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ABSTRACT

Influenza is a global health concern, causing death, morbidity, and economic losses. Chemotherapeutics that target influenza
virus are available; however, rapid emergence of drug-resistant strains is common. Therapeutic targeting of host proteins hi-
jacked by influenza virus to facilitate replication is an antiviral strategy to reduce the development of drug resistance. Nuclear
export of influenza virus ribonucleoprotein (vRNP) from infected cells has been shown to be mediated by exportin 1 (XPO1)
interaction with viral nuclear export protein tethered to vRNP. RNA interference screening has identified XPO1 as a host proin-
fluenza factor where XPO1 silencing results in reduced influenza virus replication. The Streptomyces metabolite XPO1 inhibitor
leptomycin B (LMB) has been shown to limit influenza virus replication in vitro; however, LMB is toxic in vivo, which makes it
unsuitable for therapeutic use. In this study, we tested the anti-influenza virus activity of a new class of orally available small-
molecule selective inhibitors of nuclear export, specifically, the XPO1 antagonist KPT-335 (verdinexor). Verdinexor was shown
to potently and selectively inhibit vRNP export and effectively inhibited the replication of various influenza virus A and B strains
in vitro, including pandemic H1N1 virus, highly pathogenic H5N1 avian influenza virus, and the recently emerged H7N9 strain.
In vivo, prophylactic and therapeutic administration of verdinexor protected mice against disease pathology following a chal-
lenge with influenza virus A/California/04/09 or A/Philippines/2/82-X79, as well as reduced lung viral loads and proinflamma-
tory cytokine expression, while having minimal toxicity. These studies show that verdinexor acts as a novel anti-influenza virus
therapeutic agent.

IMPORTANCE

Antiviral drugs represent important means of influenza virus control. However, substantial resistance to currently approved
influenza therapeutic drugs has developed. New antiviral approaches are required to address drug resistance and reduce the bur-
den of influenza virus-related disease. This study addressed critical preclinical studies for the development of verdinexor (KPT-
335) as a novel antiviral drug. Verdinexor blocks progeny influenza virus genome nuclear export, thus effectively inhibiting virus
replication. Verdinexor was found to limit the replication of various strains of influenza A and B viruses, including a pandemic
H1N1 influenza virus strain, a highly pathogenic H5N1 avian influenza virus strain, and a recently emerging H7N9 influenza
virus strain. Importantly, oral verdinexor treatments, given prophylactically or therapeutically, were efficacious in limiting lung
virus burdens in influenza virus-infected mice, in addition to limiting lung proinflammatory cytokine expression, pathology,
and death. Thus, this study demonstrated that verdinexor is efficacious against influenza virus infection in vitro and in vivo.

Influenza virus causes seasonal epidemics of mild to severe respi-
ratory illness and occasionally death (1–3). Older individuals,

young children, and the immunocompromised are at high risk of
serious complications, which may include bacterial pneumonia
and exacerbation of chronic medical conditions such as conges-
tive heart failure, asthma, or diabetes (4–6). Vaccines against cir-
culating influenza virus strains are the mainstay of prophylaxis
and are annually available; however, there are issues with predict-
ing which influenza virus strains may emerge and preparing suf-
ficient quantities of vaccine and difficulty in storage and adminis-
tration (7). Moreover, vaccine efficacy is variable and generally
low in the populations at greatest risk of complications from in-
fluenza virus infection, the young and the elderly (8). Despite
increasing vaccination rates, influenza-related hospitalizations
are increasing (8, 9). Currently, there are four antiviral drugs li-
censed for use in the United States, all of which target viral com-
ponents. Amantadine and rimantadine target the viral M2 pro-
tein, binding to the pore, blocking the proton channel, and
preventing release of the viral RNA genome into the cytoplasm of

the infected cell (10). These adamantines are active against influ-
enza A viruses but not influenza B viruses. Widespread drug resis-
tance has developed in H3N2 viruses (11), and circulating pan-
demic H1N1 (pH1N1) viruses are resistant to adamantine (12).
Resistance to these drugs has resulted in the CDC not recom-
mending their use to treat infection with these influenza virus
strains (12). Oseltamivir and zanamivir make up the second class
of influenza antivirals, i.e., the neuraminidase (NA) inhibitors.
These drugs bind to the active site and block the enzymatic activity
of the viral NA, causing the virus to aggregate on the surface of
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infected cells during virus release, preventing spread of the prog-
eny virus during infection (13). Both influenza A and B viruses are
susceptible to NA inhibitors; however, drug resistance has been
reported. For this reason, the use of NA inhibitors is not recom-
mended for uncomplicated outpatient cases of influenza where
there are no identified risk factors, highlighting the pressing need
for novel influenza virus therapeutics (12).

Influenza A virus causes seasonal disease, regular epidemics,
and more rarely pandemics. There are two influenza B virus lin-
eages, Yamagata and Victoria, that cocirculate in humans, causing
seasonal disease and epidemics (1, 14, 15). The features of influ-
enza A viruses that enable pandemics are thought to include the
error-prone RNA-dependent RNA polymerase introducing mu-
tations, antigenic drift in the surface glycoproteins, and adapta-
tion to the host response to infection. The segmented nature of the
genome enables reassortment of the genome during coinfection,
and there are numerous susceptible species and reservoirs of in-
fluenza A virus (14, 15). The rapid and dramatic changes in virus
host specificity and antigenicity hinder the development of vac-
cines in response to pandemics and even reduce the ability to
prepare through vaccine stockpiling, further supporting the need
for broadly reactive antiviral drugs.

Several studies have recently reported host cellular factors in-
volved in influenza A virus replication (16–24). These factors can
either act to suppress virus replication (antiviral factors) or be
hijacked by the virus to support its replication (proviral factors).
Targeting of these proviral host factors represents a potentially
viable therapeutic strategy for the treatment of influenza virus
replication. Importantly, because of the stability of host gene tar-
gets compared to viruses that rapidly adapt for best fitness in
hosts, targeting of host genes also offers an innovative and refrac-
tory approach to limiting drug resistance. Since influenza virus
replicates in the nuclei of infected cells, targeting of the host ma-
chinery required to shuttle viral proteins from the nucleus to the
cytoplasm is a viable therapeutic strategy. In this case, following
receptor-mediated binding and endocytosis of the influenza vi-
rion, the viral M2 proton channel protein mediates virion acidifi-
cation inside the endosome, which leads to its subsequent fusion
and release of virus ribonucleoproteins (vRNPs) containing the
negative-stranded viral RNA (vRNA) genome, nucleoprotein
(NP), and polymerases (PA, PB1, PB2) into the cell cytoplasm
(25). For replication to take place in the cell nucleus, vRNPs are
subsequently imported into the nucleus via cellular importin-�
(26–28). Following virus RNA replication and transcription in the
nucleus, progeny vRNPs are exported to the cytoplasm to allow
the packaging of new virus progeny (29–32). Nuclear export of
influenza virus vRNPs has been shown to be mediated by host
exportin 1 (XPO1) interaction with nuclear export signal (NES)-
containing viral nuclear export protein (NEP) associated with
vRNPs (29, 32, 33). Using RNA interference (RNAi) screening of
a human drug target library, we have identified XPO1 as a host
proinfluenza factor. XPO1 silencing resulted in reduced influenza
virus replication. Importantly, this mechanism of vRNP nuclear
export is conserved in all types and subtypes of influenza virus (30,
33); thus, targeting of this pathway can potentially serve as a
broad-spectrum anti-influenza virus therapeutic strategy.

