD), the other treated ferrets also displayed a trend toward
reduced IFN-y expression at day 2 and 4 pi, although these reductions were not statistically sig-
nificant. These findings demonstrate verdinexor efficacy to limit influenza virus infection, and
the associated pathology and inflammation in a second animal model of influenza infection,
i.e. the ferret.

Conclusions

Together, these studies show that verdinexor is a potent inhibitor of IAV replication in vivo,
which was shown in two animal models of IAV using the pandemic 2009 influenza virus
strain. Furthermore, virus cultivation in the presence of sub-efficacious dose of verdinexor did
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Fig 4. Verdinexor limits influenza and lung pathology in ferrets. a) Verdinexor plasma concentrations
were determined in ferrets that received 5 mg/kg verdinexor orally. Verdinexor's pharmacokinetic profile in
mice that received 10 mg/kg verdinexor p.o. was previously published [18]. b) Ferrets were i.n. infected with
10x1Dsq A/California/04/09 and orally treated with 15 (V15) or 25 mg/kg (V25) verdinexor daily (QD), or 10 mg/
kg verdinexor (V10) or 5 mg/kg oseltamivir (O5) twice daily (BID) for 4 days starting at 1 h pre-infection. Lungs
were harvested at day 4. Sections from left cranial lobes were homogenized to evaluate lung virus titers. The
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remaining lungs were fixed, sectioned, and subjected to HE staining for histopathological analysis. ¢) Lungs
were scored based on observed pathology. The data are from three ferrets per experimental group. *
p<0.05; **, p<0.01; ***, p<0.001, **** p<0.0001.

doi:10.1371/journal.pone.0167221.9004

Table 1. Pharmacokinetic parameters of verdinexor following a per os dose of 5 mg/kg in male

ferrets.
PK parameters Unit Mean SD Ccv
Tmax h 0.361 0.241 66.7
Crmax ng/mL 1494 1053 70.5
Terminal T+, h 1.84 0.148 8.08
AUC a5t h*ng/mL 3506 1850 52.8
AUC N h*ng/mL 3513 1845 52.5

doi:10.1371/journal.pone.0167221.t001
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Fig 5. Verdinexor treatment reduces immune cell infiltration and pro-inflammatory cytokine
expression and in influenza-infected ferrets. Ferrets were i.n. infected with 10xID5, A/California/04/09 and
orally treated with 15 (V15) or 25 mg/kg (V25) verdinexor daily (QD), or 10 mg/kg verdinexor (V10) or 5 mg/kg
oseltamivir (O5) twice daily (BID) for 4 days starting at 1 h pre-infection. Ferrets nasal washes were collected
pre-treatment/infection (basal) and at day 2 and 4 post-infection. a) Number of leukocytes from nasal washes
was counted. Total RNA was isolated from nasal wash cells and the expression of b) IFN-y, c) IL-12p40, and d)
TNF-a genes relative to that of GAPDH was evaluated by gRT-PCR. The data are from three ferrets per
experimental group. *, p<0.05; **, p<0.01; *** p<0.001.

doi:10.1371/journal.pone.0167221.9g005
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not appear to result in the emergence of drug resistance. In this study, the in vivo late dosing
result expands on the previously published findings on verdinexors antiviral efficacy in the
mouse model [18]. As oseltamivir has to be administered within 48 hours of infection for its
optimal effect [5], this result also demonstrates the added advantage of verdinexor treatment
when given late following infection. The current study also shows the multifaceted ability of
verdinexor to ameliorate influenza-associated diseases, in which reductions of both lung virus
titer and inflammation were observed in verdinexor-treated mice and ferrets. It is expected
that these studies will serve as important stepping stones for future clinical evaluations of ver-
dinexor for its anti-influenza indication in human. Further, other human pathogenic viruses
have also been reported to co-opt the host’s XPO1 pathway for nuclear exit, including the her-
pes simplex virus type-1 virus (HSV-1), human cytomegalovirus (HCMV), and the severe
acute respiratory syndrome coronavirus (SARS-CoV) [24-26]. Thus, it is likely that verdinexor
can also potentially inhibit replication of these viruses serving as a broad-spectrum antiviral.

