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Abstract

A novel inhibitor of PB1 import, referred to here as GM30, previously displayed nuclear
retention of viral nucleoprotein (NP), which spurred the question of whether the compound
directly or indirectly blocked viral ribonucleoprotein (VRNP) complex export. vVRNPs are
exported from the nucleus via exportin 1 (XPO1). Using verdinexor (VNXR), a direct inhibitor
of VRNP export that binds to XPO1 and also blocks nuclear factor kappa B (NF-kB) export, we
found that GM30 does not block nuclear export of NF-kB. GM30 likewise demonstrated high
nuclear retention of NP but not as much as the direct inhibition of nuclear export by VNXR.
When the compound was added hours after infection, the compound lost its ability to block
nuclear export but VNXR retained its ability to block nuclear export. GM30 is therefore likely an
indirect inhibitor of nuclear export because it disrupts the VRNP complex formation and impedes

export from the nucleus by reducing nuclear import of PB1.
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1. Introduction
The influenza virus kills ~400,000 people around the world each year [1]. Influenza’s high rate of
mutagenicity renders vaccination only a partial prevention of influenza infection [2]. Alternative,
molecule-based treatments for influenza have focused on targeting viral factors; i.e., M2 channel
inhibitors, neuraminidase inhibitors, RNA dependent RNA polymerase complex inhibitors, etc. [3-5].
However, these inhibitors are often vulnerable to development of resistant mutations [6]. But, novel
inhibitors that target highly conserved vulnerabilities within the virus’ proteome may provide
opportunities for resistance-invulnerable molecule-based therapies [7]. Also, novel therapeutics that target
viral-host interactions [8] are especially promising because any viral mutations that might prevent drug
binding at the interface between a virus protein and a host protein is likely to disable the natural host
interaction as well. Mohl et. al sought out a novel method of inhibition, similar to the ivermectin
interference with importin chaperoning of vVRNPs into the nucleus [9], but targeting instead importin
chaperoning of newly transcribed viral polymerase basic 1 (PB1) at its host importin Ran Binding Protein
5 (RanBP5) binding site to block the formation of the PB1-polymerase acidic(PA)-RanBP5 complex for

nuclear import and vRNP completion [10].

They found that compound 20 (referred to here as GM30), derived from a compound identified by library
docking at a likely PB1 binding site, is a potential lead compound [10]. GM30 demonstrated low
micromolar efficacy, a selectivity index of 6.4, and no resistance formation in passaging experiments.
[10]. Its slightly smaller parent compound showed a good fit in simulations of docking to PB1 from both
influenza A and B with good positioning to inhibit interactions with RanBP5 by a foot-in-the-door
mechanism. During the localization assays performed by Mohl et al., GM30 successfully blocked nuclear
import of PB1; however, it also stimulated retention of viral nucleoprotein (NP) in the nucleus [10].
These results left an open question as to how GM30 was blocking the export of NP. Mohl et. al attributed
the reduced nuclear export of NP to an indirect effect, brought about by the reduced presence of PB1

needed for VRNP completion in the nucleus. This is plausible because viral polymerase, assembled in the
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infected cell nucleus, transcribes its own vVRNA strand, which aggregates with viral NP as it forms, to
form vRNPs, which are then exported [11-14]. Hence, without PB1, NP could accumulate in the nucleus.
Other molecules such as Leptomycin-B (LMB) and VNXR [15, 16], demonstrate similar nuclear retention
of NP, but through a direct mechanism, i.e. by binding to exportin 1 (XPO1), which shuttles the vRNP
complex across the nucleus and into the cytoplasm for subsequent virion progeny [17]. In fact, GM30
bears a superficial resemblance to VNXR (Figure 1). Perhaps GM30 directly blocks vRNP export in

addition to its inhibition of PB1 nuclear import.
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Figure 1 Verdinexor (VNXR) and GM30 share superficial resemblances in structure, positioning of high electron density groups,

and possible pi-bonding interaction sites.

