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Screening kinase inhibitors
identifies MELK as a prime target
against influenza virus infections
through inhibition of viral mMRNA
splicing

Xuanye Yang'#, Xili Feng*#, Qianyun Liu®?, Lele An*?,
Zhongren Ma'? and Xiaoxia Ma?*

!Key Laboratory of Biotechnology and Bioengineering of State Ethnic Affairs Commission, Biomedical
Research Center, Northwest Minzu University, Lanzhou, China, ?College of Life Science and
Engineering, Northwest Minzu University, Lanzhou, China

Influenza epidemics represent a significant threat to global public health, primarily
caused by the influenza viruses A and B. Although antiviral drugs targeting the
influenza virus, such as zanamivir and oseltamivir, are clinically available, the
emergence of virus evolution and drug resistance necessitates the development of
host-directed therapies. Protein kinases are essential components of host signaling
pathways, including the orchestration of virus—host interactions. By screening a
library of kinase inhibitors, we identified that OTS167, a pharmacological inhibitor
of maternal embryonic leucine zipper kinase (MELK), strongly inhibits the infections
caused by multiple influenza virus subtypes in cell culture. This antiviral activity
was further confirmed by treatment with another MELK pharmacological inhibitor,
MELK-8a, and siRNA-mediated MELK gene silencing. In mice challenged with the
influenza A virus, treatment with OTS167 inhibited both viral replication and lung
inflammation. Mechanistically, inhibition of MELK by OTS167 downregulates the
downstream effector CDK1, thereby inhibiting influenza virus M1 mRNA splicing
to reduce viral replication and virus particle assembly. Finally, we demonstrated
that combining OTS167 with zanamivir or oseltamivir resulted in additive antiviral
activity. In conclusion, we identified MELK as a crucial host kinase that supports the
influenza virus infection. OTS167, a pharmacological inhibitor of MELK currently
undergoing phase Il clinical trials for treating cancer, potently inhibits influenza
virus infections in vitro and in mice, representing a promising lead for developing
novel influenza antivirals.
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1 Introduction

Influenza viruses are classified into four types: A, B, C, and D. Influenza A virus (IAV) and
influenza B virus (IBV) remain a substantial global health threat, causing widespread
respiratory disease and contributing to significant burdens of morbidity and mortality in
humans and animals (Liang, 2023). IBV primarily infects humans, whereas IAV is zoonotic.
Concurrently, the global spread of the highly pathogenic avian influenza A H5N1 subtype in
birds is considered a significant pandemic threat (Kupferschmidt, 2024). Alarmingly, H5N1
infections in more than 40 mammalian species have been reported, and it is causing
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widespread infections in dairy cows in the United States, with sporadic
human cases identified (Garg et al., 2024; Jassem et al., 2024; Uyeki
etal., 2024).

Influenza viruses are characterized by a single-stranded,
segmented RNA genome consisting of eight segments that encode
10 viral proteins (Javanian et al., 2021). Viral neuraminidase is
located on the surface of influenza viruses, which enables the virus
to be released from the host cell by cleaving sialic acid groups. It is
a prime viral target for therapeutic development, and several
neuraminidase inhibitors, including oseltamivir and zanamivir, are
clinically approved for treating influenza (Su et al., 2022). However,
the evolution of influenza viruses mainly through antigenic shift
and drift poses a significant challenge to the efficacy of these direct-
acting antivirals due to the development of resistance (Liang, 2023).
In parallel, the life cycle of influenza viruses heavily relies on
cellular host factors. For example, the matrix protein 2 (M2) ion
channel protein shares an RNA segment with matrix protein 1
(M1), and the IAV non-structural protein 1 (NSI) interacts with
host proteins to utilize host splicing machinery, thereby regulating
M1 mRNA splicing (Tsai et al., 2013; Dubois et al., 2014).

Significantly, many gene products from influenza viruses are
extensively modified by host kinase-mediated phosphorylation. The
reversible phosphorylation of specific serine, threonine, and tyrosine
residues dynamically regulates viral proteins’ structure, function, and
subcellular localization (Dey and Mondal, 2024). Previous studies have
documented the crucial role of host protein kinases in the influenza
virus life cycle, encompassing viral entry, genome replication, protein
translation, and eventual viral budding (Li et al., 2019; Meineke et al.,
2019; Dey and Mondal, 2024). The human kinome contains over 500
protein kinases, which play a pivotal role in regulating various cellular
processes and pathophysiology (Sueca-Comes et al., 2022). Small-
molecule kinase inhibitors have emerged as promising drug candidates
for treating multiple diseases, particularly cancer (Roskoski, 2024).

