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A B S T R A C T

Influenza A virus (IAV) poses a global public health concern and remains an imminent threat to human health.
Emerging antiviral resistance to the currently approved influenza drugs emphasizes the urgent need for new
therapeutic entities against IAV. Allopregnanolone (ALLO) is a natural product that has been approved as an
antidepressant drug. In the present study, we repurposed ALLO as a novel inhibitor against IAVs. Mechanistic
studies demonstrated that ALLO inhibited virus replication by interfering with the nucleus translocation of viral
nucleoprotein (NP). In addition, ALLO showed significant synergistic activity with compound 16, a hemagglutinin
inhibitor of IAVs. In summary, we have identified ALLO as a novel influenza virus inhibitor targeting NP,
providing a promising candidate that deserves further investigation as a useful anti-influenza strategy in the
future.
1. Introduction

Influenza A virus (IAV) is a major cause of morbidity and mortality
from epidemic and pandemic influenza infections, which is a serious
global public health threat (Taubenberger and Kash, 2010). Currently,
two main strategies are being used to control IAV infections: vaccination
and antiviral treatment. Although vaccination is the principal prophy-
lactic methodology for preventing influenza infections (Das et al., 2010;
Tscherne and Garcia-Sastre, 2011), its efficacy is highly dependent on the
accurate forecast of the circulating strains and also, it is limited in the
occurrence of a pandemic (Poland, 2010). There are three classes of
anti-influenza agents currently available worldwide, including the viral
ion channel M2 blockers (amantadine and rimantadine) (Li et al., 2015;
Jalily et al., 2020), the neuraminidase (NA) inhibitors (oseltamivir,
zanamivir and peramivir) (Alame et al., 2016), and the RNA-dependent
RNA polymerase (RdRp) inhibitors (favipiravir and baloxavir marboxil)
(Noshi et al., 2018; Shiraki and Daikoku, 2020). However, almost all
circulating influenza strains showcase resistance to M2 inhibitors, and
therefore, they are no longer recommended for clinical use (van der Vries
et al., 2013). In addition, the incidence of increasing resistance to NA and
RdRp inhibitors also impedes their respective efficacies (Goldhill et al.,
. Cui), lijun@uic.edu (L. Rong), r
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2018; Hayden et al., 2018; Lackenby et al., 2018; Takashita et al., 2019).
Overall, there is an increasing requirement to develop new classes of
influenza antiviral agents that target viral proteins involved in virus
replication to treat influenza virus infection.

The viral nucleoprotein (NP) is a critical protein at many stages
during the influenza viral life cycle. Primarily, the viral genomic RNAs
are coated with multiple copies of NP to form the viral ribonucleoprotein
(vRNP) complexes (Arranz et al., 2012). Thus, the translocation of NP
between the cytoplasm and the nucleus is critical during viral tran-
scription and replication (Newcomb et al., 2009; Turrell et al., 2013),
nuclear import/export of the vRNPs (Kao et al., 2010; Chutiwitoonchai
et al., 2014) and virion assembly (Noton et al., 2007). Considering these
factors, the IAV NP has become one of the most attractive targets for new
antiviral development (Hu et al., 2017), and several NP inhibitors
including FA6005 (Yang et al., 2021), S119 (White et al., 2018), nap-
roxen (Zheng et al., 2019), RK424 (Kakisaka et al., 2015), Amar-
yllidaceae alkaloid (He et al., 2013), PPQ581 (Lin et al., 2015), KPT335
(Perwitasari et al., 2014), KR23502 (Jang et al., 2016), H7 (Liu et al.,
2016), and 3-mercapto-1,2,4-triazole (Liu et al., 2016) have been re-
ported in the past ten years. Moreover, since NP is a multifunctional viral
protein, most of the amino acid residues play essential roles in the viral
uikun@sdutcm.edu.cn (R. Du).
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life cycle. As a result, a proportion of currently identified inhibitors that
recognize the highly conserved pockets of NP are less prone to induce
resistance. For instance, passaging IAVs in presence of KR-23502 for 17
rounds generates a slight resistance with only 2-fold increase in median
effect dose (EC50) (Jang et al., 2016), while no escape mutant was
generated with the virus passaging under the selective pressure of RK424
or NUD-1 (Kakisaka et al., 2015; Makau et al., 2020). The high barrier to
drug resistance further highlights the value of NP as a target for novel
antiviral development.