XPO1 is a member of the karyopherin-� superfamily of nu-
clear transport proteins, which includes 15 different importin and
exportin proteins. There are seven NEPs, designated XPO1
through XPO7. XPO1 is the best-characterized nuclear exporter,

transporting �220 proteins and certain RNA species from the
nucleus to the cytoplasm through the nuclear pore complex (34).
XPO1 binds to a diverse array of protein cargos through binding
of the XPO1 hydrophobic groove and the canonical leucine-rich
or 10- to 15-residue-long motifs spanning four or five spaced hy-
drophobic amino acid domains termed NESs in cargo proteins
(35). In the nucleus, XPO1 forms a quaternary complex with the
cargo protein, Ran-GTP, and Ran-BP3. The role of Ran-BP3 is to
promote nucleotide exchange by Ran-GEF RCC1, as well as to
increase the affinity of XPO1 for Ran-GTP and the transported
cargo. In the cytoplasm, the complex is dissociated through the
combined action of Ran-GAP and Ran-BP1. The natural product
leptomycin B (LMB), a prototypical inhibitor of XPO1, has been
widely used to study XPO1 functions and the transport of its cargo
molecules (34, 36, 37). LMB binds by forming an irreversible co-
valent bond with cysteine-528 of XPO1 to prevent the nuclear
export of XPO1 cargo molecules (36, 38). Importantly, LMB has
been shown to block vRNP nuclear export and inhibit influenza
virus replication. However, LMB has substantial cytotoxicity in
vivo that is potentially due to off-target activity (39) and the irre-
versible covalent binding of LMB to cysteine-528 of XPO1 (38).
Thus, LMB was deemed unsuitable as a therapeutic agent (40).

A new class of orally available selective inhibitors of nuclear
export (SINE) was recently developed (41, 42) by using molecular
modeling to screen a small virtual library of compounds for activ-
ity against the NES groove of XPO1 and specific binding to XPO1
(35, 41, 43–46). However, unlike LMB, SINE compounds form a
slowly reversible covalent bond with cysteine-528 of XPO1 (35,
38, 42). Thus, SINE compounds interfere with the nuclear export
of NES-bearing proteins, including the NEP of influenza A and B
viruses and NES-containing host proteins (47). SINE XPO1 in-
hibitors show minimal cytotoxicity to normal cells and demon-
strated good tolerability in rodents, dogs, and nonhuman pri-
mates. In addition, verdinexor displayed single-agent activity in
phase I and II clinical trials in client-owned dogs with B- and
T-cell lymphomas (48, 49). Another closely related SINE com-
pound, selinexor, is currently in multiple phase I and II studies of
human patients with advanced solid and hematological malignan-
cies (such as NCT01607892, NCT01607905, NCT01986348, and
NCT02025985, see ClinicalTrials.gov) and is showing evidence of
anticancer activity with good tolerability (50–52). In this study,
the efficacy of verdinexor against multiple circulating and noncir-
culating influenza A and B virus strains was evaluated in vitro.
Furthermore, its abilities to limit disease pathogenesis and lung
virus burdens following challenges with representative strains of
circulating influenza A virus subtypes (H1N1 and H3N2) were
evaluated in vivo in a mouse model of influenza virus infection.
The findings from this study demonstrated that verdinexor is ef-
ficacious against the influenza virus strains examined. Further-
more, because of its mechanism of action, it is likely to be effica-
cious against all strains of influenza virus.

MATERIALS AND METHODS
Cell cultures and influenza virus stocks. Human type II respiratory epi-
thelial (A549) cells (ATCC CCL-185), Madin-Darby canine kidney
(MDCK) cells (ATCC CCL-34), and human embryonic kidney (293T)
cells (ATCC CRL-3216) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% heat-inactivated fetal bovine
serum (HyClone, Logan, UT) in a 37°C incubator with 5% CO2. Influenza
virus strains A/WSN/33 (H1N1), A/California/04/09 (pH1N1), A/Cali-
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fornia/04/09 (MA-pH1N1; mouse adapted), A/Philippines/2/82-X79
(H3N2), and A/Vietnam/1204/04 (H5N1; highly pathogenic avian influ-
enza virus [HPAIV]), A/mute swan/MI/451072-2/06 (H5N1; low-patho-
genicity avian influenza virus [LPAIV]), A/red knot/NJ/0523470/06
(H7N3), A/Anhui/1/2013 (H7N9), B/Florida/04/06, and B/Ohio/01/05
were propagated in 9-day-old embryonic chicken eggs, and titers were
determined in MDCK cells as previously described (53, 54). Studies in-
volving influenza A virus strains A/Anhui/1/2013 (H7N9) and A/Viet-
nam/1204/04 (H5N1; HPAIV) were performed under appropriate bio-
safety level 3 conditions.

RNAi transfection. Small interfering RNAs (siRNAs) targeting hu-
man XPO1 and MEK and a nontargeting siRNA were used (Dharmacon
Thermo Fisher). A549 cells were reverse transfected with siRNA by using
DharmaFECT-1 reagent (Dharmacon) as previously described (20).
Transfections were carried out for 48 h to allow maximal expression
knockdown before cells were infected with influenza virus at a multiplicity
of infection (MOI) of 0.001. The level of infectious virus was measured at
48 h postinfection (hpi) by titer determination of A549 cell supernatant
on MDCK cells (54). For virus titer determinations, culture supernatants
were serially diluted and titers were determined on MDCK cells for 72 h.
Hemagglutination (HA) assays were performed with turkey red blood
cells and virus-infected MDCK cell supernatant as described previously
(54, 55). The HA titer was determined from the highest dilution factor
that produced a positive HA reading, and virus titers were calculated as
50% tissue culture infective doses (TCID50s) with the Spearman-Kärber
formula (54, 55). In addition, when specified, A549 cell monolayers on
culture plates were fixed and analyzed for the presence of influenza virus
NP by immunofluorescence staining as described below.