Here we report that GM30 does not affect the nuclear export of NF-kB. The timing and impact of GM30
on nuclear localization of NP are contrasted with those of VNXR. Results indicate that GM30 inhibition
of PB1 import indirectly inhibits the nuclear export of NP, as previously surmised, by inhibiting the

complexation of NP into vRNPs, which depend on nuclear PB1 to serve as a nidus for their formation.
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2. Materials and Methods
2.1 Cell Cultures and Influenza Virus

Madin-Darby canine kidney (MDCK) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal bovine serum (FBS) and 100 mg/ml of streptomycin. Cells were
incubated at 37°C with 5% CO». The Influenza virus strain A/CA/2009 (H1N1) was harvested from
inoculated MDCK cells after 48h incubation, and the multiplicity of infection (MOI) was determined
using FITC-anti-influenza A polyclonal antibody (Millipore, Billerica, MA) with fluorescence

microscopy and cell-counting software after inoculating MDCK cells at varying titers for 18h.

2.2 NF-xB Localization Immunofluorescence

MDCK cells were seeded onto 12mm glass coverslips; treated with 3 pM VNXR (Cayman Chemical
Company, Ann Arbor, MI) or 30 uM GM30 (a gift from Dr. David Michaelis, BYU) in 1% DMSO, or
with vehicle (1% DMSO) and incubated at 37°C for 4h [16]. Coverslips were washed, fixed for 15min
with 4% paraformaldehyde in phosphate buffer solution (PBS), and stained with rabbit monoclonal
antibody to the p65 subunit of NF-xB (Cell Signal Technology, Beverly, MA) antibody overnight at 4°C.
After, the sample was incubated with Alexa 546-conjugated goat anti-rabbit (Invitrogen, Carlsbad, CA)
secondary antibody at RT for 2h and stained with 4',6-diamidino-2-phenylindole (DAPI) before mounting

onto slides with Fluoromount-G (Southern Biotech, Birmingham, AL).

2.3 NF-xB Localization Imaging and Analysis

Samples were imaged using an Olympus Fluoview FV1000 confocal microscope at 10X magnification,
1600 by 1600 pixels, and 20ps/pixel. An Argon 405nm laser diode excited the DAPI, and a 543nm
Helium-Neon laser excited the Alexa 546-conjugate. CellProfiler was used to analyze images for their
respective cell count, Pearson correlation coefficients (PCC), and merge channels [18]. For cell count,

nuclei were counted using the “IdentifyPrimaryObjects” module with nuclei measuring 20-70 pixel units,
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global thresholding, minimum cross entropy, clumping allowed, and dividing lines allowed. For PCC,
colocalization of NF-kB and nuclei was measured using the “MeasureColocalization” module at a 15%
threshold of maximum intensity and across the entire image. Adjusting the threshold to 7% made no
change in PCC value, signifying that extracellular noise was mitigated and did not produce an over-
inflated PCC value despite using the entire image [19]. At least 6 images per treatment were taken, and
the average PCC value and respective standard error of the mean (SEM) was calculated. Statistical
significance was calculated and compared using the student’s t-test based on the linear relationship

between probe localization and the fluorescence measurement [19].

2.4 Nucleoprotein Localization Assay

MDCK cells were seeded onto glass coverslips, washed with DMEM without FBS, and soaked in 10 puM
VNXR-, 50 uM GM30-, or vehicle-treated media for 2h before inoculation. Viral media was harvested
from MDCK cells infected at 0.1 MOI for 48h and then treated with tosyl phenylalanyl chloromethyl
ketone (TPCK) treated trypsin at 1 ug/mL (Sigma) for 30min at RT. After drug pre-soak, drug-treated
media was decanted, and chilled viral- and drug-treated media was added and then incubated at 4°C for 1h
to maximize synchronization of infected cells [16, 20]. Viral media was then decanted, cells were washed
with cold media, and then incubated with drug-treated media at 33°C to initiate cell infections. After time
points 12hpi and 16hpi, the cells were washed with PBS, fixed with chilled 4% Paraformaldehyde in PBS
for 15min, dried, and then stained for 45min at 37°C in a humidified chamber with both DAPI and with
FITC-anti-influenza A polyclonal antibody (Millipore, Billerica, MA) primarily effective for binding viral
NP. Non-adherent antibody and DAPI were washed off with PBS containing 0.05% Tween20, 0.5 mM
MgCl and 3.1 mM sodium azide and distilled water. Coverslips were then mounted on slides using

Fluoromount-G (Southern Biotech, Birmingham, AL).