Allopregnanolone (ALLO) is a 3α,5α-metabolite of progesterone, and
acts as a potent allosteric modulator of the γ-aminobutyric acid type A
receptor (GABAA). Decreased levels of ALLO are usually related to mood
disorders, such as anxiety-like behavior and depression, post-partum
depression and post-partum anxiety (Diviccaro et al., 2022). So far,
ALLO (brexanolone) has been developed and approved by the FDA for
the treatment of postpartum depression (Edinoff et al., 2021). Previously,
we had performed a phenotypic antiviral screen of 891 natural products
using a reporter influenza PR8-PB2-Gluc virus for novel anti-influenza
activities and identified ALLO as one of the most potent hits (Zhao
et al., 2019). In this study, we further validated the anti-influenza activity
of ALLO, and investigated its mechanism of action by targeting viral NP
protein.

2. Materials and methods

2.1. Cell culture and viruses

Human embryonic kidney 293T cells (GNHu17) and canine kidney
epithelial MDCK cells (GNO23) were obtained from the Cell Bank/Stem
Cell Bank, Chinese Academy of Sciences (Shanghai, China), and grown in
Dulbecco's modified Eagle's medium (DMEM; Cellgro, Manassas, VA,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad,
CA, USA), 1000 units/mL penicillin, and 100 μg/mL streptomycin
(Invitrogen, Carlsbad, CA, USA). During virus experiments, MDCK cells
were maintained in Opti-MEM containing 1.5 μg/mL N-tosyl-L-phenyl-
alanine chloromethyl ketone (TPCK)-trypsin (Sigma-Aldrich, St. Louis,
MO, USA). All cells were grown at 37 �C in 5% CO2 incubator.

Influenza A/Puerto Rico/8/1934 virus (A/PR8, H1N1), recombi-
nant influenza A reporter viruses PR8-PB2-Gluc and PR8-Fluc were
prepared and stored in our lab as previously described (Zhao et al.,
2018, 2022). Influenza A/Brisbane/10/2007 (A/Brisbane, H3N2) was
provided by Chinese Academy of Medical Sciences, and influenza
B/Phuket/3073/2013-Yamagata and B/Brisbane/60/2008-Victoria
viruses were provided by Shandong center for disease control and
prevention (Jinan, China).

2.2. Dose–response assay

For dose–response analysis, cells grown in white 96-well plates were
inoculated with influenza A/PR8-PB2-GLuc (MOI ¼ 0.01). After 1 h in-
cubation, the inoculum was replaced with Opti-MEM (2 μg/mL TPCK-
trypsin) containing increasing concentrations of tested compound. At
around 36 h post infection (h.p.i.), Gaussia luciferase activity was
measured by using Pierce Gaussia luciferase Glow Assay kit (Thermo
Scientific, USA) following the manufacturer's instruction. Cell viability
was examined with CCK-8 (MCE, USA) according to manufacturer's
protocol. The 50% inhibiting concentration (IC50) and 50% cytotoxic
concentration (CC50) values were determined by fitting dose–response
curves with a four-parameter logistic regression to the data in GraphPad
Prism software (version 5.02, La Jolla, CA, United States).

2.3. Viral titer reduction assay

MDCK cells growing in 24-well plates were infected with the A/PR8,
A/Brisbane, B/Yamagata, and B/Victoria strains at MOI of 0.01. After 2 h
of incubation, the cells were cultured with Opti-MEM containing
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1.5 μg/mL of TPCK-trypsin as well as DMSO or various concentrations of
ALLO. The plates were incubated at 37 �C and culture supernatants were
collected at 36 h.p.i., and virus titers [median tissue culture infective dose
(TCID50)/mL] in the culture supernatants were determined.

2.4. Animal experiments

Female BALB/c mice (4–6 weeks old) were purchased from Charles
River Laboratory Animal Technology (Beijing, China) and maintained
under specific pathogen-free conditions. All efforts were made to mini-
mize any suffering and the number of animals.