Plasmids and transfections. Total RNA from cells infected with in-
fluenza virus A/WSN/33 (H1N1), A/California/04/09 (pH1N1), and
A/Anhui/1/2013 (H7N9) were used in a standard reverse transcription
(RT)-PCR to amplify the viral NEP coding sequence. PCR primers were
designed to eliminate the native stop codon from the NEP sequence. The
NEP coding sequence was ligated to the TA cloning vector pCDNA3.1
(Life Technologies) by following the manufacturer’s instructions, result-
ing in NEP fused in frame with a C-terminal poly-His tag and the V5
epitope. The constructs were verified by DNA sequencing. FLAG-hCRM1
plasmid DNA was obtained from Addgene (56). Plasmid DNA transfec-
tions were done with FuGENE HD transfection reagent (Promega).

Immunoblot and coimmunoprecipitation analyses. Cells were lysed
in radioimmunoprecipitation assay buffer (Cell Signaling Technology).
For immunoblotting, equivalent protein amounts were diluted in SDS
sample buffer (4� buffer contained 40% glycerol, 240 mM Tris HCl [pH
6.8], 8% SDS, 0.04% bromophenol blue, and 5% �-mercaptoethanol),
boiled, and resolved by SDS-polyacrylamide gel electrophoresis, followed
by immunoblotting. Rabbit polyclonal antibodies against human XPO1
(Santa Cruz Biotechnology), FLAG M2 (Sigma-Aldrich), influenza virus
A NS2 (Thermo Scientific), or glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; Millipore) were used as the primary antibodies. Horserad-
ish peroxidase-conjugated goat anti-rabbit antibody (Sigma-Aldrich) was
used as the secondary antibody. Protein bands were visualized following
the addition of SuperSignal West Dura Extended Duration Substrate
(Pierce, Thermo Scientific) with the FluorChem-E Western imaging sys-
tem (ProteinSimple). For coimmunoprecipitation of XPO1, protein com-
plexes were captured on anti-FLAG M2 magnetic beads (Sigma-Aldrich).
Bound protein complexes were washed in 1� Tris-buffered saline, eluted
with SDS loading buffer, and then subjected to immunoblotting as de-
scribed above.

In vitro efficacy assays. Verdinexor (KPT-335) was synthesized by
Piramal Pharma Solutions (Aurora, ON, Canada) under a contract from
Karyopharm Therapeutics. Verdinexor was dissolved in dimethyl sulfox-
ide (DMSO). For dose-response virus inhibition experiments, cells were
washed once with phosphate-buffered saline prior to the titration of ver-
dinexor with the Hewlett-Packard (HP) D300 Digital Dispenser (Tecan)
(57) 2 h before infection. Cells were then infected with influenza virus

strains at an MOI of 0.01. At 24 hpi, culture supernatants were collected
for virus titer determination in MDCK cells as described above. Percent
virus inhibition was calculated relative to that in DMSO-treated cells.
Cellular toxicity was determined by measuring adenylate kinase release
with the ToxiLight Bioassay kit (Lonza). For in vitro studies, verdinexor
was used at a 1 �M concentration and LMB was used at 10 nM as a positive
control. Cells were inoculated with influenza virus A/WSN/33 (H1N1) at
an MOI of 3, incubated on ice for 30 min to allow virus binding, and
subsequently incubated in a 37°C incubator to allow synchronized virus
infection. At 7 hpi, cells were fixed for immunofluorescence staining or
collected for RNA isolation.

Immunofluorescence staining. To visualize the subcellular localiza-
tion of vRNP, cells were stained for the viral NP or M2 protein. A549 cells
were fixed with cold methanol-acetone (80:20) for 15 min and incubated
with a mouse anti-NP monoclonal (ATCC H16-L10-4R5), a rabbit anti-
influenza virus M2 polyclonal (GeneTex), or a rabbit anti-nuclear factor
kappa B (NF-�B) p65 monoclonal (Cell Signaling Technology) antibody
overnight at 4°C and then incubated for 1 h with an Alexa 488-conjugated
goat anti-mouse or an Alexa 546-conjugated goat anti-rabbit (Invitrogen)
secondary antibody and counterstained with 4=,6-diamidino-2-phenylin-
dole (DAPI; Invitrogen) as described previously (24). Cells were visual-
ized with the EVOS fluorescent imaging system (Advanced Microscopy
Group).

RT-qPCR analyses. To assess NF-�B-dependent cytokine expression,
cDNA was synthesized from total RNA with the Verso cDNA synthesis kit
and random hexamers as primers (Thermo Scientific). cDNA were sub-
sequently used for quantitative PCR (qPCR) amplifications with murine
Ifng, Tnf, Il1b, Il6, and Gapdh gene-specific primers (PrimerBank, Har-
vard Medical School) (58) and RT2 SYBR green qPCR master mix
(SABiosciences) in an MX3005P thermocycler as previously described
(24). For evaluation of subcellular viral RNA distribution, nuclear and
cytoplasmic RNAs were isolated with the SurePrep nuclear or cytoplasmic
RNA purification kit (Fisher Scientific). For detection of strand-specific
viral RNA in cytoplasmic and nuclear fractions, primers specific for influ-
enza virus A segment 5 positive-sense mRNA and negative-sense vRNA
containing an additional unrelated 18- to 20-nucleotide tag at the 5= end
for increased specificity to distinguish the different RNA species as de-
scribed previously (59). Briefly, equal amounts of fractionated RNA were
used to synthesize cDNA complementary to the different types of influ-
enza virus A RNA with the Verso cDNA synthesis kit (Thermo Scientific).
qPCR analysis was performed with RT2 SYBR green qPCR master mix
(SABiosciences) and primer sets specific to the corresponding influenza
virus RNA (59) in an MX3005P thermocycler. The abundance of viral
RNA was normalized to GAPDH, and its expression relative to that in
mock-treated samples was calculated with the 2�		CT formula.

In vivo efficacy studies. BALB/c female mice (6 to 8 weeks old) were
obtained from the National Cancer Institute. All experiments and proce-
dures were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of the University of Georgia. All experiments were per-
formed with 10 mice per group and repeated independently at least twice.

For in vivo studies to evaluate lung virus burdens, verdinexor was
administered orally by gavage at the doses and time points before or after
influenza virus infection indicated in Results. Mice were inoculated intra-
nasally with mouse-adapted influenza virus strain A/California/04/09
(pH1N1) or A/Philippines/2/82-X79 (H3N2) at 10 times the respective
MID50 (50% mouse infective dose) of 35 or 75 PFU. Lungs were collected
at 96 hpi, homogenized in serum-free DMEM, and serially diluted to
assess virus titers on MDCK cells as described above.