2.5 Nucleoprotein Localization Visualization and Analysis
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Cells were scored using an Olympus Fluoview FV1000 confocal microscope at 20X magnification, 1600
by 1600 pixels, and setting the acquisition control to X4 Focus. Cells with low intensity for NP were
excluded to focus on synchronized infections. The Z-plane of the image slice was adjusted until
maximum NP intensity was achieved relative to the whole region of interest. Cells scored as nuclear (N)
had >75% NP localized to the nucleus. Cells scored as cytoplasmic (C) had >75% NP localized to the
cytoplasm. All other cells were scored as nucleocytoplasmic (NC) [21]. To maximize the power of the
study, samples were scored blindly, infected cells were selected at random as they came into microscopic
view, and at least 80 cells per sample were scored. Several samples were rescored to confirm rater

consistency.

2.6 Nucleoprotein Localization Late-Intervention Assay

The nucleoprotein localization method was used in a subsequent experiment, with the only change made
being the removal of the pre-soak with each respective drug and instead the samples being treated with
drug starting at 4hpi or 7hpi and continuing until fixation/visualization at 12hpi. This late-intervention
paradigm was designed to explore whether GM30 will retain viral NP in the nucleus after hypothetical
import of PB1 has already occurred. In theory, if GM30 blocks PB1 import directly, but does not also
block NP export directly, it should not impact NP nuclear localization in these late-intervention studies
because PB1 activated vRNP formation should occur on schedule. In contrast, VNXR is expected to
block the VRNP export in these late-intervention studies because vVRNP export occurs later in the infection
cycle than PB1 import [20]. We used two intervention delays to help identify the delay time for optimal

contrast.
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3. Results and Discussion
3.1 NF-xB Localization Demonstrating Possible Interactions with XPO1/CRM1
VNXR is known to interact with the host protein XPO1, also known as chromosomal maintenance protein
(CRM1), inhibiting the export of vVRNPs, which utilize XPOT1 for nuclear export [16]. Selinexor and
VNXR have also demonstrated the capability to inhibit the nuclear export of NF-kB, which also utilizes
XPO1 [22, 23]. As demonstrated by Mohl et. al, cells treated with GM30, expected to block PB1 import
by binding to RANBPS, also exhibited retention of viral NP in the nucleus; an indirect mechanism for
inhibiting the export of vVRNPs was hypothesized, namely mass action (lack of PB1 leads to low
production of exportable VRNPs and thus accumulation of viral NP in the nucleus) [10]. Perhaps instead,
or in addition, GM30 also inhibits the protein-protein interaction with XPO1 and the vRNP cargo
complex similarly to VNXR [17]. If true, GM30 would also be expected to inhibit other similar XPO1

functions such as the export of NF-kB from the nucleus.

Localization of NF-kB assays were styled after those performed by Perwitasari et. al, using GM30 as the
treatment of interest, VNXR as the positive control, and vehicle (1% DMSO) as the negative control [16].
By qualitative assessment, VNXR demonstrated nuclear retention of NF-kB as seen in Figure 2B, and
GM30 showed no distinguishable results when compared to vehicle. As seen in Figure 2A, VNXR had a
PCC, or coefficient of NF-kB colocalization with nuclear stain (DAPI), of 0.69 + 0.02, which
demonstrated high overlap between NF-xB and the nuclei. GM30 had a low PCC of 0.27 £ 0.02 not
different from vehicle (0.27 £ 0.03). VNXR significantly differed (P<0.00001) from GM30 and DMSO.
Based on these results, GM30 does not interact with XPOI1 to inhibit the nuclear export of NF-kB,