For mouse infections, mice were intranasally inoculated under iso-
flurane anesthesia with the recombinant influenza PR8-Fluc virus at a
dose of 1000 TCID50. At day 2 p.i., bioluminescence imaging was per-
formed as previously described (Lin et al., 2023). In brief, mice were
anaesthetized and intraperitoneally administered with the substrate
D-luciferin at 150 mg/kg, and then subjected to image acquisition using
the Xenogen IVIS 200 (PerkinElmer, Waltham, USA) after 10 min. The
images were analyzed using the Living Image software (version 4.4).

For antiviral determination, groups of mice (n ¼ 3) were separately
treated with ALLO (40 mg/kg/day), the vehicle only (PBS) as negative
control, and oseltamivir phosphate (30 mg/kg/day) as positive control.
All treatment was given intraperitoneally twice a day, starting at 2 h
before virus inoculation.

2.5. Time-of-addition assay (TOA)

A total of 1� 105 MDCK cells per well were cultured in 24-well plates
1 day prior to the assay. Then, cells were infected with 0.1 MOI of
A/H1N1/PR8 virus at 4 �C for 1 h, and then transferred to 37 �C for 1 h.
After virus attachment, culture wells were washed with PBS to remove
unbound viral particles and incubated at 37 �C. The time point when
plates were transferred to 37 �C was set as 0 h.p.i. The cells were treated
with the 20 μmol/L ALLO or DMSO at the indicated time intervals (�2 to
12, �2 to 0, 0 to 12, 2 to 12, 4 to 12, 6 to 12, and 8 to 12 h), which cover
the first viral replication cycle. After 12 h.p.i., supernatants were
collected and viral yields were determined by TCID50 assay. Every con-
dition was tested in triplicate.

2.6. Mini-replicon assay

The effect of ALLO on the activity of the vRNP was determined by
using a mini-genome assay in 293T cells as previously described (Jang
et al., 2016). In brief, 293T cells grown in 6-well plates were transfected
with plasmids (pCAG-VN04-NP, pCAG-VN04-PA, pCAG-VN04-PB1,
pCAG-VN04-PB2), the minigene plasmid pPolI-NS-Fluc and a control
plasmid pRL-TK using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's manual. At 5 h after transfection, the transfected cells
were seeded into white, flat-bottom, 96-well plates at a density of 1 �
105 cells/well in a 100 μL assay medium, containing DMSO or various
concentrations of ALLO. At 24 h post-transfection, luciferase activity was
measured by using dual-luciferase reporter assay system (Promega,
Madison, WI, USA) according to the manufacturer's manual.

2.7. Immunofluorescence (IF) microscopy

MDCK cells were grown to 70%–80% confluency on 24-well glass
bottom plate, followed by infecting with A/PR8 virus for 2 h at MOI ¼ 5
in the presence or absence of 40 μmol/L ALLO and washed. ALLO or
DMSO were maintained in culture throughout the experiment. Infections
were stopped at indicated time points by fixation in 4% para-
formaldehyde for 30 min at room temperature. After fixation, the cells
were washed with PBS three times and permeabilized with 0.5% Triton-
X100 for 15 min, then blocked with 5% BSA for 30 min. Subsequently,
cells were incubated for 1 h with primary antibodies against NP (Gene
Tex, USA; product number: GTX125989) in 1% BSA (dilution 1:500),
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followed by staining with CoraLite 488-conjugated goat secondary
antibody against rabbit IgG (H þ L) (Proteintech, USA) in 1% BSA
(dilution 1:500) for 1 h. Cells were then washed and counterstained with
40,6-diamidino-2-phenylindole, dihydrochloride (DAPI) for nucleus
localization before image analysis by LSM880 confocal microscope
(Zeiss, Germany).

2.8. Thermal shift assay

To perform the thermal shift assay, 30 μL of solution containing 10
μmol/L recombinant NP protein of influenza A/PR8/Mount Sinai (Sino
Biological, China) was mixed with 10 μL of 5� SYPRO Orange dye
(MERCK, Germany) and 10 μL of ALLO (1.6 mmol/L) or DMSO as a
negative control. The mixture was then subjected to a CFX Real-Time
PCR Detection System (Bio-Rad, USA). The temperature was set from
25 �C to 90 �C at a rate of 1 �C min�1 and the fluorescence changes were
monitored every minute.

2.9. Molecular docking of ALLO to NP

To predict the binding mode of ALLO to NP, molecular docking
simulations was conducted using the AutoDock 4.2 software (The Scripps
Research Institute, USA) (Morris et al., 2009). The crystal structure of NP
protein from influenza A/H1N1/PR8 (PDB ID: 2IQH) was used, and the
3-dimensional structure of ALLO was generated by Chem3D (Cam-
bridgeSoft, USA).