Verdinexor has been tested in a phase I clinical trial in healthy volunteers and was found to
be safe and well-tolerated (ClinicalTrials.gov NCT02431364). Furthermore, a closely related
SINE compound, selinexor (KPT-330) is currently undergoing multiple separate phase I and
IT studies in human patients with advanced, relapsed, and refractory cancers (such as Clinical-
Trials.gov NCT01607905 and NCT01607892). Preliminary results from these studies demon-
strated that selinexor is generally well tolerated, with good oral exposure and evidence of anti-
cancer activity [27-29], a finding which would also advocate for verdinexor’s safety profile for
its use in humans.

Supporting Information

S1 Fig. Assessment of in vitro drug resistance. Influenza A/WSN/33 was serially passaged in
A549 cells in the absence or presence of sub-virucidal dose of verdinexor and the sensitivity of
the passaged virus to verdinexor was determined. a) Outline of the experimental procedure.
For serial propagation of the virus, A549 cells were left untreated (b) or treated with 0.2 uM
verdinexor for 2 h (c), then infected with influenza A/WSN/33 at MOI = 0.001. At 72 hpi,
supernatants containing virus were collected. An aliquot of the supernatant was taken and
diluted 1:100 to infect a new plate of A549 cells, while the rest was kept at -80°C for the assess-
ment of drug resistance. The virus was serially passaged 10 times in quadruplicate wells. At the
conclusion of serial passaging experiment, passaged virus aliquots were thawed and titered by
plaque assay. To assess potential drug resistance that may arise from serial passaging in sub-
virucidal dose of verdinexor, stock virus (WT), passage-2 (P2), -4 (P4), -6 (P6), -8 (P8), and
-10 (P10) viruses were used to infect A549 cells that were pre-treated with DMSO (-; black
bars) or with a virucidal dose of verdinexor (5 uM) (+; white bars) for 2 h at MOI = 0.01. At 48
hpi, viral titer in the supernatant was evaluated using the TCID5, method (mean virus

titer £ SEM). Virus cultured in the presence of sub-virucidal dose of verdinexor remained sen-
sitive to 5 uM verdinexor, even after 10 passages (white bars in panel c). There was also an
apparent overall reduction of viral growth and/or fitness in virus passaged in the presence of
verdinexor (black bars in panel c).

(TIF)

S2 Fig. Verdinexor reduces inflammatory cell infiltration into the bronchoalveolar in IAV
mice. BAL cells from day 2 and 4 post-infection were characterized using flow cytometry. Rep-
resentative FACS plots from day 4 BAL cells were shown. The data are from five mice per
experimental group per time point.

(EPS)
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S3 Fig. Representative HE slides from lungs of ferrets infected with influenza A/Califor-
nia/04/09. a) Normal ferret lung: normal bronchiole (B), thin alveolar septa, and empty alveoli
were observed. b) Lung of non-treated, influenza-infected ferret: bronchioles were not readily
identified due to necrosis of the wall and obliteration of the lumen by inflammation which
spilled out into and filled alveoli. Moderate peribronchiolar and perivascular infiltration of
mostly lymphocytes was present. This animal had a lung score of 4. ¢) Lung of infected ferret
treated with 15 mg/kg QD Verdinexor: bronchiolar epithelium was partially necrotic and neu-
trophils and macrophages partially filled the lumen (B). Mild peribronchiolar and perivascular
inflammation was present. Alveolar collapse and mild inflammation made the parenchyma
appear consolidated (A). This animal had a lung score of 2. D. d) Lung of infected ferret treated
with 25 mg/kg QD Verdinexor: the bronchiolar epithelium was mostly necrotic and the lumen
filled with neutrophils and macrophages (B) that were also found in the surrounding alveoli.
Moderate peribronchiolar and perivascular inflammation of mostly lymphocytes was present.
Alveolar septa were slightly thickened. This animal had a lung score of 2. e) Lung of infected
ferret treated with 10 mg/kg BID Verdinexor: the bronchiole (B) was lined by hyperplastic epi-
thelium and there was mild peribronchiolar and perivascular infiltration of mostly lympho-
cytes. Alveolar involvement was not present. This animal had a lung score of 2. f) Lung of
Oseltamivir-treated infected ferret: a bronchiole was lined by hyperplastic epithelium and the
lumen filled with neutrophils and macrophages admixed with lymphocytes (B) which spilled
out into surrounding alveoli. There was mild peribronchiolar and perivascular inflammation
of mostly lymphocytes. Alveolar septa were thickened by mild type-II cell hyperplasia and a
small number of neutrophils and mononuclear cells were present in the alveoli (A). This ani-
mal had a lung score of 3. Bar = 200um.