whereas VNXR does.
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Figure 2 (A) Pearson colocalization coefficients (PCC) given for MDCK cells treated with 3 pM VNXR, 30 uM GM30, and 1%
DMSO for 4 h. Cells were fixed, stained for the NF-kB p65 subunit and for the nuclei, and imaged using confocal fluorescence
microscopy. Images containing ~103 cells per image were analyzed with the colocalization module CellProfiler to generate PCCs.
(B) Images of each treatment group with associated channels containing Alexa-546 (NF-kB) and DAPI-stained nuclei (Nuclei)
were merged using CellProfiler (Merge). NF-«xB probe is labeled red, and Nuclei are labeled blue in Merge.

3.2 Viral Nucleoprotein Localization

Mohl et. al conducted viral NP localization experiments in tandem with PB1 localization; however, the
infected cells were heterogeneous in their localization, with some showing high nuclear localization of
NP, some high cytoplasmic localization, and some with both nuclear and cytoplasmic NP at each time
point examined [10]. To achieve more homogenous results, the cold inoculation method was utilized to
improve synchronization of the virus infection cycles [16, 20]. Other NP localization experiments have
noted difficulties in achieving homogenous results [20, 24], and we, too, still had considerable
heterogeneity, though there seemed to be some improvement. Also, we hoped the reproduction of Mohl’s
NP localization experiment would allow comparison with VNXR using quantitative analysis. This

comparison could help distinguish whether GM30 localizes viral NP to the nucleus directly or indirectly.

GM30 produced substantial NP nuclear localization, although not as great as VNXR for both 12hpi and
16hpi time points (Figure 3). GM30-induced nuclear localization (0.42 + 0.05) was significantly higher

(P<0.001) than vehicle (0.20 + 0.04) 12hpi, and substantially higher (0.71 = 0.05 vs. 0.08 + 0.03,
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P<0.00001) at 16hpi. This increase was not as great as that produced by VNXR, however, at either time

point: 0.69 £ 0.03 at 12hpi and 0.94 £+ 0.02 at 16 hpi.

Interestingly, vehicle exhibited an increase in the fraction of cells with primarily cytoplasmic (C) viral NP
localization (compared to the two drugs) at 12 hpi (0.30 + 0.05) and more so at 16hpi (0.48 £ 0.05). This
is to be expected in a cell in the late stage of infection where the vVRNPs, containing most of the NP, have
been exported into the cytoplasm for packaging and viral exosis [25, 26]. This did not occur for GM30 or
VNXR, which both show very low primarily cytoplasmic distribution, especially at 16 hpi. The decrease
in cytoplasmic localization at 16 hpi for the two drugs, with concomitant increased fraction of nuclear
localization, gives the impression that cells with strong nuclear localization may persist in culture, while
cells with failure to maintain nuclear localization proceed to export virus and involute by 12hpi with
increasing involution by 16hpi. Similar trends with VNXR were exhibited when qualitative assessment of

NP localization was performed by Perwitasari et. al [16].

The significantly greater nuclear localization of NP produced by VNXR compared to GM30 at 12 hpi
(P<0.00001) and 16 hpi (P<0.00001) likely manifests differing mechanisms between VNXR and GM30.
In addition, the analyses performed by Mohl et al. indicate a difference in mechanisms [10]. They
proposed that nuclear retention of viral NP may occur because vVRNP formation in the nucleus relies on
the nuclear presence of PB1, which is blocked for nuclear import by GM30 [10]. Without nuclear import
of newly synthesized PB1, there would be no seeding or completion of NP- and RNA-containing vRNP
complexes by complete polymerase trimers [27]. Our data seem to rule out the alternative hypothesis that
GM30 may interact with XPOI1 to inhibit vRNP export because GM30 is much less effective at causing
nuclear localization of NP than is VNXR, a known XPO1 blocker. Combined with our finding above that
GM30 fails to block NF-«kB export via XPO1 while VNXR is effective, it appears that nuclear
localization of NP is likely due to an indirect inhibition effect rather than the direct inhibition of vRNP