Before docking simulation, the NP structure was pre-processed by
removing water molecules and adding hydrogen atoms using the Auto-
Dock tools. Docking was performed using a grid box of 126 Å in size and
grid-point spacing of 0.436 Å. Subsequent analysis of the interaction
between ALLO and NP was conducted using a molecular visualization
tool PyMOL (Version 1.8, Schrodinger, Seattle, USA) to generate the
surfaces of NP to help spotting the binding sites of ALLO on the interfaces
of NP.

2.10. Synergistic studies

MDCK cells were seeded into white, flat-bottom, 96-well culture
plates (PerkinElmer) at a density of 1 � 104 cells/well 24 h prior to
infection. Cells were then infected with recombinant reporter virus PR8-
PB2-Gluc at an MOI of 0.01 and treated with varying doses of ALLO
alone, compound 16 alone (Gaisina et al., 2020), or ALLO and compound
16 in combination. After 36 h incubation, infection was determined
through the Gaussia luciferase activity using Pierce Gaussia Luciferase
Glow Assay kit (Thermo Fisher, Hillsboro, OR, United States). The IC30,
IC40, IC50, IC60, IC70, and IC80 values were chosen for comparison.
Combination index (CI) values were calculated using the CompuSyn
software (Biosoft, Ferguson, USA) (Chou, 2010). The combination effect
was determined based on the following criteria: CI < 1.0, synergy; CI ¼
1.0, additive; CI > 1.0, antagonism.

3. Results

3.1. Identification of ALLO as a novel inhibitor of IAV

With the goal to discover novel influenza virus inhibitors, we had
previously developed a phenotypic screening approach using a reporter
IAV expressing Gaussia luciferase (PR8-PB2-Gluc), and we had then
carried out a primary screen of a library consisting of 891 natural
products (Zhao et al., 2019; Kang et al., 2020). In this study, we focused
on one of the most potent hits, ALLO (Fig. 1A), for its anti-influenza
potency. As shown in Fig. 1B, ALLO exhibited reasonable antiviral ac-
tivity against PR8-PB2-Gluc virus, with an IC50 value of 6.27 μmol/L and
a CC50 value of >100 μmol/L, generating a selectivity index (SI) higher
than 15.9. As a positive control, oseltamivir acid was validated for its
anti-IAV activity using the PR8-PB2-Gluc virus in parallel.
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To further evaluate the antiviral activity of ALLO against influenza
viruses, a titer reduction assay was performed using a variety of wildtype
IAV strains as well as influenza B viruses (IBVs). As shown in Fig. 1C,
ALLO showed inhibitory effects in a dose-dependent manner against IAV
strains, including A/PR8 and A/Brisbane, which represent subtype H1N1
and H3N2 respectively. However, both IBV strains Yamagata and Vic-
toria showed less sensitivity to ALLO compared to IAVs, since the prop-
agation of IBVs were inhibited by ALLO at higher concentrations.
Moreover, neither the B/Yamagata nor B/Victoria strains could be
completely inhibited at as high as 40 μmol/L, at which concentration the
IAVs produced no detectable progeny virions (Fig. 1C). As a positive
control, the active metabolite of baloxavir marboxil (baloxavir acid)
showed significant inhibitory effects against the virus yield of both IAV
and IBV strains (Fig. 1D).

Moreover, we have also preliminarily tested the antiviral potency of
ALLO using a bioluminescence imaging (BLI)-based mouse model of IAV
infection, and it turned out that although without statistical significance
(P ¼ 0.08), reduced tendency of virus replication in vivo was observed
after ALLO treatment (Fig. 1E and F). Together, these results indicate that
ALLO is a novel potent inhibitor against IAVs, although it also shows
some extent of inhibition against IBVs.