This study aims to better understand how human kinases regulate
influenza virus infection and identify host kinase-targeted antiviral
therapeutics. We first screened a library of 172 kinase inhibitors in
the human A549 lung cell line infected with the IAV PR/8 strain.
We identified OTS167, a pharmacological inhibitor of maternal
embryonic leucine zipper kinase (MELK), as one of the most potent
inhibitors of IAV infection. OTS167 exerts broad-spectrum antiviral
activity against both IAV and IBV strains. In mice challenged with
AV, OTS167 inhibited both viral replication and lung inflammation.
We further demonstrated that inhibiting MELK by OTS167
downregulates CDK1 expression, ultimately disrupting the splicing
of the viral M1 gene mRNA to inhibit viral replication and virus
particle assembly. Finally, combining OTS167 with the clinically
approved influenza drug oseltamivir or zanamivir exerted additive
antiviral activity.

Abbreviations: A549 cell, A549 lung adenocarcinoma cell; DAPI, 4’,6-diamidino-
2-phenylindole; DMSQO, Dimethyl sulfoxide; FBS, Heat-inactivated fetal bovine
serum; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; hpi, Hours post-
infection; IAV, Influenza A virus; IBV, Influenza B virus; M1, Matrix protein 1; M2,
Matrix protein 2; MDCK, Madin-Darbey canine kidney cell; MOI, Multiplicity of

infection; HA, Hemagglutinin; NA, Neuraminidase
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2 Materials and methods
2.1 Cells and viruses

Human lung adenocarcinoma A549 cells and Madin-Darby
canine kidney (MDCK) cells were provided by the Biomedical
Research Center, Northwest Minzu University, Lanzhou, China, and
were maintained in Ham’s F12 nutrient medium (F12) and Dulbecco’s
Modified Eagle’s Medium (DMEM) (Lanzhou Bailing Bio-Tech
Company Limited, China) supplemented with 10% fetal bovine serum
(FBS) (Lanzhou Minhai Bio-Engineering Co., Ltd., China). All cell
lines were maintained at 37°C in a humidified 5% CO, incubator
using antibiotic-free culture medium.

Influenza virus A/Puerto Rico/8/1934 HIN1 (PR/8), A/Singapore/
GP1908/2015 (IVR-180), and B/Washington/02/2019 were
maintained by our laboratory and were propagated in 10-day-old
embryonated chicken eggs at 37°C for 72 h.

2.2 Mice

Specific pathogen-free C57BL/6 mice were purchased from
Lanzhou Veterinary Research Institute, Chinese Academy of
Agricultural Sciences. Experiments involving mice were performed
following the protocols and procedures reviewed and approved by the
Animal Experiment Committee of the Laboratory Animal Centre,
Lanzhou Veterinary Research Institute
LVRIAEC-2023-036).

(Approval Number:

2.3 Reagents and antibodies

All compounds were purchased from MedChemExpress
(Shanghai, China). The MCE kinase inhibitor library is composed of
172 kinase inhibitors, with primary targets encompassing protein
kinases (including VEGFR, EGFR, BTK, CDK, and Akt), lipid kinases
(including PI3K, PI4K, and SK), and carbohydrate kinases (e.g.,
hexokinase) (Supplementary Table 1). Antibodies targeting IAV NP
(GTX636247), HA (GTX127357), Ml (GTX125928), M2
(GTX125951), IBV NP, and HA (GTX128522) were purchased from
GeneTex (Shanghai, China). The MELK antibody (ab108529) was
purchased from Abcam (Shanghai, China). The CDK1 antibody
(HY-P80611) and phospho-CDK1 (Tyrl5) antibody (HY-P80796)
were purchased from MedChemExpress (Shanghai, China). The
f-tubulin antibody (A01030) was purchased from Abbkine (Wuhan,
China). The GAPDH antibody (AP0066) was purchased from
Bioworld (Nanjing, China). Horseradish Peroxidase (HRP) conjugated
anti-rabbit IgG (A21020) and HRP conjugated anti-mouse IgG
(A21010) were purchased from Abbkine (Wuhan, China).