For a study of verdinexor pharmacokinetics in plasma, 21 male CD1
mice (3 mice per group per time point, approximately 28 g of body
weight) [BK Laboratory Animal Co. Ltd., Shanghai, China; qualification
no. SCXK(SH) 2008-0016 12470] were used. Plasma verdinexor concen-
trations were determined by an ultrahigh-performance liquid chromatog-
raphy–mass spectrometry method.
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Histopathological analyses. Lungs from four or five mice per group
of normal mock-infected mice and diluent- or verdinexor-treated mice
infected with 10 50% lethal doses (LD50) of influenza virus A/California/
04/09 (mouse-adapted pH1N1) were perfused with 10% (wt/vol) buff-
ered formalin (Fisher Scientific). Formalin-fixed tissues were embedded
in paraffin wax, sectioned (4 �m thick), and mounted on glass slides.
Tissues were stained with hematoxylin and eosin (H&E) or stained for
viral NP by immunohistochemistry (IHC) with a mouse monoclonal an-
tibody as previously described (60) and examined by a board-certified
pathologist at the College of Veterinary Medicine at the University of
Georgia. Lung pathology was scored on a scale of 0 to 4 as previously
described (61). A score of 0 is defined as unremarkable; 1 is defined as
minimal changes in the bronchiolar epithelium with minimal perivascu-
lar inflammation; 2 is defined as mild, multifocal bronchiolar epithelial
changes with perivascular and peribronchiolar inflammation; 3 is defined
as moderate, multifocal bronchiolar epithelial changes with perivascular,
peribronchiolar, and alveolar inflammation; and 4 is defined as marked,
diffuse bronchiolar epithelial changes with perivascular, peribronchiolar,
and alveolar inflammation.

Statistical analyses. Statistical analyses were done with Student’s t test,
except for the survival study, in which the log rank (Mantel-Cox) test was
used. Results are presented as means 
 standard errors (SE). P values of
�0.05 were considered significant.

RESULTS
Knockdown of XPO1 gene expression results in a reduction of
influenza virus replication. To validate the requirement of XPO1
for replication of influenza virus, siRNA transfection was per-
formed to silence XPO1 gene expression. A549 cells were trans-
fected with a nontargeting siRNA (siNEG) or a siRNA targeting
human XPO1. Additionally, a siRNA targeting MEK was used as a
positive control and the requirement of MEK for influenza virus
replication has been previously demonstrated (62). Transfected
cells were incubated for 48 h to allow expression knockdown. To
validate XPO1 expression silencing, XPO1 siRNA (siXPO1)-
transfected cells were harvested at 96 h posttransfection for im-
munoblot analysis. Cells transfected with siXPO1 displayed an
XPO1 protein level �90% lower than that of siNEG-transfected
cells (Fig. 1A). Cells were subsequently infected with various
strains of influenza A and B viruses at an MOI of 0.001. As evalu-
ated by immunofluorescence staining of viral NP, virus-positive
cells were scarce in MEK siRNA (siMEK)- and siXPO1-tranfected
cells, while �70% of the cells transfected with siNEG displayed
virus-positive staining at 48 h after influenza virus A/WSN/33
(H1N1) infection (96 h after siRNA transfection) (Fig. 1B). To
further demonstrate the requirement of XPO1 for influenza virus
replication across types and subtypes, cells were infected with var-
ious influenza A and B virus strains. Culture supernatant was col-
lected at 48 hpi to measure infectious virus production (Fig. 1C to
I). Cells transfected with siXPO1 displayed significantly lower in-
fluenza virus A/WSN/33 (H1N1) (P � 0.0001), A/California/
04/09 (pH1N1) (P � 0.05), A/Philippines/2/82-X79 (H3N2) (P �
0.0001), A/mute swan/MI/451072-2/06 (H5N1) (P � 0.0001),
A/red knot/NJ/1523470/06 (H7N3) (P � 0.0001), A/Anhui/1/
2013 (H7N9) (P � 0.01), and/or B/Ohio/01/05 (P � 0.0001) titers
than siNEG-transfected cells.

XPO1 has been previously reported to mediate the nuclear ex-
port of influenza virus vRNPs (29, 32, 33). To validate this mech-
anism of the role of XPO1 during influenza virus replication,
siRNA-transfected cells were infected with influenza virus
A/WSN/33 (H1N1) at an MOI of 3 to allow all of the cells to be
infected. As assessed by NP immunostaining, cells transfected

with siXPO1 showed nuclear retention of vRNP, while cells trans-
fected with siNEG or siMEK displayed cytoplasmic vRNP local-
ization at 8 hpi (Fig. 1J). These findings further validate the con-
served requirement of XPO1 for the replication of influenza A and
B viruses by facilitating nuclear export of the vRNP complex.

Verdinexor, a novel SINE, is efficacious against influenza A
and B viruses. The structure of a novel SINE XPO1 inhibitor
verdinexor (KPT-335) is shown in Fig. 2A. To determine the tox-
icity of verdinexor, A549 cells were treated with increasing doses
of verdinexor and the values for percent cellular cytotoxicity were
determined. The verdinexor concentration that resulted in a me-
dian cytotoxicity between the baseline (DMSO) and the maxi-
mum observed cytotoxicity was determined by the nonlinear re-
gression method (Fig. 2B; 50% cytotoxic concentration [CC50],
26.8 �M). To assess the efficacy of verdinexor against influenza
virus, A549 cells were pretreated with DMSO as a control or with
increasing concentrations of verdinexor ranging from 0.1 to 100
�M in one-third-log increments. Two hours posttreatment, cells
were subsequently inoculated with the influenza A and B virus
strains listed in Table 1. Culture supernatants were collected at 24
hpi for virus titer determination (Fig. 2C to H). Percent virus titers
relative to that of the DMSO-treated control were used to calculate
the 50% inhibitory concentration (IC50) for each virus by nonlin-
ear regression (Table 1). Selectivity indices (SIs) were calculated to
determine the efficacy of verdinexor against influenza virus strains
as the ratio of the CC50 to the IC50 for the corresponding strain.
Verdinexor was found to have good efficacy against the influenza
A and B virus strains tested in the nanomolar range (SI of �99),
except against the emerging A/Anhui/1/2013 (H7N9) strain,
against which it showed some but limited efficacy (SI of 64). These
findings demonstrate a relatively broad anti-influenza virus effi-
cacy of verdinexor in vitro, which warranted an evaluation of its in
vivo efficacy.

