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the nuclear export protein CRM1
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ABSTRACT In recent years, especially since the outbreak of the severe acute respira-
tory syndrome coronavirus 2 pandemic, the cell-permeable itaconate derivative 4-octyl
itaconate (4-0Ol) has gained traction as a potential antiviral agent. Here, we demonstrate
that 4-Ol inhibits replication of multiple influenza A viruses (IAV) by restricting nuclear
export of viral ribonucleoproteins, a key step in the IAV replication cycle. This nuclear
retention is achieved by deactivation and subsequent degradation of chromosomal
maintenance 1 protein (CRM1), also known as exportin 1 (XPO1), a host cell protein
exploited by IAV during replication. 4-Ol-mediated deactivation of CRM1 resulted in
the accumulation of the IAV nucleoprotein, the Rev protein of feline immunodeficiency
virus, as well as the natural CRM1 cargos p53 and p65, in the nucleus of treated cells.
Further mechanism of action studies revealed that, similar to known CRM1 inhibitors,
4-0Ol modifies a key cysteine in the cargo binding pocket of CRM1 at position 528
through an alkylation reaction called 2,3-dicarboxypropylation. Subsequent studies in
a cell line in which the cysteine at position 528 in CRM1 protein was substituted by a
serine confirmed that modification of this residue was indeed the cause for the observed
inhibitory effect induced by 4-Ol on CRM1 function. Overall, this study demonstrated a
mechanism through which 4-OlI directly interferes with the replication cycle of CRM1-
dependent viruses, which contributes to the understanding of the antiviral and anti-
inflammatory properties of this multifaceted immuno-metabolite.

IMPORTANCE Itaconate derivates, as well as the naturally produced metabolite, have
been proposed as antivirals against influenza virus. Here, the mechanism behind the
antiviral effects of exogenous 4-octyl itaconate (4-Ol), a derivative of itaconate, against
the influenza A virus replication is demonstrated. The data indicate that 4-Ol targets
the cysteine at position 528 of the CRM1 protein, resulting in inhibition of the nuclear
export of viral ribonucleoprotein complexes in a similar manner as previously described
for other selective inhibitors of nuclear export. These results postulate a mechanism
not observed before for this immuno-metabolite derivative. This knowledge is helpful
for the development of derivatives of 4-Ol as potential antiviral and anti-inflammatory
therapeutics.
KEYWORDS influenza virus, CRM1, itaconate, 4-Ol, antiviral

nfluenza virus is a negative-sense single-stranded RNA virus with a segmented

genome, which belongs to the family of Orthomyxoviridae. Characteristically, human
infections with influenza virus cause upper respiratory tract disease, with symptoms
that vary from fever and muscle ache to cough or a sore throat, as well as fatigue (1).
In humans, this disease is mostly caused by influenza A and B viruses (IAV and IBV,
respectively), where severe symptoms can lead to lethal pneumonia during infections of
the lower respiratory tract. Influenza viruses cause annual epidemics but can also lead
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to worldwide pandemics. When vaccines are not available, antivirals could be used to
contain or limit their spread.

A metabolite that has recently been described as a potential antiviral is itaconate,
which, alongside various derivatives, has proven to restrict replication of Zika virus (2),
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (3), and IAV (4). ltaconate
is generated from aconitate by the enzyme aconitate decarboxylase 1 (ACOD1), and
expression of the Acod1 gene, also named immuno-responsive gene 1 (Irg1), is mostly
restricted to cells of the myeloid lineage (5). Originally suggested as an anti-inflammatory
metabolite, itaconate has multiple immunomodulatory properties, including impairment
of glycolysis (6), inactivation of the NLRP3 inflammasome (7), activation of the activating
transcription factor 3 (ATF3) (8), and activation of the nuclear factor erythroid2-related
factor 2 (Nrf2) by introducing alkylation and thereby deactivation of the Kelch-like
ECH-associated protein 1 (KEAP1) in a process called dicarboxypropylation (9). The
latter has been suggested to be at least partly responsible for some of the antiviral
properties of itaconate, as activation of this pathway has been associated with reduced
viral replication of SARS-CoV-2 in treated cells (3). The mechanism through which Nrf2
activation restricts viral replication, however, remains unknown.

Being a negatively charged polar metabolite, itaconate has been proposed to be
unable to spontaneously cross the cell membrane, prompting the design and use of
cell-permeable itaconate derivatives such as dimethyl itaconate (DMI) (10) and 4-octyl-
itaconate (4-Ol) (9). These derivatives share the electrophilic properties of itaconate and
were thought to be, at least in part, metabolized into itaconate. However, it appeared
that DMI is quickly degraded and, in fact, not converted to itaconate (11), while 4-Ol
actually increased the levels of intracellular itaconate (9). Moreover, 4-Ol seemed to
have additional immunoregulatory effects that go beyond the properties of unmodified
itaconate (12).