3.2. ALLO interferes with the late stages of viral life cycle

To investigate the mechanism of action of ALLO upon IAV repli-
cation, a TOA assay was conducted. Briefly, the influenza PR8 virus
(0.1 MOI) was inoculated to MDCK cells at 4 �C for 1 h followed by
transferring to 37 �C for another 1 h to allow synchronized infection.
Then the inoculum was replaced by fresh medium for further incuba-
tion; this time point was set as 0 h. ALLO was added at an interval of
2 h starting from �2 h, while ALLO treatment between �2 to 0 h only
was performed to exclude the possibility that ALLO acted against virus
entry (Fig. 2A). As shown in Fig. 2B, adding ALLO at a time point as
late as 4 h.p.i. resulted in complete inhibition, whereas treatment
starting at 6 h or later markedly alleviated the inhibitory effects. As a
control, oseltamivir acid, which blocks the release of progeny virions
from infected cells, can significantly decrease the virus yield when
added at a very late interval of 8 to 12 h.p.i. Together, these results
suggest that ALLO acts against the late stages of influenza virus life
cycle.

Since the viral genome replication is a key process that occurs at the
late stage of the viral life cycle, we next evaluated the effect of ALLO on
viral genome replication using a cell-based influenza RdRp assay. As a
result, it was demonstrated that ALLO significantly blocked viral RdRp
activity in a dose-dependent manner (Fig. 2C). This result suggests that
ALLO may act by targeting directly to the vRNP complex, or host factors
that are involved in IAV RNA transcription/replication processes (Wang
et al., 2015; Zhang et al., 2023).

3.3. ALLO interferes with the nucleus translocation of vRNP

The shuttling of influenza vRNP between cytoplasm and nucleus plays
an essential role during viral genome replication, and thus, blocking
vRNP nuclear transport impairs the activity of vRNP complex (Zhang
et al., 2016). We herein asked whether ALLO affects the nuclear transport
of vRNP. To address this, MDCK cells were infected with IAVs followed
by treatment with ALLO or DMSO (as a negative control). The trans-
location of NP was monitored at different time points after infection
using an IF assay. Considering NP proteins are the major components of
the influenza vRNP complex, the location of NP can represent the loca-
tion of vRNP complex in the infected cells.

As shown in Fig. 3, the NPs in the form of incoming vRNPs were
localized in the cytoplasm of both DMSO and ALLO treated cells at 0
h.p.i., suggesting successful internalization of infecting virions, which is
consistent with the above results from the TOA assay that ALLO treat-
ment between �2 to 0 h did not affect virus entry. However, it was



Fig. 1. Antiviral determination of allopregnanolone (ALLO) against influenza viruses. A The chemical structure of compound ALLO. B The dose–response effect of
ALLO and oseltamivir acid upon PR8-PB2-Gluc virus replication and viabilities of MDCK cell. MDCK cell were infected with reporter influenza PR8-PB2-Gluc virus at
an MOI of 0.01 in the presence of serial concentrations of ALLO. At 48 h post infection (h.p.i.), luciferase assay was performed to monitor virus replication. The IC50

and CC50 values were calculated using GraphPad Prism 5. C, D Viral titer reduction assay. MDCK cells were infected with wildtype Influenza A/PR8 (H1N1),
A/Brisbane (H3N2), B/Yamagata and B/Victoria viruses at an MOI of 0.01 and treated with indicated concentrations of ALLO (C) and baloxivir acid (D) separately. At
36 h.p.i., the virus yields (TCID50/mL) were determined. Dashed lines indicate the limit of detection. Values were expressed as means � SEM (n ¼ 3). **P < 0.01; ***P
< 0.001; student's t-test. E, F In vivo antiviral evaluation. Female BALB/c mice (4–6 weeks old) were intranasally inoculated with recombinant influenza PR8-Fluc virus
at a dose of 1000 TCID50, and received treatment with ALLO at 40 mg/kg/day twice daily, starting at 2 h before virus infection. Mice treated with vehicle only (PBS)
and oseltamivir phosphate (30 mg/kg/day) were set as negative and positive control respectively. At day 2 p.i., bioluminescence imaging was performed (E) and the
signal densities were analyzed (F). Values were expressed as means � SEM (n ¼ 3). **P < 0.01, student's t-test.
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observed that the nuclear import of incoming vRNPs was greatly delayed
from 2 h.p.i. to 4 h.p.i. by ALLO (Fig. 3A and B). Moreover, in the cells
treated with DMSO as negative control, the NPs were predominantly
located in the cytoplasm at 8 h.p.i., while in ALLO treated cells most NP
proteins were located in the nucleus (Fig. 3A and B). These results
demonstrated that in the presence of ALLO, the newly synthesized NP
934
proteins were able to enter the nucleus, however, their export later in to
the cytoplasm in the form of vRNP was drastically impaired. Addition-
ally, it is noteworthy that the newly synthesized NPs ALLO treated cells
were detected as discrete spots instead of disperse distribution in the
nucleus, suggesting the formation of abnormal NP aggregates (Fig. 3B,
Supplementary Fig. S1).