nuclear export.
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Figure 3 MDCK cells were pre-treated with 10 uM VNXR, 50 pM GM30, and 1% DMSO for 2h before inoculation. At
inoculation, the cells were infected with virus at an MOI of 0.1 in chilled, drug-treated media and incubated at 4°C for 1h. Viral
media was decanted, cells washed with chilled media, and then incubated at 33°C with drug-treated media until their respective
endpoints. At 12h and 16h post infection, cells were fixed, stained for viral NP and nuclei, and scored blindly for localization of
viral NP using confocal fluorescence microscopy. Localization was scored qualitatively as >75% nuclear (N), >75% cytoplasmic
(C), or mixed (NC) for at least 80 cells/sample.

3.3 Viral Nucleoprotein Localization with Post-Infection Drug Treatment

To better distinguish the mechanism of GM30 from that of VXNR, a time-of-exposure study was
designed in which each drug was added later in the viral cycle, either beginning at 4hpi where PB1 import
is expected to have already begun or 7hpi where VRNP export is beginning to start [16, 20]. Viral globular
proteins translated from nascent viral mRNA appear to begin synthesis and nuclear import starting as
early as 4hpi [20]. Also, VRNP nuclear export appears to begin around 8hpi and peaks around 12hpi [16,
20, 27]. According to Mohl’s indirect-effect hypothesis, treatment with GM30 at 4hpi should allow a

short influx of PB1 proteins to enter the nucleus, reducing the ability of GM30 to induce the indirect
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nuclear localization of NP. Whereas GM30 treatment at 7hpi should allow significant PB1 import so that
it could seed production and nuclear export of vVRNPs, substantially reducing or eliminating the indirect
nuclear localization of NP. Although drug is added at 4hpi or 7hpi, there is likely a delay in action based
on the time needed for the drug to permeate the cell membrane. In contrast, assuming it is reasonably
permeant, VXNR would be expected to block the later event of VRNP-export from the nucleus at both
exposure starting-points, producing nuclear localization of NP in the form of vVRNP complexes.
Therefore, assuming the epitope for the polyclonal anti-influenza A antibodies we used are exposed in
both globular and vRNP forms of NP, we tested whether nuclear localization of NP was higher in the 4hpi

GM30 exposure study than in 7hpi GM30 exposure study.
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Figure 4 MDCK cells were infected with virus at an MOI of 0.1 in chilled, drug-treated media and incubated at 4°C for 1h. Viral
media was decanted, cells washed with chilled media, and then incubated at 33°C until intervention treatment. Media was
replaced by 10 uM VNXR-, 50 pM GM30-, or vehicle (1% DMSO)-treated media at intervention time points A) 4hpi (4hpi NP
Localization) or B) 7hpi (7hpi NP Localization). At 12hpi, cells were fixed, stained for viral NP and nuclei, and scored blindly
using confocal fluorescence microscopy. Nuclear localization of viral NP (NP Localization) was scored for at least 80 cells per
treatment and compared.
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The indirect-effect hypothesis was supported by the results of this late-treatment experiment as well.
Application of GM30 (Figure 4) at 4hpi (0.16 + 0.04) or 7hpi (0.25 £ 0.04) eliminated (P<0.05) the
increased NP nuclear localization seen with pre-soaked cells (0.42 + 0.05, Figure 3) relative to vehicle.
VNXR applications starting at 4hpi (Figure 4A) and 7 hpi (Figure 4B) were not significantly different
from the original (Figure 3) as expected. VNXR continued to exhibit strong inhibition of nuclear export
with proportions at 0.67 £+ 0.05 and 0.63 + 0.05, at 4hpi and 7hpi, respectively. It was surprising that
nuclear localization was higher after GM30 treatment at 7 hpi than after treatment at 4 hpi, when under
the indirect-effect hypothesis it was expected to be lower. We attribute this to the rising propensity of
nuclear localization with time in an unimpeded infection, as demonstrated by the results with the vehicle,
suggesting that PB1 entry beyond 7hpi is still important for final vVRNP formation in and clearance from

the nucleus.