Recently, the antiviral properties of 4-Ol against IAV were reported (4), but the
mechanism of action remained elusive. Previously, other itaconate derivates have been
suggested to restrict the nuclear export of viral ribonucleoproteins (VRNPs) (13). A shared
property of itaconate and its derivatives is the capability to alkylate cysteine residues
on certain proteins (6, 9, 14). Molecules such as leptomycin B (LMB) and the small-mol-
ecule inhibitors selinexor (KPT-330) and verdinexor have been described to alkylate
the chromosomal maintenance 1 protein (CRM1) at cysteine 528, thereby inhibiting
the export of proteins that contain a nuclear export signal (NES) (15-18). Here, we
demonstrate that 4-Ol alkylates CRM1 thereby affecting CRM1-mediated nuclear export
of proteins with a NES, such as the IAV nucleoprotein (NP). These findings contribute to
the understanding of the antiviral and anti-inflammatory properties of this multifaceted
immuno-metabolite.

RESULTS
4-Octyl itaconate impairs AV replication in a dose-dependent manner

To investigate whether 4-Ol had an impact on IAV replication, a treatment protocol
was established with a short pre-treatment prior to virus inoculation, combined with
treatment after inoculation (Fig. 1A). Maintenance of selection pressure with 4-Ol
treatment after inoculation was found essential to produce an effect on IAV replication
(Fig. S1). A549 cells, as a model of human epithelial cells, and Madin-Darby canine kidney
(MDCK) cells, as example of a highly permissive cell line to 1AV, were used to optimize
the dose range of the compound. At 48 hours after inoculation with influenza A/WSN/33
(IAV WSN), substantially lower virus titers were observed in treated MDCK (Fig. 1B) and
A549 cells (Fig. 1C), compared to those in DMSO-treated cells, in a dose-dependent
manner. While, in MDCK cells, antiviral effects were visible at 100 uM, higher concentra-
tions were necessary to induce an antiviral effect in A549 cells. In parallel, cell viability
was measured to determine the optimal concentration of 4-Ol, normalized to DMSO.
Treatment with 4-Ol decreased the viability of MDCK cells at concentrations beyond
100 uM (Fig. 1B), whereas A549 cells seemed to be more tolerant (Fig. 1C).
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FIG 1 Effects of 4-Ol on influenza A virus replication. (A) Outline of the treatment scheme. Epithelial cells were pretreated overnight with 4-Ol, DMSO, or
itaconate or were left untreated and were subsequently inoculated with IAV A/WSN/33. After 1 hour, inoculum was removed, and cells were washed. Medium
with the corresponding treatments was added until sampling. Created with BioRender.com. (B and C) Dose-dependent effect of 4-Ol compared to DMSO on
virus titers (left Y axis) at 48 hours post inoculation in MDCK (B, multiplicity of infection [MOI] 0.01) and A549 (C, MOI 0.1) cells, with corresponding live/dead
staining of 4-Ol-treated cells normalized to DMSO measured using flow cytometry (right Y-axis). (D and E) Replication kinetics of IAV A/WSN/33 in MDCK (D, MOI
0.01) and A549 cells (E, MOI 0.1), treated with 4-OI, DMSO, or itaconate or left untreated. (F and G) Replication kinetics of IAV A/NL/602/09 H1N1 (F, MOI 0.01)
and A/NL/213/03 H3N2 (G, MOI 0.01) in MDCK cells, treated with 4-Ol, DMSO, or itaconate or left untreated. All kinetics are representative of three independent
experiments and are depicted as mean + SEM.

Replication kinetics of IAV WSN were assessed in treated MDCK (Fig. 1D) and A549
cells (Fig. 1E), the maximum tolerated dose for MDCK cells of 100 pM. The effect of
treatment with 100 uM 4-Ol on the replication of IAV WSN was compared to that of
treatment with the natural metabolite itaconate at 10 mM. Untreated and DMSO-trea-
ted cells were used as controls. Compared to replication in untreated cells, IAV WSN
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replication was decreased in both cell lines treated with 4-Ol, while replication was not
affected upon treatment with itaconate or DMSO. The antiviral effect of 4-Ol against IAV
was more profound in MDCK cells than in A549 cells, which correlates with the effectivity
shown in Fig. 1C where higher doses of 4-Ol than 100 uM were needed to achieve a
profound antiviral effect against IAV.

To confirm the observations made for IAV WSN, the effect of 4-OI treatment on
replication of two additional IAV strains was assessed in MDCK cells. Both IAV pandemic
H1N1 (Fig. 1F) and H3N2 (Fig. 1G) replicated less efficiently in cells treated with 100 pM
4-0Ol, compared to untreated cells. In contrast, in cells treated with DMSO or itaconate,
IAV replication was similar to that in untreated cells.