Fig. 2. Mechanistic studies for the antiviral effect of allopregnanolone (ALLO) against influenza viruses. A Schematic presentation of the time-of-addition assay.
B Time-of-addition assay. MDCK cells were infected with influenza A/PR8 virus at an MOI of 0.01 and treated with ALLO or oseltamivir acid at indicated time in-
tervals. The virus yields (TCID50/mL) were determined at 12 h post infection. C Cell-based RNA-dependent RNA polymerase (RdRp) assay. The inhibitory effect of
ALLO on viral RdRp activity was tested using a mini-replicon based RdRp assay in 293T cells. Values were expressed as means � SEM (n ¼ 3). *P < 0.05; **P < 0.01;
***P < 0.001; student's t-test.
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3.4. ALLO acts by directly binding to NP

Taking into consideration that ALLO treatment induces NP aggrega-
tion and retention in the nucleus, we speculated that ALLO may act by
directly binding to NP. To confirm this, a thermal shift assay was per-
formed. Briefly, 10 μmol/L of recombinant IAV NP protein was incubated
with 1.6 mmol/L ALLO and 5� SYPRO Orange dye, followed by fluo-
rescence scanning as the temperature raised gradually. As shown in
Fig. 3. The subcellular localization of nucleoprotein (NP) during IAV infection in abse
influenza A/PR8 virus and treated with (A) DMSO or (B) ALLO (40 μmol/L). At indic
The nucleus was stained with DAPI (blue). The nuclear import of incoming vRNPs we
NPs within the nucleus was indicated by yellow arrows. Scale bar ¼ 10 μm.
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Fig. 4A, the melting temperature (Tm) of NP in absence or presence of
ALLO is 43.91 and 39.37 �C, respectively, generating a shift (ΔTm) of
�4.54 � 0.13 �C. This result clearly demonstrates that ALLO binds
directly to NP, destabilizing the target protein.

To better deduce the binding mode of ALLO with IAV NP, an in silico
docking analysis was performed to evaluate the potent affinity between
ALLO and the published crystal structure of influenza A/PR8 (H1N1) NP
trimer. As a result, five potential sites within NP for ALLO binding were
nce or presence of allopregnanolone (ALLO). The MDCK cells were infected with
ated time points, cells were fixed and stained with an anti-NP antibody (green).
re indicated by red arrows, while the abnormal aggregation of newly synthesized



Fig. 4. Binding mode of allopregnanolone (ALLO) to nucleoprotein (NP). A Thermal shift assay. The thermal stability of recombinant IAV NP protein was determined
in absence or presence of ALLO. The data shown are representative of three independent experiments. B, C The binding of ALLO to NP (PDB ID: 2IQH) was predicted
by Auto-Dock software, and the configuration of ALLO-NP complex harboring the highest binding free energy were shown in (B) surface or (C) cartoon. The residues
forming the binding pocket were colored in cyan (L418–D421), pink (G393–N395), red (L266) and blue (M448–D455). The amino acids 256–266 representing nuclear
export signal 3 (NES3) were shown in red. The brackets indicate the chains of NP trimer. D Alignment of ALLO-binding pocket related sequences between ANPs
and BNPs.
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predicted, with the best fitting one showing a binding free energy (�ΔG)
as high as 8 kcal/mol (Supplementary Fig. S2). The configuration with
the best binding score is shown in Fig. 4B and C presenting surface and
cartoon, respectively. It was demonstrated that ALLO can bind to a
pocket in proximity to the residue L266 which represents the C-terminus
of the nuclear export signal 3 (NES3, amino acids 256–266), while the
residue L418 from adjacent NP monomer played an essential role in
ALLO-NP binding by forming hydrogen bonds (Fig. 4C).