These results confirm and further elucidate GM30’s probable indirect-effect mechanism. Because VNXR
remained effective when administered late while GM30 was effective only when administered early, the
direct effect of GM30 on vVRNP by XPO1 as a cause of nuclear localization of NP was successfully ruled
out. This leads to the conclusion that GM30 produces nuclear NP localization by the indirect-effect
mechanism and failure to seed and complete vVRNPs with the polymerase complex required for nuclear
NP export [28]. From its failure to block NF-kB export, GM30 does not directly appear to interact with
the nuclear export pathway characterized by VNXR’s interaction with XPO1. Rather GM30 likely stops

the assembly of vVRNPs through its ability to block PB1’s entry into the nucleus.

In addition, our results further characterize the need of the trimeric polymerase complex to properly
assemble VRNPs in the nucleus. Replication of influenza, negative-sense viral ribonucleic acid (VRNA)
requires a positive-sense template, referred to as complementary RNA (cRNA)-containing RNP
complexes (cCRNP) [29]. The cRNP is used as the template to create progeny VRNPs in the nucleus after

nuclear import of the necessary nascent viral proteins, NP, PA, PB1, and PB2 [29]. However, for
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replication to proceed, the nascent VRNP must form its trimeric polymerase complex before beginning
trans replication of the cRNA on the cRNP [11-13]. As trans replication via the nascent trimeric
polymerase complex of the assembling VRNP proceeds, NP is recruited to the growing segment of
replicated vVRNA protecting the vVRNA from degradation [14]. After complete assembly of the vVRNP, the
vRNPs are then exported out of the nucleus with the aid of XPO1 and many other factors [30, 31]. The
indirect-effect hypothesis for how GM30 produces an increased fraction of cells with NP nuclear
localization is based on the concept that without the needed formation of the trimeric polymerase complex
for vRNP assembly, NP would accumulate in the nucleus without the usual export as a component of

VRNPs. Recruitment of NP for vVRNP assembly acts as a sink.

If vVRNP assembly is perturbed, NP remains in its globular form in the nucleus which likely accumulates
over time. Since the influx of globular NP is modulated by importin-o proteins and the efflux is only due
to passive diffusion [32], GM30 treatment should theoretically produce some degree of NP “leakage”
from the nucleus. This explains why GM30 treatment has significantly higher levels of NP
nucleocytoplasmic localization than VNXR (Figure 3). Under VNXR treatment we do not observe this
same effect because VRNP formation still occurs, allowing for vRNPs to mop up excess NP and minimize
NP diffusion back into the cytoplasm, with the vRNPs being confined to the nucleus by the block of
XPO1. This likewise contributes further to the explanation of why NP nuclear localization is higher for

VNXR than GM30.

Interestingly, VNXR is much more effective at producing a high fraction of cells with predominantly
nuclear NP when administered late (Figure 4). We attribute this to VNXR’s late-stage mechanism, i.e.
block of VRNP export, contrasting to GM30’s block of an earlier stage mechanism, import of newly
synthesized PB1 to the nucleus. Live single cell imaging with NP state-specific antibodies and other
specific complex-inhibiting pharmacological agents [24, 33, 34] might allow these differences to be more

completely interpreted in terms of, mass action control of NP complexation inside the nucleus, and
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chaperoned NP import and export, which ultimately control the timing of NP concentrations inside and

outside the nucleus at different stages of the infected cell cycle.