Selective effect of 4-Ol on IAV NP and CRM1 localization and expression
levels

Since replication of the 1AV genome occurs in the nucleus, we assessed the effect of
4-0l on replication by studying the localization of NP of IAV WSN in 4-Ol-treated MDCK
cells. Untreated cells and cells treated with 10 mM itaconate were taken as control,
and localization of NP was examined with confocal microscopy. Upon inoculation with
IAV WSN (MOI of 0.01) of the 4-Ol-treated cells, nuclear trapping of the NP protein
was observed, which was not observed in untreated or itaconate-treated cells (Fig. 2A).
To examine the effects at earlier time points after virus inoculation, cells were also
inoculated at a higher MOI of 1, and cells were examined at 8 hours after inoculation.
Subsequent confocal microscopy showed indeed nuclear trapping of the NP protein in
treated cells. (Fig. S2A). These results suggest that 4-Ol inhibits the transport of IAV NP
from the nucleus into the cytoplasm of the infected cell.

CRM1-mediated export of IAV NP is known to be essential for IAV replication (17).
Analysis of expression levels of CRM1 and IAV NP in 100 uM 4-Ol-treated cells revealed
lower CRM1 expression levels in whole-cell and cytoplasmic fractions in treated cells as
compared to untreated or itaconate treated at 48 hours after inoculation with IAV WSN at
an MOI of 0.01 (Fig. 2B). Interestingly, IAV NP expression levels in the cytoplasmic fraction
of 4-Ol-treated cells were lower than those in the cytoplasmic fraction of untreated cells
or itaconate-treated infected cells, correlating with the trapping of IAV NP in the nucleus
in 4-Ol-treated cells as shown in Fig. 2A. A slight decrease of IAV NP was also observed
in the whole-cell fraction of 4-Ol-treated cells at 48 hours after inoculation with IAV WSN
at an MOI of 0.01, compared to untreated or itaconate-treated cells. In contrast, IAV NP
expression levels in the nuclear fraction were similar for 4-Ol- and itaconate-treated and
untreated |AV-infected cells. Examination at 8 hpi at the higher MOI of 1 revealed that
cytoplasmic expression levels of IAV NP were below detection levels, while NP expression
levels were slightly higher in the nuclear and whole-cell fraction of 4-Ol-treated cells (Fig.
S2B). At 8 hpi and at the higher MOI of 1, expression levels of CRM1 in the cytoplasm and
the whole-cell fraction were slightly lower in 4-Ol-treated cells compared to untreated
cells (Fig. S2B).

To confirm the relationship between decreased CRM1 expression levels and
decreased cytoplasmic IAV NP expression levels, the effect of KPT-330, a well-known
inhibitor of CRM1-mediated export of NES containing proteins, on IAV NP localization
was assessed. To this end, MDCK cells treated with 100 uM 4-Ol were inoculated with IAV
WSN at an MOI of 0.01 and compared with 100 nM KPT-330-treated and KPT-330-inocula-
ted cells. Both in 4-Ol- and KPT-330-treated and IAV-inoculated cells, nuclear trapping of
the IAV NP was observed, in contrast to DMSO-treated infected cells. CRM1 expression
levels were higher in the nucleus of 4-Ol- and KPT-330-treated cells than in those of
DMSO-treated cells at 24 hpi (Fig. 2C). The effect of 4-Ol on NP nuclear localization and
CRM1 decrease was also observed at 8 hpi after inoculation at the higher MOI of 1;
however, expression levels of NP were lower than at later timepoints post inoculation
(Fig. S2C). Overall, the nuclear trapping of the IAV NP protein upon 4-Ol treatment was
similar as observed upon treatment with KPT-330, confirming an effect on CRM1-medi-
ated protein trafficking from the nucleus to the cytoplasm.
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FIG 2 Effect of 4-Ol on NP and CRM1 localization. (A) Confocal microscopy image of MDCK cells inoculated with IAV A/WSN/33 (MOI 0.01) treated with 4-Ol,
itaconate, or left untreated. At 16 and 48 hours post inoculation (hpi), cells were fixed and stained for NP (green), to assess cellular localization. Merged depicts

NP (green) together with nuclear staining Hoechst (blue). Confocal images are representative of three individual experiments. (B) Protein expression levels of
CRM1 and IAV NP in whole cell lysate, cytoplasmic, and nuclear fractions of uninfected MDCK cells and MDCK cells inoculated with IAV A/WSN/33 (MOI 0.01),
without treatment or treated with 100 uM 4-Ol and itaconate. Nuclear marker Lamin B1 and cytoplasmic marker GAPDH were included for comparison. Images

are representative of three individual experiments. (C) Confocal microscopy image of MDCK cells inoculated with IAV A/WSN/33 (MOI 0.01) and treated with
equimolar DMSO, 100 uM 4-0l, and 100 nM KPT-330. At 24 hpi, cells were fixed and stained for the NP protein (green), CRM1 (red), nuclear staining Hoechst (blue)

shown in Merge. Confocal images are representative of three individual experiments.
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4-Ol inhibits CRM1 activity as a nuclear cargo exporter