The NP proteins are highly conserved among IAVs or IBVs; however,
the IAV NP (ANP) and IBV NP (BNP) share limited amino acid sequence
homology. The binding mode of ALLO to BNP might be different from
that of ALLO-ANP. Since there is no published crystal structure of BNP
trimer for in silico docking studies, the residues lining the ALLO-binding
pocket within ANP were aligned to the corresponding sequences of BNP.
As shown in Fig. 4D, the NES3 sequences are conserved between both
ANP and BNP, so as the residue N395, which lines in the same side of the
ALLO-binding pocket with L266. However, the amino acids 448–455
representing the other side of the ALLO-binding pocket varied between
ANP and BNP. In addition, the amino acid residues 418–421 which were
located at the bottom of the pocket are variable, leaving only L418
conserved between ANP and BNP. These variations may result in an
altered configuration of the related pocket within BNP, and the fitness for
ALLO binding might change accordingly.
Table 1
Synergistic anti-influenza activity of ALLO and compound 16.

Compound IC30

(μmol/L)
IC40

(μmol/L)

ALLO 3.49 4.65
Compound 16 0.032 0.039
ALLO þ Compound 16
(27 nmol/L)

0.28 0.60

CI 0.91 0.82

CI, combination index.
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3.5. ALLO synergizes with an HA inhibitor compound 16

Combining antiviral agents that showcase different mechanisms of
actions can significantly preclude the emergence of drug resistance, and
moreover, synergistic antiviral effect might be achieved. It is interesting
to understand how ALLO interacts with currently approved influenza
drugs and those candidates in development. To this end, we tested the
antiviral effect of the ALLO in combination with compound 16, a novel
HA inhibitor of IAV that we had previously identified (Gaisina et al.,
2020). MDCK cells were infected with reporter influenza PR8-PB2-Gluc
virus at an MOI of 0.01 and treated with increasing concentrations of
ALLO alone, compound 16 alone, or ALLO and compound 16 in combi-
nation. In combination assays, a constant concentration (27 nmol/L) of
compound 16 was used, corresponding to 20% inhibition concentration
for the drug as a single agent. The concentrations of ALLO to cause 30, 40,
50, 60, 70, 80, and 90% reductions in luciferase expressing levels
(IC30–IC90) were subsequently determined and the CI values were eval-
uated by the median effect plot method.

As shown in Table 1, individually administered ALLO was not as
effective in preventing the infectivity compared to when it was applied in
combination. The lowest value of CI (0.78) was achieved with the
treatment with ALLO and compound 16 used at 6.05 μmol/L and
27 nmol/L, respectively, leading to a 50% reduction in viral replication.
IC50

(μmol/L)
IC60

(μmol/L)
IC70

(μmol/L)
IC80

(μmol/L)

6.05 7.87 10.49 14.88
0.046 0.055 0.066 0.083
1.19 2.36 4.99 12.40

0.78 0.79 0.88 1.16
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These results suggest that ALLO may act in synergy with compound 16
against IAV infection.

4. Discussion

In this study, we repurposed ALLO as a novel antiviral agent against
influenza viruses, including both IAVs and IBVs. Further mechanistic
studies demonstrates that ALLO prevents influenza virus replication by
targeting NP mainly through multi-modes of action (Fig. 5). First, ALLO
treatment delays the nucleus import of NPs in the form of incoming
vRNPs; second, ALLO treatment prevents the nucleus export of NPs in the
form of newly synthesized vRNPs; third, ALLO treatment induces higher-
order oligomerization of the NP proteins, interfering with the formation
of new cRNPs and vRNPs.

Upon entry into the host cells, the infectious influenza virions release
the genetic components, i.e., vRNPs, into the cytoplasm. Next, the
incoming vRNPs enter the nucleus to initiate genome transcription and
subsequent replication (Du et al., 2022). Dissociation of vRNPs from M1
is a prerequisite for vRNP translocation into the nucleus as it exposes the
nuclear localization signals (NLS) (Martin and Helenius, 1991). Previ-
ously, Yang et al. had reported that FA6005, an NP inhibitor of IAV, can
perturb the trafficking of vRNPs at early stages by preventing M1-vRNP
dissociation (Yang et al., 2021). Interestingly, our results also indicated
Fig. 5. Schematic representation of the mechanism underlying the anti-influenza e
influenza virions release the inner genetic contents, i.e., vRNPs, to the cytoplasm. Nex
messenger RNAs (mRNA) are then released to the cytoplasm, where viral proteins ar
PB2) are subsequently translocated into the nucleus, followed by vRNA replication an
the cytoplasm for virion assembly and budding. ALLO treatment interferes with viral
import of NPs in the form of incoming vRNPs, probably by preventing M1-vRNP diss
blocking the formation of new cRNPs/vRNPs; third, ALLO treatment disturbs the nucl
the nuclear export site 3 (NES3).