4. Conclusion
Mohl et. al discovered a novel inhibitor, GM30, that targeted the PB1 interaction with importin RanBP5
but still exhibited a puzzling accumulation of viral NP in the nucleus. We hypothesized that retention of
viral NP seen with GM30 may be due to an additional mechanism, targeting of XPO1. Since XPO1 also
exports NF-kB from the nucleus to the cytoplasm, we performed NF-«B localization experiments with
both drugs; we concluded that GM30 does not inhibit nuclear export of NF-kB and therefore does not
likely interact with XPO1. NP localization for both 12hpi and 16hpi with GM30 and VNXR showed that
VNXR fully retains NP in the nucleus more frequently than GM30. Finally, addition of drug after
hypothetical import of PB1 into the nucleus, GM30 lost its ability to retain NP in the nucleus while
VNXR maintained nuclear retention of NP, confirming that excess nuclear localization of NP caused by
GM30 is the result of reduced formation of trimeric polymerase in the nucleus due to absence of PB1.
Likewise, VRNP formation is stunted without the source of trimeric polymerase subunits necessary for
proper trans replication of cRNA on cRNPs. This leaves NP stranded in the nucleus in its globular form
instead of assembling into vVRNP complexes. The anti-viral mechanism of GM30 is likely to be inhibition

of nascent PB1 into the nucleus as predicted.

Acknowledgements Chris Mendoza and Dr. Dario Mizrachi helped with preliminary efforts.

The research was supported by funding from Brigham Young University.


https://doi.org/10.1101/2021.03.05.434155

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.05.434155; this version posted March 6, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Paget, J., et al., Global mortality associated with seasonal influenza epidemics: New
burden estimates and predictors from the GLaMOR Project. ) Glob Health, 2019. 9(2): p.
020421.

Gomez Lorenzo, M.M. and M.J. Fenton, Immunobiology of influenza vaccines. Chest,
2013.143(2): p. 502-510.

Duff, K.C. and R.H. Ashley, The transmembrane domain of influenza A M2 protein forms
amantadine-sensitive proton channels in planar lipid bilayers. Virology, 1992. 190(1): p.
485-9.

Li, W., et al., Identification of GS 4104 as an orally bioavailable prodrug of the influenza
virus neuraminidase inhibitor GS 4071. Antimicrob Agents Chemother, 1998. 42(3): p.
647-53.

Shiraki, K. and T. Daikoku, Favipiravir, an anti-influenza drug against life-threatening
RNA virus infections. Pharmacol Ther, 2020. 209: p. 107512.

Hussain, M., et al., Drug resistance in influenza A virus: the epidemiology and
management. Infect Drug Resist, 2017. 10: p. 121-134.

Marsh, G.A,, et al., Highly conserved regions of influenza a virus polymerase gene
segments are critical for efficient viral RNA packaging. J Virol, 2008. 82(5): p. 2295-304.
Yip, T.F., et al., Advancements in Host-Based Interventions for Influenza Treatment. Front
Immunol, 2018. 9: p. 1547.

Gotz, V., et al., Influenza A viruses escape from MXxA restriction at the expense of
efficient nuclear vRNP import. Sci Rep, 2016. 6: p. 23138.

Mohl, G., et al., Novel influenza inhibitors designed to target PB1 interactions with host
importin RanBP5. Antiviral Res, 2019. 164: p. 81-90.

Jorba, N., R. Coloma, and J. Ortin, Genetic trans-complementation establishes a new
model for influenza virus RNA transcription and replication. PLoS Pathog, 2009. 5(5): p.
e€1000462.

York, A., et al., Isolation and characterization of the positive-sense replicative
intermediate of a negative-strand RNA virus. Proc Natl Acad Sci U S A, 2013. 110(45): p.
E4238-45.

Fodor, E., The RNA polymerase of influenza a virus: mechanisms of viral transcription
and replication. Acta Virol, 2013. 57(2): p. 113-22.

Moeller, A., et al., Organization of the influenza virus replication machinery. Science,
2012.338(6114): p. 1631-4.

Elton, D., et al., Interaction of the influenza virus nucleoprotein with the cellular CRM1-
mediated nuclear export pathway. J Virol, 2001. 75(1): p. 408-19.