To further investigate the effect of 4-Ol on CRM1 activity, a CRM1-dependent GFP cargo
assay was employed to visualize and quantify the effectivity of 4-Ol as an inhibitor of
CRMT1 activity. To this end, HeLa cells stably expressing a green fluorescent protein (GFP)
containing the CRM1-dependent NES from protein kinase inhibitor (PKI) were used. This
GFP reporter protein shuttles between the nucleus and the cytoplasm and accumulates
in the nucleus upon inactivation of CRM1 (19). The Hela cells were treated with varying
concentrations of 4-Ol for 24 hours, and the subcellular location of the reporter protein
was assessed. Confocal microscopy demonstrated that 4-Ol treatment caused accumula-
tion of the reporter protein in the nucleus, as shown for 250 uM (Fig. 3A). Quantification
of the ratio of nuclear to cytoplasmic GFP upon treatment with a range of 4-Ol revealed
a dose-dependent increase of nuclear reporter protein upon 4-Ol treatment (Fig. 3B). As
translocation of this reporter protein depends on CRM1 activity, these results confirm
that 4-Ol indeed targets the activity of CRM1.
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FIG 3 Impact of 4-Ol on CRM1-dependent proteins. (A) The effect of treatment with 4-Ol in a reporter HelLa cell line stably expressing a CRM1-dependent GFP

reporter protein. Cells were treated with 100 uM 4-Ol or DMSO for 24 hours, and the subcellular location was assessed by confocal microscopy. Confocal images

are representative of three independent experiments. (B) Quantification of results from panel A. Cells were treated with indicated concentrations of 4-Ol for

24 hours, and the percentage of cells with a predominantly nuclear localization of the GFP reporter protein was assessed. The experiment was conducted three

times, and results are depicted as mean + SD. (C) Confocal microscopy image of Vero-118 cells transfected with FIV Rev-GFP (green). Cells were left untreated

or treated with actinomycin D simultaneously to DMSO, 100 pM 4-Ol, or 100 nM KPT-330. Merge images include nuclear staining with Hoechst (blue). Confocal

images are representative of three individual experiments.
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To support that 4-Ol inhibits the nuclear export mediated by CRM1, the effect on
the nucleus to cytoplasm translocation of the Rev protein of feline immunodeficiency
virus (FIV) was used. The export of FIV Rev is mediated through its NES and is sugges-
ted to bind to CRM1. Previously reported for HIV, Rev shuttles to the cytoplasm in a
CRM1-dependent manner upon actinomycin D treatment, while Rev remains mainly in
the nucleus in the presence of an CRM1 inhibitor (20, 21). Here, in FIV Rev-GFP transfec-
ted Vero cells, Rev-GFP was predominantly found in the nucleus. Upon actinomycin D
treatment of Vero cells transfected with Rev-GFP, a proportion of the Rev-GFP protein
shuttles to the cytoplasm in the presence of DMSO (Fig. 3C). This was not the case after
co-treatment with 100 uM 4-Ol or 100 nM KPT-330, upon which Rev-GFP remained in the
nucleus (Fig. 3C). These results confirm that 4-Ol has a direct effect on CRM1-mediated
transport of viral proteins from the nucleus to the cytoplasm.

4-0l inhibits CRM1-mediated nuclear export by directly modifying C528 of
CRM1

Itaconate and its derivatives are known to be potent cysteine modifiers through a
process called 2,3-dicarboxypropylation (9, 22), an alkylation reaction. CRM1 has recently
been identified as a potential target for 2,3-dicarboxypropylation by itaconate (22), and
CRM?1 inhibitors such as LMB or the N-azolylacrylate derivative KPT-330 specifically act
through alkylation of a key cysteine 528 inside the hydrophobic cargo binding cleft
of CRM1 (18, 23, 24). To investigate whether CRM1 is indeed modified in this way
by 4-0Ol, liquid chromatography with tandem mass spectrometry was performed on
4-Ol-treated THP1 cells, and 2,3-dicarboxypropylation of cysteine residues throughout
the proteome was assessed by iodoacetamide-desthiobiotin (IA-DTB)-based competitive
cysteine profiling. The well-described 2,3-dicarboxypropylation target KEAP1 (9) was
identified in this screen, while CRM1 was also detected as a target in the top 1% of
hits (Fig. 4A). CRM1 was found to be modified in three positions: C119, C164, and C528,
with C528 as the most significant hit of the three. C528 is located in the cargo binding
pocket of CRM1, and alkylation of this residue has been shown to inhibit nuclear export
of cargo (24, 25), rendering this cysteine a popular target for CRM1 inhibitors such as
the ones mentioned before. To demonstrate that the inhibitory effect of 4-Ol on CRM1
activity is through the observed 2,3-dicarboxypropylation of €528, a mutant Jurkat cell
line specifically designed to study the specificity of CRM1 inhibitors was employed.
These mutant Jurkat XPO1<%* cells contain a serine instead of cysteine at position 528
(C528S) of the CRM1 protein. This substitution leaves the protein functionally intact but
renders it resistant to modification by CRM1 inhibitors at this position (26). Hence, a
decrease in CRM1 expression levels or reduction of CRM1-facilitated nuclear export upon
4-0l treatment should not occur in these mutant cells. Upon treatment with 4-Ol, as
well as with KPT-330, of both wild-type Jurkat cells and Jurkat XPO1%* cells, CRM1
expression levels were only significantly reduced in the wild-type cells (Fig. 4B and D).
These results confirm that the C528S substitution in CRM1 indeed resulted in protection
from both KPT-330- and 4-Ol-mediated CRM1 degradation. In addition, the CRM1 cargo
proteins p53 and p65 were accumulated in the nucleus of 4-Ol-treated compared to
DMSO-treated wild-type Jurkat cells, but not the mutant XPO1<%* Jurkat cells, further
confirming that 4-Ol targets CRM1 through modification of this cysteine. Cytoplasmic
and whole-cell fraction expression levels of p53 and p65 were unchanged (Fig. 4C, E,
and F). To obtain additional proof for the effect of the C528S substitution in CRMT,
expression levels of another CRM1 co-factor, cargo RAN binding protein 1 (RanBP1),
was evaluated in wild-type and XPO1%% cells. Upon 4-Ol treatment, protein expression
levels of RanBP1 were significantly decreased in wild-type cells, but not in XPO1<%*
cells (Fig. S3A and B). As observed for p53 and p65, 4-Ol treatment also led to RanBP1
accumulation in the nucleus in wild-type cells, but not in XPO1%% cells (Fig. S3C and D).