(TIF)

Author Contributions
Conceptualization: OP S] SS RC ST RT.
Formal analysis: OP S] JG EH.
Funding acquisition: RT.
Investigation: OP S] XY ER JC JG EH.
Methodology: OP S] JG.

Project administration: RT SJ ST.
Supervision: RT RC.

Validation: OP §J.

Visualization: OP SJ.

Writing - original draft: OP SJ.
Writing - review & editing: RT ST.

References

1. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Anderson LJ, et al. Mortality associated
with influenza and respiratory syncytial virus in the United States. Jama. 2003; 289(2):179-86. PMID:
12517228

PLOS ONE | DOI:10.1371/journal.pone.0167221 November 28, 2016 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167221.s003
http://www.ncbi.nlm.nih.gov/pubmed/12517228

@° PLOS | ONE

Verdinexor Restricts Influenza Virus Replication in Mice and Ferrets

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Monto AS. The role of antivirals in the control of influenza. Vaccine. 2003; 21(16):1796—800. Epub
2003/04/11. PMID: 12686097

McKimm-Breschkin JL. Management of influenza virus infections with neuraminidase inhibitors: detec-
tion, incidence, and implications of drug resistance. Treatments in respiratory medicine. 2005; 4
(2):107—16. PMID: 15813662

Pinto LH, Holsinger LJ, Lamb RA. Influenza virus M2 protein has ion channel activity. Cell. 1992; 69
(3):517-28. Epub 1992/05/01. PMID: 1374685

Loregian A, Mercorelli B, Nannetti G, Compagnin C, Palu G. Antiviral strategies against influenza virus:
towards new therapeutic approaches. Cellular and molecular life sciences: CMLS. 2014; 71(19):3659—
83. doi: 10.1007/s00018-014-1615-2 PMID: 24699705

Boltz DA, Aldridge JR Jr., Webster RG, Govorkova EA. Drugs in development for influenza. Drugs. 70
(11):1349-62. Epub 2010/07/10. doi: 10.2165/11537960-000000000-00000 PMID: 20614944

Layne SP, Monto AS, Taubenberger JK. Pandemic influenza: an inconvenient mutation. Science. 2009;
323(5921):1560—1. Epub 2009/03/21. doi: 10.1126/science.323.5921.1560 PMID: 19299601

Simonsen L, Clarke MJ, Williamson GD, Stroup DF, Arden NH, Schonberger LB. The impact of influ-
enza epidemics on mortality: introducing a severity index. Am J Public Health. 1997; 87(12):1944-50.
Epub 1998/02/07. PMID: 9431281

Deyde VM, Xu X, Bright RA, Shaw M, Smith CB, Zhang Y, et al. Surveillance of resistance to adaman-
tanes among influenza A(H3N2) and A(H1N1) viruses isolated worldwide. J Infect Dis. 2007; 196
(2):249-57. Epub 2007/06/16. doi: 10.1086/518936 PMID: 17570112

Nguyen JT, Hoopes JD, Le MH, Smee DF, Patick AK, Faix DJ, et al. Triple combination of amantadine,
ribavirin, and oseltamivir is highly active and synergistic against drug resistant influenza virus strains in
vitro. PLoS One. 5(2):€9332. Epub 2010/02/25. doi: 10.1371/journal.pone.0009332 PMID: 20179772

Dong X, Biswas A, Suel KE, Jackson LK, Martinez R, Gu H, et al. Structural basis for leucine-rich
nuclear export signal recognition by CRM1. Nature. 2009; 458(7242):1136—41. http://www.nature.com/
nature/journal/v458/n7242/suppinfo/nature07975_S1.html. doi: 10.1038/nature07975 PMID: 19339969

Etchin J, Sun Q, Kentsis A, Farmer A, Zhang ZC, Sanda T, et al. Antileukemic activity of nuclear export
inhibitors that spare normal hematopoietic cells. Leukemia. 2013; 27(1):66—74. Epub 2012/08/01. doi:
10.1038/leu.2012.219 PMID: 22847027