Verdinexor inhibits nuclear export of vRNP. XPO1 facilitates
the nuclear export of influenza virus vRNP, which is crucial for
influenza virus replication in host cells (30, 33). Inhibition of
XPO1-dependent nuclear export by its prototypical inhibitor
LMB has been shown to result in the accumulation of vRNPs in
the nuclei of infected cells, preventing viral packaging and new
virus progeny, thereby blocking virus replication (63). Thus, ver-
dinexor was evaluated with A549 cells, which were treated with
DMSO, verdinexor (1 �M), or LMB (10 nM). Two hours post-
treatment, the cells were infected with influenza virus A/WSN/33
(H1N1) at an MOI of 3. The cells were fixed at 8 hpi, a time point
corresponding to a later stage of virus replication, and the local-
ization of viral NP (a component of the vRNP complex) was de-
termined by immunofluorescence staining (Fig. 3A). Similar to
LMB-treated cells, verdinexor-treated cells displayed nuclear NP
staining at 8 hpi, but DMSO-treated cells did not, suggesting re-
tention of vRNPs in the nuclei of verdinexor- and LMB-treated
cells. Furthermore, verdinexor and LMB treatment also altered
the localization of viral NS1, another influenza virus protein that
is known to possess a nuclear localization signal (NLS) and an NES
that shuttle it between the cytoplasm and the nucleus to modulate
various host responses in both cell compartments (data not
shown). To further evaluate the ability of verdinexor to block
vRNA nuclear export, verdinexor-treated A549 cells were har-
vested at 8 hpi and subjected to subcellular fractionation and RNA
isolation to extract cytoplasmic and nuclear RNAs. The relative
abundance of negative-sense vRNA and positive-sense mRNA in
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the cytoplasm and nucleus were evaluated by strand-specific viral
RNA RT-qPCR. Cells pretreated with verdinexor demonstrated
56.6-fold enrichment of nuclear negative-sense vRNA relative to
that of DMSO-treated cells (P � 0.0001), while the relative abun-
dance of cytoplasmic negative-sense vRNA was significantly (P �
0.001) reduced (Fig. 3B). However, no significant difference in the
relative abundance of nuclear and cytoplasmic positive-sense viral
mRNA was observed between DMSO- and verdinexor-treated
cells (Fig. 3C), demonstrating verdinexor’s anti-influenza virus
activity by blocking vRNP nuclear export but not viral mRNA.

To assess whether the vRNP nuclear retention observed in Fig.
3A to C was indeed due to the inhibition of vRNP nuclear-cyto-

plasmic export in cells treated with verdinexor, viral NP localiza-
tion was evaluated at later time points after influenza A/WSN/33
(H1N1) virus infection (Fig. 4A). Similar to LMB-treated cells, the
majority of verdinexor-treated cells displayed nuclear NP localiza-
tion that was extended through the 12- and 18-hpi time points,
which are past one round of normal virus replication, suggesting
blocked vRNP nuclear export, resulting in its nuclear retention.
However, the localization of a non-NLS/NES-bearing viral pro-
tein, M2, was not affected by treatment with verdinexor or LMB.

Verdinexor blocks the nuclear vRNP export of several influ-
enza A virus strains by disrupting XPO1-NEP binding. Since
verdinexor showed incomplete efficacy against influenza virus
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A/Anhui/1/2013 (H7N9), its ability to block vRNP nuclear export
during A/Anhui/1/2013 (H7N9) virus infection was also evalu-
ated and compared to A/WSN/33 (H1N1) infection (Fig. 4B). As
with A/WSN/33 (H1N1) infection, cells treated with verdinexor
or LMB showed nuclear NP localization, even at late time points
postinfection. Localization of viral M2 protein was not affected in
verdinexor- or LMB-treated cells. However, A/Anhui/1/2013
(H7N9) was observed to replicate with faster kinetics than

A/WSN/33 (H1N1), which may account for the higher concentra-
tion of verdinexor required to effectively suppress virus replica-
tion (Fig. 2G). Together, these findings demonstrated a broad
ability of verdinexor to block influenza virus vRNP nuclear ex-
port, including during infection with influenza virus A/Anhui/1/
2013 (H7N9), as well as other strains of influenza virus.

To further assess verdinexor’s direct action against XPO1 viral
cargo protein NEP, its ability to disrupt XPO1-NEP complex for-
mation in the absence of other viral factors was also evaluated.
FLAG-tagged XPO1 and NEP from A/WSN/33 (H1N1), A/Cali-
fornia/04/09 (pH1N1), or A/Anhui/1/2013 (H7N9) expression
plasmids were cotransfected into 293T cells. At 48 h posttransfec-
tion, cells were mock treated or treated with verdinexor (1 �M)
for 6 h. Cells were harvested for subsequent coimmunoprecipita-
tion analyses with anti-FLAG affinity beads to assess FLAG-XPO1
binding with NEP from various influenza virus A strains (Fig. 4C).
FLAG-XPO1 was able to bind to NEP of A/WSN/33 (H1N1), as
well as that of A/California/04/09 (pH1N1) and A/Anhui/1/2013
(H7N9). Importantly, verdinexor treatment was able to reduce
XPO1-NEP binding in all three of the strains evaluated. These
results strengthen the findings on verdinexor’s activity to block
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FIG 2 Verdinexor, a novel SINE, is efficacious against influenza A and B viruses. (A) Structure of verdinexor (KPT-335). (B to H) A549 cells were mock treated
(M) or treated with increasing doses of verdinexor for 2 h at 37°C. (B) Cytotoxicity was assessed with the ToxiLight bioassay kit at 24 h posttreatment. The percent
cytotoxicity in verdinexor-treated cells was determined relative to that in nontreated (0% cytotoxicity) and lysed (100% cytotoxicity) cells and graphed to
evaluate the median cytotoxic concentration. (C to H) Cells were infected with influenza virus A/WSN/33 (H1N1) (C), A/California/04/09 (pH1N1) (D),
A/Philippines/2/82-X79 (H3N2) (E), A/mute swan/MI/451072-2/06 (H5N1) (F), A/Anhui/1/2013 (H7N9) (G), or B/Ohio/01/05 (Flu B) (H). Culture superna-
tants were collected at 24 hpi for virus titer determination in MDCK cells, and experiments were repeated at least twice.

TABLE 1 In vitro efficacy of verdinexor against influenza A and B virus
strains

Influenza virus strain
Type or
subtype

IC50

(�M)
CC50

(�M) SI

A/California/04/09 H1N1 0.20 26.8 134
A/Philippines/2/82-X79 H3N2 0.04 26.8 670
A/Vietnam/1204/04 (HPAIV) H5N1 0.27 26.8 99
A/mute swan/MI/451072-2/06 (LPAIV) H5N1 0.18 26.8 149
A/red knot/NJ/1523470/06 H7N3 0.06 26.8 447
A/Anhui/1/2013 H7N9 0.42 26.8 64
B/Florida/04/06 B 0.09 26.8 298
B/Ohio/01/05 B 0.01 26.8 2,680
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the nuclear export of the vRNP of various influenza virus A
strains by disrupting XPO1 binding to its influenza virus pro-
tein cargo, NEP.

Verdinexor is a slowly reversible inhibitor of XPO1-depen-
dent influenza virus replication in vitro and is bioavailable in
vivo after oral administration. Verdinexor is a SINE compound
that acts as a slowly reversible inhibitor of XPO1; thus, the length
of verdinexor’s inhibitory effect against influenza A virus infection
was subsequently evaluated. A549 cells were treated with 1 �M
verdinexor for 2 h. Subsequently, the treatment medium was re-
moved and replaced with normal growth medium and the cells
were incubated for different lengths of time prior to infection with
influenza virus A/WSN/33 at an MOI of 0.01. At 48 hpi, cell su-
pernatant was collected for virus titer determination. Treatment
of cells up to 24 h prior to infection was as efficacious as treatment
at 2 h preinfection (Fig. 5A; P � 0.001 compared to mock-treated
cells), while treatment at 36 h prior to infection resulted in a sig-
nificant virus titer reduction but reduced efficacy (P � 0.05).
However, verdinexor treatment at 48 h preinfection did not result
in a significant virus titer reduction. These results are in line with
the previously reported in vitro half-life (t1/2) of verdinexor of
approximately 24 h (48).