Perwitasari, O., et al., Verdinexor, a novel selective inhibitor of nuclear export, reduces
influenza a virus replication in vitro and in vivo. J Virol, 2014. 88(17): p. 10228-43.
Watanabe, K., et al., Nuclear export of the influenza virus ribonucleoprotein complex:
Interaction of Hsc70 with viral proteins M1 and NS2. FEBS Open Bio, 2014. 4: p. 683-8.
Jones, T.R., et al., CellProfiler Analyst: data exploration and analysis software for
complex image-based screens. BMC Bioinformatics, 2008. 9: p. 482.


https://doi.org/10.1101/2021.03.05.434155

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.05.434155; this version posted March 6, 2021. The copyright holder for this preprint

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Dunn, K.W., M.M. Kamocka, and J.H. McDonald, A practical guide to evaluating
colocalization in biological microscopy. Am J Physiol Cell Physiol, 2011. 300(4): p. C723-
42.

Banerjee, I., et al., High-content analysis of sequential events during the early phase of
influenza A virus infection. PLoS One, 2013. 8(7): p. €68450.

Cong, F. and H. Varmus, Nuclear-cytoplasmic shuttling of Axin regulates subcellular
localization of beta-catenin. Proc Natl Acad Sci U S A, 2004. 101(9): p. 2882-7.
Kashyap, T., et al., Selinexor, a Selective Inhibitor of Nuclear Export (SINE) compound,
acts through NF-kappaB deactivation and combines with proteasome inhibitors to
synergistically induce tumor cell death. Oncotarget, 2016. 7(48): p. 78883-78895.
Pickens, J.A. and R.A. Tripp, Verdinexor Targeting of CRM1 is a Promising Therapeutic
Approach against RSV and Influenza Viruses. Viruses, 2018. 10(1).

Sun, J., et al., Single cell heterogeneity in influenza A virus gene expression shapes the
innate antiviral response to infection. PLoS Pathog, 2020. 16(7): p. €1008671.
Rossman, J.S. and R.A. Lamb, Influenza virus assembly and budding. Virology, 2011.
411(2): p. 229-36.

Dou, D, et al., Influenza A Virus Cell Entry, Replication, Virion Assembly and Movement.
Front Immunol, 2018. 9: p. 1581.

Hutchinson, E.C. and E. Fodor, Transport of the influenza virus genome from nucleus to
nucleus. Viruses, 2013. 5(10): p. 2424-46.

Stevaert, A. and L. Naesens, The Influenza Virus Polymerase Complex: An Update on Its
Structure, Functions, and Significance for Antiviral Drug Design. Med Res Rev, 2016.
36(6): p. 1127-1173.

Eisfeld, A.J., G. Neumann, and Y. Kawaoka, At the centre: influenza A virus
ribonucleoproteins. Nat Rev Microbiol, 2015. 13(1): p. 28-41.

Shimizu, T., et al., Crucial role of the influenza virus NS2 (NEP) C-terminal domain in M1
binding and nuclear export of vRNP. FEBS Lett, 2011. 585(1): p. 41-6.

Akarsu, H., et al., Crystal structure of the M1 protein-binding domain of the influenza A
virus nuclear export protein (NEP/NS2). EMBO J, 2003. 22(18): p. 4646-55.

Neumann, G., M.R. Castrucci, and Y. Kawaoka, Nuclear import and export of influenza
virus nucleoprotein. J Virol, 1997. 71(12): p. 9690-700.

Zhang, J., et al., Discovery of Influenza Polymerase PA-PB1 Interaction Inhibitors Using an
In Vitro Split-Luciferase Complementation-Based Assay. ACS Chem Biol, 2020. 15(1): p.
74-82.

Boff, L., et al., Semisynthetic Cardenolides Acting as Antiviral Inhibitors of Influenza A
Virus Replication by Preventing Polymerase Complex Formation. Molecules, 2020.
25(20).


https://doi.org/10.1101/2021.03.05.434155