Altogether, these data indicate that the antiviral effect of 4-Ol against IAV is based
on targeting the C528 on CRM1, affecting the nuclear export of the NP of IAV, as well as
other CRM1-dependent cargos, such as FIV Rev, PKI, p53 and p65.
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FIG 4 Deactivation of CRM1 by 4-Ol-mediated C528 alkylation. (A) Mass spectrometry screening of 2,3-dicarboxypropylated cysteine residues in THP1 cells
treated with 4-Ol. Cells were treated with 250 pM 4-Ol, and IA-DTB-based competitive cysteine profiling was performed to identify 2,3-dicarboxypropylated
cysteine residues on target proteins. Highlighted are C288 on Keap1, as well as C528, C119, and C164 on CRM1. Mass spectrometry data are representative of
cells. The cells were treated with either DMSO, 250 uM 4-0l, or
25 nM KPT-330 for 24 hours. CRM1 protein expression levels were assessed by Western blotting, and -actin was used as loading control. Blots are representative

three independent experiments. (B) CRM1 protein expression levels in Jurkat and Jurkat XPO1%%

5285 Ce||5

of four individual experiments. (C) Expression levels of p65 and p53 protein in nucleus, cytoplasm, and whole-cell fractions of Jurkat and Jurkat XPO1
upon treatment. The cells were treated with DMSO, 250 pM 4-Ol, or 100 nM KPT-330 for 2 hours, and nuclear-cytoplasmic fractionation was performed. H3
was used as loading control for nuclear fractions and B-actin for cytoplasmic and whole-cell fractions. Blots are representative of four (p65) or three individual
experiments (p53). (D) Densitometry of blots shown in panel B. Protein levels have been normalized relative to the untreated control of the respective cell line. (E

and F) Densitometry of blots shown in nuclear fraction of panel C. Protein levels have been normalized relative to the untreated control of the respective cell line.
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DISCUSSION

In recent years, the potential of itaconic acid and its derivatives to exert antiviral activities
has been extensively investigated. 4-Ol is a cell membrane-permeable derivative of
itaconate and has been suggested to possess antiviral properties, including against
influenza virus. Here, we report on the antiviral activity of 4-Ol against influenza virus
with a focus on the possible mechanism of action. In a previous reported study,
treatment with 25 mM itaconate did not decrease |AV replication in human primary
lung tissue (4). Nevertheless, the same study suggested itaconate to slightly decrease IAV
replication at 20 mM in A549 cells (4). Here, 10 mM itaconate did not reduce the viral load
in 1AV infected A549 nor MDCK cells, in contrast to 4-Ol at 100 uM. We show an antiviral
effect of 4-Ol against IAV in both MDCK and A549 cells, although the effect was more
profound in MDCK cells. In A549 cells, higher doses of 4-Ol than 100 uM were needed to
achieve a profound antiviral effect against IAV. This might be due to higher expression
levels of CRM1 on A549 cells (27), which could explain the requirement of higher doses of
4-0l to inactivate CRM1 activity in cancerous A549 cells. In both cell types, the effect was
visible as early as 8 hours after infection, as well as after 16 hours and later after infection.