To determine verdinexor’s suitability for in vivo use against
influenza virus infection, its pharmacokinetic (PK) profile in mice
was evaluated. The mean plasma verdinexor concentration after
intravenous (i.v.) or peroral (p.o.) administration at each time
point was assessed (graphed in Fig. 5B). The PK parameters of oral
verdinexor administration are summarized in Table 2. On the
basis of its PK profile, oral verdinexor treatment was found to be a

suitable route of drug administration and its ability to limit influ-
enza virus infection in a mouse model was subsequently investi-
gated.

Verdinexor reduces the lung influenza virus burden. Since
verdinexor was shown to be effective against influenza virus in
vitro, its ability to reduce influenza virus replication in vivo was
evaluated. Verdinexor was delivered by gavage because it is bio-
available after oral administration (Fig. 5B and Table 2). To assess
the efficacy of prophylactic treatment (outlined in Fig. 6A), mice
were pretreated with diluent only or 10 or 20 mg/kg verdinexor for
1 day (1�Rx), 2 days (2�Rx), or 3 days (3�Rx) prior to inocula-
tion with 10 MID50 of mouse-adapted influenza virus strain
A/California/04/09 (MA-pH1N1) (Fig. 6B) or 10 MID50 of strain
A/Philippines/2/82 (H3N2) (Fig. 6C). Lungs were harvested at 96
hpi and homogenized to evaluate lung virus titers. Compared to
diluent-only treatment of mice, prophylactic administration of 10
mg/kg verdinexor at 1 day prior to infection (P � 0.05) signifi-
cantly reduced lung A/California/04/09 (MA-pH1N1) virus titers,
as did treatment with 20 mg/kg given 2 (P � 0.01) or 3 (P � 0.001)
days prior to infection. Similarly, prophylactic treatment with 10
mg/kg verdinexor for 2 (P � 0.001) or 3 (P � 0.01) days prior to
infection or with 20 mg/kg for 2 (P � 0.001) or 3 (P � 0.001) days
prior to infection produced lung A/Philippines/2/82-X79 (H3N2)
virus titers significantly lower than those of diluent-only control
mice. To assess the therapeutic efficacy of verdinexor (outlined in
Fig. 6D), we treated mice with verdinexor at 50 mg/kg (daily total)
at 24, 72, or both 24 and 72 hpi as either a single daily dose (1�Rx)
or two daily doses (2�Rx of 25 mg/kg each). Control groups of
mice received the diluent only or a standard regimen of twice-
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daily oseltamivir treatment (10 mg/kg/day) for 3 days starting at
24 hpi. Twice-daily verdinexor treatment at 72 hpi (P � 0.05) or
treatments at 24 and 72 hpi significantly (P � 0.001) reduced lung
A/California/04/09 (MA-pH1N1) virus burdens compared to that
of mice that received diluent-only treatment, while oseltamivir
treatment did not result in a significant reduction of lung virus
titers (Fig. 6E). Similarly, treatment with verdinexor at 24 and 72
hpi (P � 0.001) or twice daily at 72 hpi (P � 0.05) significantly
reduced lung influenza virus A/Philippines/2/82-X79 (H3N2) ti-
ters compared to those of the diluent-only control group (Fig. 6F).
These studies show that verdinexor has in vivo antiviral activity
with an ability to reduce lung virus titers that is similar to or better
than that of a standard oseltamivir regimen.

Verdinexor reduces proinflammatory cytokine expression
in the lung. Influenza virus infection and the lung viral load con-
tribute to disease pathogenesis, which is exacerbated in part by the
host immune response to infection. NF-�B signaling has been
shown to correlate with the severity of influenza virus infection

through the upregulation of proinflammatory cytokine expres-
sion (64, 65). Thus, damping of this response can reduce influenza
virus-associated disease pathogenesis. It was shown that a SINE
XPO1 inhibitor induced nuclear retention, leading to inhibition
of NF-�B signaling (42, 66). Indeed, verdinexor treatment re-
sulted in the nuclear accumulation of NF-�B p65 in uninfected
A549 cells (Fig. 7A). Thus, the effects of verdinexor treatment on
influenza virus-induced proinflammatory cytokine expression
were subsequently evaluated in vivo. Mice were treated with the
diluent only or administered verdinexor prophylactically (three
daily treatments of 20 mg/kg preinfection) and then challenged
with 10 MID50 of mouse-adapted influenza virus A/California/
04/09 (MA-pH1N1). Lungs were collected at 96 hpi for total RNA
isolation, and the expression of key NF-�B-dependent proinflam-
matory cytokines was evaluated by RT-qPCR. Verdinexor treat-
ment lowered the expression of gamma interferon (Ifng; Fig. 7B,
P � 0.05), tumor necrosis factor alpha (Tnf; Fig. 7C; P � 0.01),
interleukin-1� (Il1b; Fig. 7D; P � 0.01), and interleukin-6 (Il6;
Fig. 7E; P � 0.05) to basal levels. These results show that ver-
dinexor also acts to reduce the expression of proinflammatory
cytokines associated with influenza virus infection.

Verdinexor treatment reduces pulmonary disease pathogen-
esis and death associated with lethal influenza A virus challenge.
To assess the ability of verdinexor to reduce lung pathology asso-
ciated with influenza virus infection, mice were prophylactically
treated with diluent only or verdinexor (three daily treatments of
20 mg/kg prior to infection) and subsequently mock infected or
infected with a lethal dose (10 LD50) of mouse-adapted A/Califor-
nia/04/09 (MA-pH1N1) (the experimental design is illustrated in
Fig. 8A). Lungs were harvested at 48 and 96 hpi for assessment of
influenza virus NP antigen by IHC (Fig. 8) or stained with H&E
for evaluation of pathology (Fig. 9). The level of influenza virus-
positive cells in verdinexor-treated mice (Fig. 8D and F) was lower
than that in the lungs of diluent-treated mice and appeared to be
limited to the bronchial epithelium and minimal in the interstitial
epithelium (alveolar septa) (Fig. 8C and E). These findings suggest
that verdinexor decreases virus penetration of the lower regions of
the respiratory tract and demonstrate verdinexor’s ability to limit
virus spread in the lungs. No virus-positive cells were detectable in
the lungs of mock-infected mice treated with verdinexor (Fig. 8B).