Etchin J, Sanda T, Mansour MR, Kentsis A, Montero J, Le BT, et al. KPT-330 inhibitor of CRM1
(XPO1)-mediated nuclear export has selective anti-leukaemic activity in preclinical models of T-cell
acute lymphoblastic leukaemia and acute myeloid leukaemia. British journal of haematology. 2013; 161
(1):117-27. Epub 2013/02/05. doi: 10.1111/bjh.12231 PMID: 23373539

Azmi AS, Aboukameel A, Bao B, Sarkar FH, Philip PA, Kauffman M, et al. Selective Inhibitors of Nuclear
Export Block Pancreatic Cancer Cell Proliferation and Reduce Tumor Growth in Mice. Gastroenterol-
ogy. 2012. Epub 2012/10/24.

Ranganathan P, Yu X, Na C, Santhanam R, Shacham S, Kauffman M, et al. Preclinical activity of a
novel CRM1 inhibitor in acute myeloid leukemia. Blood. 2012; 120(9):1765-73. doi: 10.1182/blood-
2012-04-423160 PMID: 22677130

Tai YT, Landesman Y, Acharya C, Calle Y, Zhong MY, Cea M, et al. CRM1 inhibition induces tumor cell
cytotoxicity and impairs osteoclastogenesis in multiple myeloma: molecular mechanisms and therapeu-
tic implications. Leukemia. 2013. Epub 2013/04/17.

Zhang K, Wang M, Tamayo AT, Shacham S, Kauffman M, Lee J, et al. Novel selective inhibitors of
nuclear export CRM1 antagonists for therapy in mantle cell lymphoma. Experimental hematology.
2013; 41(1):67-78.e4. Epub 2012/09/19. doi: 10.1016/j.exphem.2012.09.002 PMID: 22986101

Perwitasari O, Johnson S, Yan X, Howerth E, Shacham S, Landesman Y, et al. Verdinexor, a Novel
Selective Inhibitor of Nuclear Export, Reduces Influenza A Virus Replication In Vitro and In Vivo. Journal
of Virology. 2014; 88(17):10228—43. doi: 10.1128/JV1.01774-14 PMID: 24965445

Reed LJ, Muench H. A Simple Method of Estimating Fifty Per Cent Endpoints. American Journal of Epi-
demiology. 1938; 27(3):493—7.

Szretter KJ, Balish AL, Katz JM. Influenza: Propagation, Quantification, and Storage. Current Protocols
in Microbiology: John Wiley & Sons, Inc.; 2005.

Svitek N, Rudd PA, Obojes K, Pillet S, von Messling V. Severe seasonal influenza in ferrets correlates
with reduced interferon and increased IL-6 induction. Virology. 2008; 376(1):53-9. http://dx.doi.org/10.
1016/j.virol.2008.02.035 PMID: 18420248

Belser JA, Szretter KJ, Katz JM, Tumpey TM. Chapter 2 Use of Animal Models to Understand the Pan-
demic Potential of Highly Pathogenic Avian Influenza Viruses. In: Karl M, Aaron JS, Frederick AM, edi-
tors. Advances in Virus Research. Volume 73: Academic Press; 2009. p. 55-97.

PLOS ONE | DOI:10.1371/journal.pone.0167221

November 28, 2016 13/14


http://www.ncbi.nlm.nih.gov/pubmed/12686097
http://www.ncbi.nlm.nih.gov/pubmed/15813662
http://www.ncbi.nlm.nih.gov/pubmed/1374685
http://dx.doi.org/10.1007/s00018-014-1615-2
http://www.ncbi.nlm.nih.gov/pubmed/24699705
http://dx.doi.org/10.2165/11537960-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20614944
http://dx.doi.org/10.1126/science.323.5921.1560
http://www.ncbi.nlm.nih.gov/pubmed/19299601
http://www.ncbi.nlm.nih.gov/pubmed/9431281
http://dx.doi.org/10.1086/518936
http://www.ncbi.nlm.nih.gov/pubmed/17570112
http://dx.doi.org/10.1371/journal.pone.0009332
http://www.ncbi.nlm.nih.gov/pubmed/20179772
http://www.nature.com/nature/journal/v458/n7242/suppinfo/nature07975_S1.html
http://www.nature.com/nature/journal/v458/n7242/suppinfo/nature07975_S1.html
http://dx.doi.org/10.1038/nature07975
http://www.ncbi.nlm.nih.gov/pubmed/19339969
http://dx.doi.org/10.1038/leu.2012.219
http://www.ncbi.nlm.nih.gov/pubmed/22847027
http://dx.doi.org/10.1111/bjh.12231
http://www.ncbi.nlm.nih.gov/pubmed/23373539
http://dx.doi.org/10.1182/blood-2012-04-423160
http://dx.doi.org/10.1182/blood-2012-04-423160
http://www.ncbi.nlm.nih.gov/pubmed/22677130
http://dx.doi.org/10.1016/j.exphem.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22986101
http://dx.doi.org/10.1128/JVI.01774-14
http://www.ncbi.nlm.nih.gov/pubmed/24965445
http://dx.doi.org/10.1016/j.virol.2008.02.035
http://dx.doi.org/10.1016/j.virol.2008.02.035
http://www.ncbi.nlm.nih.gov/pubmed/18420248