937
that ALLO treatment delayed the translocation of incoming vRNPs into
nucleus, implying that ALLO binding to NP may reduce the efficiency of
M1-vRNP dissociation during the virus uncoating process (Fig. 3).

After translocation into the host nucleus, the transcription of viral
RNA (vRNA) is initiated and viral messenger RNAs (mRNA) are then
released to the cytoplasm, where viral proteins are translated. The newly
synthesized NP and RdRp constituents (PA, PB1 and PB2) are subse-
quently translocated into the nucleus, followed by vRNA replication and
formation of progeny vRNPs. Eventually, these progeny vRNPs are
exported to the cytoplasm for virion assembly and budding (Du et al.,
2022). Notably, our results have demonstrated that ALLO treatment
interfered with the nuclear export of NP, thus blocking propagation of
progeny virions (Fig. 3). The NP protein contains three NES sequences
(NES1, NES2 and NES3) that play critical roles during vRNP export from
the nucleus (Yu et al., 2012). Interestingly, an in silico docking study
predicted that ALLO can bind to the NES3 region of NP (Fig. 4B and C),
suggesting that ALLO binding may shelter the NES3 thus preventing NP
export.

In addition, we observed that ALLO treatment induces abnormal ag-
gregation of NP in the nucleus (Fig. 3B). Generally, the newly synthesized
NP monomers in the cytoplasm are imported to the nucleus, where they
are involved in the formation of new cRNP/vRNP and nuclear export of
progeny vRNPs (Yu et al., 2012). The formation of higher-order NP
ffect of allopregnanolone (ALLO). Upon entry into the host cells, the infectious
t, the incoming vRNPs enter the nucleus to initiate genome transcription. As viral
e translated, and the newly synthesized NP and RdRp constituents (PA, PB1 and
d formation of progeny vRNPs. Eventually, these progeny vRNPs are exported to
replication probably by three modes: first, ALLO treatment delayed the nucleus
ociation; second, ALLO treatment induces higher-order NP oligomerization, thus
eus export of NPs in the form of newly synthesized vRNPs, probably by sheltering
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oligomers may interfere with new vRNP/cRNP formation, resulting in
the cessation of virus replication (Fig. 5). Interestingly, it has been re-
ported that nucleozin, a well-studied IAV NP inhibitor, can also induce
the formation of higher-order NP oligomers by simultaneously recog-
nizing the Y289/N309 and R382/R384 (or Y52/Y313) pockets from two
NP trimers (Gerritz et al., 2011; Pang et al., 2016). It is likely that ALLO
may also serve as a molecular glue to bridge NP proteins together,
although the precise binding modes of ALLO induced NP aggregation
remain elusive and deserve further investigation in the future.

Regarding the spectrum of NP inhibitors, it is noteworthy that the
IBVs show less sensitive to ALLO treatment compared to IAVs. This might
due to the low amino acid sequence conservation of about 38% sequence
similarity between ANPs and BNPs, although they have similar functions
during viral replication (Sherry et al., 2014). In fact, the NP inhibitors are
usually either IAV-specific or IBV-specific, with only a few compounds
harboring broad-spectrum antiviral activity against both IAVs and IBVs
(White et al., 2018; Yang et al., 2021). As in silico docking poses ALLO to a
pocket in proximity to the NES3 of ANP, and the amino acid residues
448–455 that are located around the predicted binding pocket varies
greatly in BNPs (corresponding to amino acids 504–511), we hypothe-
sized that the configuration of the related pocket of BNP is less fit for
ALLO recognition, in accordance to the less sensitivity of IBVs to ALLO
treatment.

5. Conclusions

In summary, the findings of the present study suggest ALLO as a
promising anti-influenza compound which deserves further investigation
as a useful strategy against influenza infections. Additionally, as an
approved drug, ALLO could be repurposed for anti-influenza treatment
much easier than any other candidate drugs that are currently in
development.
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