Lung pathology was scored, and the results are summarized in
Fig. 9A. Influenza virus-challenged mice that received verdinexor
had less overall lung pathology than mock-treated mice (P � 0.01
and P � 0.05 for 48 and 96 hpi, respectively). Mice treated with
verdinexor but not infected with virus had no detectable patho-
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FIG 5 Verdinexor is a slowly reversible inhibitor of XPO1-mediated influenza
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Culture supernatants were collected at 48 hpi for virus titer determination. Data
are expressed as the mean 
 SE (n � 3). n.s., not significant; **, P  0.01; ***, P 
0.001 (relative to mock-treated infected cells). (B) For a PK study of p.o. or i.v.
administration of verdinexor in mice, verdinexor was given orally by gavage at 10
mg/kg (30 mg/m2) or i.v. at 5 mg/kg (15 mg/m2). Plasma verdinexor concentra-
tions were determined with a validated ultrahigh-performance liquid chromatog-
raphy–mass spectrometry method, and the mean concentration at each time point
postadministration was plotted (n � 3).

TABLE 2 PK parameters of verdinexor in male CD1 mice given a p.o.
dose of 10 mg/kg

PK parametera Estimated valueb

Cmax 1,660 ng/ml
Tmax 1.00 h
Terminal t1/2 4.88 h
AUClast 10,300 h · ng/ml
AUC� 10,800 h · ng/ml
F 43.5%
a Cmax, peak drug concentration in serum; Tmax, time when Cmax was observed;
AUClast, area under plasma drug concentration-time curve from time zero to the time
of the last quantifiable concentration; AUC�, area under plasma drug concentration-
time curve from time zero to infinity; F, percent bioavailability.
b Mean values for three mice are shown.
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logical changes in their lungs (Fig. 9B) or tracheas (data not
shown). Evaluation of histopathology in influenza virus-chal-
lenged mice at 48 hpi showed that the bronchial epithelium had
areas exhibiting mild to high levels of cell death, areas of hyper-
eosinophilic cytoplasm, and karyorrhexis or karyolysis character-
istic of apoptosis, which was confirmed with cleaved caspase-3
IHC, and there was a level of sloughing of the dead cells into the
lumen in both the diluent-only- and verdinexor-treated groups.
By 96 hpi, there was a higher degree of multifocal ulceration and
attenuation of the epithelium, accumulation of cellular debris,
and mild inflammation of the mucosa in diluent-treated mice
(Fig. 9C and E) than in verdinexor-treated mice (Fig. 9D and F).
Notably, the verdinexor-treated mice showed less severe pathol-
ogy, as indicated by reduced inflammation in the bronchioles and
limited parenchymal changes compared to those of diluent-only-
treated mice at 48 and 96 hpi. In addition, perivascular and peri-
bronchial inflammation, which consisted predominantly of lym-

phocytes and neutrophils, was substantially lower in verdinexor-
treated mice than in diluent-only-treated mice (arrows). These
findings further support the ability of verdinexor to reduce influ-
enza virus-mediated disease pathology and inflammation.

To assess verdinexor’s ability to reduce the number of deaths
associated with lethal influenza virus infection, mice were infected
with a lethal dose (10 LD50) of mouse-adapted A/California/04/09
(MA-pH1N1) and treated orally with diluent only, with ver-
dinexor at 10 or 20 mg/kg every other day (QOD2) at 24 and 72
hpi, or with oseltamivir at 10 mg/kg daily for 3 days. Body weight,
clinical signs, and survival were monitored daily for 14 days. Mice
that received oral verdinexor treatment at 10 or 20 mg/kg QOD2
or daily oseltamivir treatment were partially protected from death
associated with the lethal influenza virus infection (Fig. 10; P �
0.05, P � 0.0001, and P � 0.001, respectively). There was no
significant difference in survival between the verdinexor and os-
eltamivir treatment groups. These findings provide further evi-
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dence of the ability of verdinexor to reduce disease and death
associated with influenza virus infection, thereby supporting ver-
dinexor as a novel anti-influenza virus drug.

DISCUSSION

XPO1-mediated nuclear export has been reported to be co-opted
by many viruses during various stages of virus replication. Influ-
enza virus uses host XPO1 to mediate the nuclear export of vRNP
for subsequent virus assembly, and this mechanism is conserved
among influenza A, B, and C viruses (Fig. 1) (30, 33, 63). In addi-
tion to influenza virus, other viruses have also been reported to
co-opt XPO1, including respiratory syncytial virus (RSV). RSV is
one of the major agents of serious lower respiratory tract illness
afflicting the young, old, and immunocompromised, with no ap-
proved vaccines or antivirals (67). The matrix (M) protein of RSV
has been shown to be nuclear at an early stage of RSV replication
but cytoplasmic at later time points (68, 69). RSV M protein pos-
sesses a NES and has been shown to be transported through
XPO1-mediated nuclear export (68). LMB results in the nuclear
retention of M and significant reduction of RSV titers in vitro.

XPO1 is also implicated in the regulation of dengue virus NS5
protein transport from the nucleus to the cytoplasm. During den-
gue virus infection, XPO1 inhibition results in altered kinetics of
virus production and reduces the induction of interleukin-8 (70).
Inhibition of XPO1/Rev-mediated viral RNA transport also ar-
rests human immunodeficiency virus type 1 (HIV-1) transcrip-
tion, inhibits the production of new HIV-1 virions, and reduces
HIV-1 levels (71, 72). Other virus-encoded proteins that are
XPO1 cargos include the herpes simplex virus 1 tegument protein
(VP13/14 or hUL47), human cytomegalovirus protein pp65, and
the severe acute respiratory syndrome coronavirus open reading
frame 3b protein (73–75). These findings suggest that targeting of
XPO1-mediated export of viral factors represents a novel and
broadly effective therapeutic strategy against multiple viruses that
co-opt the XPO1 pathway for their replication strategy.

A novel class of SINE compounds has recently been developed
by molecular modeling to screen a virtual library of compounds
for activity against the NES groove of XPO1 (35, 76). SINE com-
pounds inhibit nuclear-cytoplasmic export by forming a slowly
reversible bond with cysteine-528 in the cargo recognition site of
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XPO1. SINE compounds are smaller than LMB, and a 2.2-Å crys-
tal structure of the XPO1—Ran—Ran-BP1 complex bound to a
SINE compound demonstrated that it occupies part of the groove
in XPO1 that is usually occupied by the NES but penetrates the
groove much more deeply than LMB does to block XPO1-medi-
ated protein export (35). SINE compounds are bioavailable after
oral administration (Fig. 5 and Table 2) and were originally devel-
oped as therapeutics for various solid and hematologic malignan-
cies, as XPO1 cargo proteins include numerous tumor suppressor
proteins (TSPs) such as p53, p73, p21, p27, FOXO1, FOXO3a,
FOXO4, PP2A, BRCA1, BRCA2, and E2F4 (35, 41, 77). In normal
cells, export of these proteins from the nucleus by XPO1 prevents
multiple TSPs from acting in the absence of DNA damage or other
oncogenic insults. Thus, SINE compounds can be used to force
nuclear retention, accumulation, and functional activation of
TSPs to limit oncogenesis (35, 41, 43–46). Among SINE com-
pounds, verdinexor is currently undergoing the final stages of
clinical evaluation in dogs with lymphoma (48). Additionally, a
related SINE compound, selinexor (KPT-330), is currently under-
going multiple phase II studies with human patients with ad-
vanced, relapsed, and refractory cancers (ClinicalTrials.gov
NCT01607905, NCT01607892). Preliminary results from these
studies demonstrated that selinexor is generally well tolerated,
with good exposure upon oral administration and evidence of
anticancer activity (50–52).