@° PLOS | ONE

Verdinexor Restricts Influenza Virus Replication in Mice and Ferrets

23.

24,

25.

26.

27.

28.

29.

Belser JA, Katz JM, Tumpey TM. The ferret as a model organism to study influenza A virus infection.
Disease Models & Mechanisms. 2011; 4(5):575-9.

Sanchez V, Mahr JA, Orazio NI, Spector DH. Nuclear Export of the Human Cytomegalovirus Tegument
Protein pp65 Requires Cyclin-Dependent Kinase Activity and the Crm1 Exporter. Journal of Virology.
2007; 81(21):11730-6. doi: 10.1128/JV1.02760-06 PMID: 17715235

Williams P, Verhagen J, Elliott G. Characterization of a CRM1-Dependent Nuclear Export Signal in the
C Terminus of Herpes Simplex Virus Type 1 Tegument Protein UL47. Journal of Virology. 2008; 82
(21):10946-52. doi: 10.1128/JVI1.01403-08 PMID: 18715912

Freundt EC, Yu L, Park E, Lenardo MJ, Xu X-N. Molecular Determinants for Subcellular Localization of
the Severe Acute Respiratory Syndrome Coronavirus Open Reading Frame 3b Protein. Journal of Virol-
ogy. 2009; 83(13):6631-40. doi: 10.1128/JV1.00367-09 PMID: 19403678

Kuruvilla J, Gutierrez M, Shah B, Gabrail N, Brown P, Stone R, et al. Preliminary Evidence of Anti
Tumor Activity of Selinexor (KPT-330) in a Phase | Trial of a First-in-class Oral Selective Inhibitor of
Nuclear Export (SINE) in Patients (pts) with Relapsed / Refractory Non Hodgkin’s Lymphoma (NHL)
and Chronic Lymphocytic Leukemia (CLL). Abstr 55th Annual Meeting of the American Society of
Hematology; December 7-10, 2013; New Orleans, LA2013.

Mau-Sorensen M, Razak AR, Mahipal A, Mahaseth H, Gerecitano JF, Shacham S, et al. Safety and
Anti-tumor Activity of KPT-330, a first-in-class oral XPO1 Selective Inhibitor of Nuclear Export—Phase |
study expanded with colon cancer cohort. Gastrointestinal Cancers Symposium; Jan 24—26, 2013; San
Francisco, CA: American Society of Clinical Oncology; 2013.

Savona M, Garzon R, Brown P, Yee K, Lancet J, Gutierrez M, et al. Phase | trial of Selinexor (KPT-
330), A First-in-class Oral Selective Inhibitor of Nuclear Export (SINE) in Patients (pts) with Advanced
Acute Myelogenous Leukemia (AML). Abstr 55th Annual Meeting of the American Society of Hematol-
ogy; December 7—10, 2013; New Orleans, LA2013.

PLOS ONE | DOI:10.1371/journal.pone.0167221

November 28, 2016 14/14


http://dx.doi.org/10.1128/JVI.02760-06
http://www.ncbi.nlm.nih.gov/pubmed/17715235
http://dx.doi.org/10.1128/JVI.01403-08
http://www.ncbi.nlm.nih.gov/pubmed/18715912
http://dx.doi.org/10.1128/JVI.00367-09
http://www.ncbi.nlm.nih.gov/pubmed/19403678