Olagnier et al. showed a broad antiviral effect of 4-Ol treatment against several
viruses, including SARS-CoV-2, in in vitro assays. Both itaconate and 4-Ol are known to
activate the transcription factor Nrf2 (9). The Nrf2 response was found to be suppressed
in SARS-CoV-2-infected patients, suggesting that SARS-CoV-2 targets this pathway (3).
Hence, 4-Ol was proposed to mediate an antiviral response acting as an agonist for this
antioxidant pathway; however, a distinct mechanism could not be identified. While these
studies suggested that the antiviral mechanism of 4-Ol involves activation of Nrf2, other
mechanisms of action cannot be excluded. It is unlikely that activation of Nrf2 is the
sole mechanism for the observed antiviral effect of itaconic acid, as the potent Nrf2
activator dimethyl itaconate (DI) (28) failed to restrict viral replication of AV in a similar
magnitude as 4-OI (4). In fact, a recent study suggested the antiviral properties of 4-OI
to be Nrf2 independent but to interfere with IAV RNPs instead via interaction with CRM1
(29). Indeed, other antiviral mechanisms have been proposed for the activity of itaconate
derivatives against influenza viruses such as targeting of the nuclear export of IAV vRNPs
(13). In our study, not only the 4-Ol-induced antiviral activity against IAV was confirmed,
but the data also indicated that the antiviral activity of 4-Ol is related to the inhibition of
the CRM1-mediated nuclear export of NP. In addition, this study demonstrated that 4-OlI
targets the C528 residue of CRM1 via an alkylation mechanism previously described for
leptomycin B*. Comparison between treatment with 4-Ol and SINE compounds of IAV
infected cells demonstrated a characteristic phenotype of CRM1 modification, such as
entrapment of NES containing proteins in the nucleus upon treatment (30).

A useful cell line to study CRM1 inhibitors, the Jurkat XPO1<** cell line, was applied
to assess the inhibitory effect of 4-Ol on CRM1. While ideal for studying the cysteine
modification induced by 4-OlI, these cells were not well suited to study the effect on IAV
replication as IAV cannot replicate in these cells. Therefore, the 4-Ol-mediated alkylation
of CRM1 was assessed using cellular cargos of CRM1, demonstrating modification of
C528 to be crucial for the 4-Ol-mediated inactivation of CRM1. CRM1 is modified by
4-0Ol in two additional positions that were not directly assessed in this study. The lack of
an effect by 4-Ol observed in the knock-in cells point toward C528 being the relevant
cysteine, but a possible role for the other cysteines cannot be ruled out.

The involvement of Nrf2 activation as an antiviral contributor cannot also be
fully excluded as this was not assessed. In addition, we were unable to investigate
the potential antiviral role of endogenous itaconate in this context, as the itaconate
production is restricted to cells of the myeloid lineage.

Since CRM1 function is involved in the replication cycle of many different viruses,
the mechanism proposed here might explain antiviral effects of 4-OI described for other
viruses besides IAV. In fact, all viruses sensitive to 4-Ol treatment as reported by Olagnier
et al. have been described to depend on CRM1 in some capacity for their replication
(3, 31-34). This indicates that 4-OI could have an effect against viruses that depend on
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CRM1-mediated cargo export from the nucleus (3). Another example of well-character-
ized CRM1-mediated nuclear export has been described for FIV and HIV (35). As proof of
principle, translocation of the Rev protein of FIV from the nucleus to the cytoplasm upon
treatment with actinomycin D was impaired in the presence of 4-Ol in a similar manner
as described in previous studies for HIV Rev protein (21).

Although the antiviral effect of 4-Ol against IAV was shown in A549 cells and MDCKs,
the mechanism of action was also shown in Hela, Vero, THP-1, and Jurkat cells. Based on
the fact that the mechanism of action has been demonstrated in these different cell lines
and on the fact that A549 cells do express very high levels of CRM1 (27), it seems likely
that the mechanism of action of 4-Ol is similar in A549 cells as described for the other cell
lines.

These results indicate that direct modification of CRM1 by 4-Ol-mediated alkylation
contributes to the mechanism for antiviral activity observed against IAV as well as other
viruses and confirms the previously reported antiviral properties of 4-Ol. Although the
efficacy as antiviral drug as well as possible side effects induced by 4-Ol during antiviral
treatment were not addressed in this study, the knowledge on the mechanism of action
of 4-0Ol expands our knowledge of the mechanism of action which will be useful in the
development of derivatives of 4-OlI that could have clinical potential in treatment of viral
infections where inflammation will also be a useful process to target.

MATERIALS AND METHODS
Cell culture

Human lung adenocarcinoma A549 cells were cultured in Ham-F12 (Gibco) supplemen-
ted with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 100 U/mL penicillin-strepto-
mycin-glutamine (Pen-Strep-Glut, Lonza) mixture. MDCK cells were cultured in Eagle’s
minimal essential medium (EMEM; Lonza) plus 10% FBS, 1% Hepes 1 M, 1% sodium
bicarbonate (Lonza), 1x non-essential amino acid solution, and 100 U/mL Pen-Strep-Glut
mixture. A subclone 118 of Vero-WHO cells (Vero-118 (36) was cultured in Iscove’s
modified Dulbecco’s medium (Lonza) supplemented with 10% FBS, and 100 U/mL
Pen-Strep-Glut mixture. Jurkat cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 Medium (Gibco), supplemented with 10% FBS, 100 U/mL Pen-Strep, and 1%
Hepes 1 M (all Gibco). All cells were cultured at 37°C and 5% CO,. Monocytic THP-1 cells
were cultured in RPMI 1640 (Gibco), supplemented with 10% FBS, 0.05 mM 2-mercaptoe-
thanol (Gibco), and 100 U/mL Pen-Strep (Sigma-Aldrich).