In this study, a representative SINE compound, verdinexor,
was found to be efficacious and inhibit the replication of various
influenza A and B virus strains, including the pandemic H1N1
virus, H5N1 HPAIV, and to a lesser extent the emerging H7N9
influenza A virus (Fig. 2 and Table 1). Furthermore, mice treated
with verdinexor displayed lower lung virus titers, less disease pa-
thology, and fewer deaths following infection with representative
strains of circulating influenza A virus subtypes H1N1 and H3N2
(Fig. 6 and 8 to 10). A low level of cytotoxicity of verdinexor and
the compound class in various cell lines was found (Fig. 2C and
data not shown), a factor important for progression to a proof-of-
concept trial of verdinexor as an antiviral drug candidate. In ad-
dition to influenza virus, SINE compounds have also been shown
to inhibit the replication of several other viruses, such as HIV (78),
hepatitis C virus, and rabies virus (data not shown).

A related SINE compound, KPT-350, is currently undergoing
preclinical investigation for its anti-inflammatory activity as an
inhibitor of NF-�B (I�B), which has been shown to be transported
through an XPO1-mediated mechanism (79, 80). In addition to
its role in the inhibition of NF-�B activation in the cytoplasm, I�B
has been previously shown to repress postinduction NF-�B acti-
vation by displacing NF-�B–DNA binding. Postinduction NF-�B
nuclear export is thought to replenish the cytoplasmic pool of
inactive NF-�B/I�B complexes for subsequent activation, and
their export from the nucleus is reported to be mediated through
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only (�verdinexor; C, E) or treated with 20 mg/kg verdinexor daily for 3 days (�verdinexor; B, D, F) prior to mock infection (B) or infection with 10 LD50 of
mouse-adapted A/California/04/09 (MA-pH1N1) (C to F). Lungs were harvested at 48 (C, D) or 96 (B, E, F) hpi, fixed, sectioned, and subjected to IHC with
mouse monoclonal antibody to NP, 3,3=-diaminobenzidine chromogen, and hematoxylin counterstain. (B) Lungs from verdinexor-treated but mock-infected
mice displayed an absence of viral antigen. (C) At 48 hpi in mock-treated mice infected with influenza virus, there was extensive viral antigen staining of the
bronchiolar epithelium, which was sloughing into the lumen. Viral antigen was also observed in the epithelial cells of the alveolar septa. (D) At 48 hpi in
verdinexor-treated mice, there was viral antigen staining of the bronchiolar epithelium; however, virus staining was minimal in the interstitium. (E) At 96 hpi in
mock-treated mice, much of the bronchiolar wall was ulcerated and there was extensive and intense antigen staining of the bronchiolar epithelium, which had
sloughed into the lumen. There was also viral antigen staining of epithelial cells of the alveolar septa and staining of cells in the peribronchiolar inflammation
(arrow). (F) At 48 hpi in verdinexor-treated mice, the bronchiolar wall was also ulcerated and there was NP antigen staining of the bronchiolar epithelium;
however, viral antigen staining in the alveolar septa was minimal. B, bronchiolar lumen. Bars, 200 �m.
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NES-bearing I�B (79, 81–83). Consequently, efficient nuclear ex-
port of I�B is required for the maintenance of a high level of
NF-�B activity, which has been previously shown in autoimmune
disorders such as systemic lupus erythematosus, multiple sclero-
sis, and rheumatoid arthritis (84). Treatment with an XPO1 in-
hibitor causes nuclear accumulation of I�B, leading to subsequent
inactivation of NF-�B signaling (79, 80, 85, 86); thus, SINE com-
pounds also act as oral NF-�B inhibitors for the treatment of
inflammatory diseases. This NF-�B anti-inflammatory activity is

relevant to the present study because of influenza virus-associated
immunopathology. In particular, exacerbation of NF-�B signal-
ing has been shown to correlate with the severity of influenza virus
infection and the development of acute respiratory distress syn-
drome, the hallmarks of which are excessive production of proin-
flammatory cytokines and the resulting immunopathology (64,
65, 87). Thus, damping of NF-�B-dependent cytokine secretion
can also result in reduction of influenza virus-associated immu-
nopathology, in addition to SINE’s direct effect on influenza virus
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Perwitasari et al.

10240 jvi.asm.org Journal of Virology

http://jvi.asm.org


replication. Indeed, verdinexor-treated mice displayed reduced
expression of inflammatory cytokines, inflammation, and disease
pathology following influenza virus infection (Fig. 7 to 9). This
additive treatment effect can ultimately lead to better overall dis-
ease outcomes and survival of influenza virus-infected mice (Fig.
10) and ultimately patients.

As part of a study to assess the feasibility of verdinexor treat-
ment in human patients, Karyopharm Therapeutics had con-
ducted studies evaluating the specificity and potential off-target
effects of verdinexor. A large panel of in vitro protein binding
assays was performed to evaluate the potential interference of ver-
dinexor with various principal receptor-ligand interactions (pep-
tides, growth factors, ion channels), kinases, and cysteine pro-
teases (including caspases and matrix metalloproteinases) (study
11-8102, Caliper Life Sciences; data not shown). At a concentra-
tion of 10 �M, none of the enzymes, receptors, kinases, or cysteine
proteases were significantly affected by verdinexor treatment.
Given these results, verdinexor is considered to be a highly selec-
tive agent against proteins, including proteins that possess an ac-
tive cysteine residue in their active site, such as cysteine proteases
(including caspases) and kinases, with limited potential for off-
target effects. Potential cardiac electrophysiology effects of ver-
dinexor were also assessed in an automated non-good laboratory
practice in vitro human ether-à-go-go-related gene (hERG) chan-
nel current inhibition assay. The IC50 of verdinexor for the hERG
potassium current was �30 �M. These studies indicate the selec-
tivity of verdinexor and its safety for potential use in humans.

Together, this study showed that verdinexor is a novel inhibi-
tor of influenza virus infection in vitro and in vivo that warrants
further evaluation of its efficacy and safety in a second animal
model, such as ferrets, to provide a stepping stone toward future
clinical studies.
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