Viruses

Pandemic influenza A/H1N1 virus (isolate A/Netherlands/602/2009) and seasonal
influenza A/NL/213/03 H3N2 virus (isolate A/Netherlands/213/2003) were generated as
previously reported (37, 38). Recombinant influenza A/WSN/33 (H1N1) was generated as
previously described (39).

Virus titrations

Samples were titrated in quadruplicates in MDCK cells and seeded confluently in 96-well
plates. Cells were inoculated with 10-fold serial dilutions of the sample in serum-free cell
culture EMEM with IAV A/H1N1 and A/H3N2 virus or IAV A/WSN/33 virus, in the presence
or absence of 0.7 pg/mL TPCK trypsin (Merck, T1426), respectively. Three days post
inoculation, supernatants of infected cell cultures were tested for agglutination using
turkey erythrocytes, with observed hemagglutination in the presence of the virus in the
supernatant. Endpoint infectious viral titer (TCID5p/mL) was calculated from quadrupli-
cates for each individual sample using the Spearman-Karber method.
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Plasmids, reagents and antibodies

Plasmid expressing Rev-GFP was used in a similar manner as described before (40). See
Table 1 for antibodies used in Western blotting and confocal microscopy experiments
and Table 2 for other reagents.

CRM1 activity assay

Hela cells stably expressing the XPO1-dependent NLSSV40-AcGFP-NESPKI reporter were
cultured as described previously (41). To assess the CRM1-mediated nuclear export
function, reporter cells were seeded at 8,000 cells per well in 96-well tissue culture
plates (Switzerland). The next day, cells were treated with a serial dilution of 4-Ol or
DMSO for 24 hours, fixated, and counterstained with DAPI. Fluorescence was imaged on
an ArrayScan XTI High Content Reader (Thermo Fisher Scientific). Nuclear and cytoplas-
mic compartments were segmented, and their average pixel intensities in the green
channel were quantitated employing the HCS Studio software (Thermo Fisher Scientific).
GraphPad Prism was used for dose-response curve fitting based on the percentage
of cells having a predominant nuclear localization of the reporter construct. A ratio
of nuclear to cytoplasmic signal equal or above 1.4 was considered predominantly
nuclear. Representative images were taken by confocal microscopy on a Leica TCS SP5
confocal microscope (Leica Microsystems), employing an HCX PL APO 63x (NA 1.2) water
immersion objective.

Flow cytometry viability assay

MDCK and A549 cells were treated for 48 hours with 4-Ol or DMSO. Cells and supernatant
were collected by centrifugation at 300 x g for 5 min. Cells were stained for 15 min
at 4°C with LIVE/DEAD Fixable Red Dead Cell Stain Kit. Cells were washed twice with
phosphate-buffered saline (PBS), 0.5% bovine serum albumin (BSA), and 2 mM EDTA.
Readout was assessed by flow cytometry with BD FACS Lyric. Dose dependency toxicity
of 4-Ol was normalized to the vehicle DMSO.

TABLE 1 Antibodies used in Western blotting and confocal microscopy experiments

Journal of Virology

Target Clone Source Article number
CRM1 D6V7N Cell Signaling Technology 46249S
CRM1 5G3 Thermo Fisher MA5-27879
GAPDH GA1R Thermo Fisher MA5-15738
GAPDH Polyclonal Life Technologies PA1987

H3 D1H2 Cell Signaling Technology 4499S
Influenza A NP-FITC labeled D67)J Life Technologies MA17322
Lamin B1 Polyclonal Life Technologies PA519468
Mouse IgG (H + L) Polyclonal Jackson ImmunoResearch 115-035-146
Mouse IgG (H + L)-AF488 labeled Polyclonal Thermo Fisher A-11001
Mouse IgG2b-Alexa 594 labeled Polyclonal Thermo Fisher A21145
Mouse immunoglobulins-HRP labeled Polyclonal Agilent Technologies P026002-2
IAV NP HB65 ATCC, Wesel, Germany -

p53 Polyclonal Cell Signaling Technology 9282S

p65 D14E12 Cell Signaling Technology 8242S
RanBP1 Polyclonal Thermo Fisher PA1080
Actin-CF 633 conjugate Polyclonal Santa Cruz Biotechnology SC-363796
Rabbit IgG (H + L) Polyclonal Jackson ImmunoResearch 111-035-144
Rabbit immunoglobulins-HRP labeled Polyclonal Agilent technologies P0217
B-Actin BA3R Thermo Fisher MA5-15739
3-Actin-HRP labeled Cc4 Santa Cruz Biotechnology SC-47778 HRP
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TABLE 2 Reagents used for cell treatment

Clone Source Article number
4-0l R&D Systems 6662
Actinomycin D Merck A1410
Itaconate Merck 129204

KPT-330 Selleck Chemicals S7252

Quantitative profiling of 4-Ol modified cysteinome in THP1 cells

The cysteinome in 4-Ol-treated THP-1 was assessed as previously described (42). In short,
THP-1 cells were seeded into 6-cm Petri dish (4 million per dish) in 5-mL RPMI 1640
culture medium and treated with DMSO, 125 pM 4-Ol, or 250 uM 4-Ol, respectively,
for 16 hours at 37°C and 5% CO,. Ten dishes of cells were treated (four dishes with
DMSO, three with 125 uM 4-0lI, and three with 250 uM 4-0Ol) in each replicate experiment
for utilizing TMT-10plex isobaric label reagent (Thermo Fisher Scientific) (42). Carbami-
domethylation of cysteine residues was set as fixed modification, while oxidation of
methionine residues, acetylation of protein N-term, and IA-DTB on cysteine residues
were set as variable modifications. Competition ratio was calculated by dividing the TMT
reporter ion intensities from control channel (DMSO) by the 4-Ol-treated channel.

Cellular fractionation

To separate nuclear and cytoplasmic fractions of harvested cells, NP-40 cell lysis buffer
(Invitrogen) was used according to manufacturer’s instructions. Additionally, the protocol
previously described by Suzuki et al. was used to achieve whole-cell, cytoplasmic, and
nuclear fractions (43).

Western blot assay

Cells were washed with PBS at 4°C and lysed in ice-cold RIPA Lysis Buffer (Thermo Fisher)
containing cOmplete Mini EDTA-free Protease and PhosSTOP phosphatase Inhibitors
(Merck). Total cell lysates were collected and heated at 95°C for 5 min. Samples were
resolved on Mini-PROTEAN 10 or 12% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis gels (Bio-Rad). Proteins were transferred onto a methanol-activated
0.2-um polyvinylidene difluoride membrane via a wet transfer system. Subsequently,
membranes were blocked with 5%, wt/vol, milk (Campina) and 0.1% Tween-20 in PBS
for 1 hour at room temperature (RT), washed, and incubated with primary antibody
in 5%, wt/vol, milk in PBS with 0.1% Tween-20 overnight at 4°C. All primary anti-
body incubations were followed by incubation with secondary horseradish peroxidase
(HRP)-conjugated antibodies in 5% milk and 0.1% Tween-20 in PBS for 1 hour at
RT on a ChemiDoc MP Imaging System (Bio-Rad). Primary antibodies were used as
follows: anti-CRM1 (MA5-27879, 1:1,000), anti-NP (HB65, 1:500), anti-Lamin B1 (PA519468,
1:1000), and anti-GAPDH (PA1987, 1:1,000), in MDCKs (Fig. 2B). Secondary antibodies
were anti-rabbit HRP (P0217, 1:1,000) and anti-mouse HRP (P026002-2, 1:1,000). In
Jurkat cells (Fig. 4B and C), primary antibodies anti-p53 (9282S), anti-p65 (8242S), and
anti-CRM1(462495S), anti-B-actin (MA5-15739), and anti-H3 (4499S) were used. Secondary
antibodies were HRP-conjugated goat-anti-rabbit (111-035-144) and goat-anti-mouse
(115-035-146). Antibodies are listed in Table 1.

Immunofluorescence microscopy

Cells were seeded at 2-4 x 10° cells per well on coverslips coated with 0.1% gelatin
in PBS (G1393, Merck) in 24-well plates. The following day, cells were inoculated at the
indicated MOIs for 1 hour, then washed thrice with PBS, and subsequently cultured
in EMEM with 100 U/mL Pen-Strep-Glut mixture for the MDCK cells until designated
timepoint. Then, coverslips were washed twice with PBS and fixed with 4% paraformalde-
hyde at RT. Subsequently, samples were washed twice with PBS, and coverslips were
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stored at 4°C until staining. Permeabilization was performed with 100-uL PBS and 0.1%
Triton X-100 per well for 10 min at RT. Cells were washed once with PBS and blocked
with PBS 10% normal goat serum (NGS) for 1 hour. For single staining (Fig. 2A), coverslips
were incubated with 50-pL primary antibody HB65 at 1:400, followed by an incubation
with secondary antibody anti-mouse IgG (A-11001) at 1:500. In co-stainings (Fig. 2C),
primary antibodies were anti-NP, MA17322 at 1:250, and anti-CRM1, MA5-27879 at 1:500,
respectively, in PBS 10% NGS for 2 hours. After three PBS washes, coverslips were
incubated in 50 pL of secondary antibody anti-mouse IgG2b, A21145 at 1:500, in PBS
10% NGS for 1 hour. After consequent PBS washes, nuclei were stained with Hoechst
20 uM (33342, Life Technologies) in PBS. Finally, coverslips were mounted using ProLong
Gold Antifade Mountant solution (Invitrogen). Images were taken on an LSM700 confocal
microscope, using ZEN software (Zeiss). Remaining analysis was performed using Image J
software.
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