2.4 Drug screening

A549 cells were plated in 12-well plates and cultured to near 80%
confluence. The cells were subsequently infected with IAV PR/8 at a
multiplicity of infection (MOI) of 0.1 in serum-free F12 medium for
2 h at 37°C. After removing the inoculum, cells were washed once
with phosphate-buffered saline (PBS), and maintenance medium [F12
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supplemented with 2 pg/mL L-(tosylamido-2-phenyl)  ethyl
chloromethyl ketone (TPCK)-treated trypsin] with the compound
mixture was subsequently added. To minimize non-specific effects on
host cells, we used a low concentration of 1 pM and treated for 36 h.
Control treatments consisted of equal volumes of either ddH,O or
dimethyl sulfoxide (DMSO) (Chen et al., 2020). Quantitative real-time
PCR (RT-qPCR) was performed to measure IAV PR/8 genomic

RNA levels.

2.5 RNA extraction, cDNA synthesis, and
RT-qPCR

Total RNA was extracted using the Total RNA Extraction Kit
(Solarbio, Beijing, China), and total RNA was then reverse transcribed
into complementary DNA (cDNA) with the reverse transcription
system from Vazyme (Nanjing, China). The RT-qPCR was performed
with SYBR Green (Vazyme, Nanjing, China) following the instructions,
and the reaction system was as follows: cDNA: 1 pL, forward primer
(10 pM): 0.5 pL, reverse primer (10 pM): 0.5 pL, gPCR Master Mix:
10 pL, and RNase Free Water: 8 pL. RT-qPCR assays were performed,
and the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
was used as a reference gene (Eisenberg and Levanon, 2013; Hui et al.,
2022). Relative gene expression was normalized to GAPDH using the
formula 2744¢T (Livak and Schmittgen, 2001). All primers used in this
study were validated via standard curve analysis, with their specific
sequences detailed in Supplementary Table 2.

2.6 Western blot assay

Cells were harvested and lysed on ice for 30 min in Radio
Immunoprecipitation Assay (RIPA) lysis buffer, followed by
centrifugation at 12,000 g for 20 min at 4°C. Supernatants were
collected, and total protein was evidenced using a bicinchoninic acid
(BCA) assay. Equal amounts of total protein (15 pg) were mixed with
protein loading buffer, denatured at 100°C for 15 min, separated by
Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-
PAGE), and then transferred to polyvinylidene fluoride (PVDF)
membranes. Membranes were blocked using 5% non-fat milk for 2 h
at room temperature, incubated overnight at 4°C with primary
antibody, washed with Tris-Borate-Sodium Tween-20 (TBST), and
then incubated with secondary antibody for 1 h at room temperature,
followed by another wash with TBST (Xiao et al., 2023). Proteins
were detected by an electrochemiluminescence detection system. The
images were analyzed with Image] 1.8 software (National Institutes
of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij).

2.7 Plaque assay

MDCK cells were grown to confluence and infected with diluted
cell culture supernatants for 2 h. The supernatants were then aspirated,
and an agarose overlay was applied, containing 1X DMEM, 1%
low-melting-point agarose (Sigma-Aldrich, St. Louis, MO, USA, Cat#
[A6877-25G]), and 2 pg/mL TPCK-treated trypsin. After 72 h of
incubation at 37°C, cells were fixed with 4% paraformaldehyde for 1 h
and then stained with crystal violet (Wang et al., 2024).
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2.8 Fluorescence microscopy

Following 2 h of infection, the inoculum was removed, and cells
were cultured for 24 h in F12 maintenance medium containing either
OTS167 or DMSO. Cells were then washed 3 times with sterile PBS
(5 min each wash). Cells were fixed with 4% paraformaldehyde for
10 min, washed 3 times with sterile PBS (5 min each wash), and
permeabilized with 1% Triton X-100 in PBS for 4 min. After three
washes with sterile PBS (5 min each wash), cells were blocked with 1%
BSA in PBS at room temperature for 1 h and washed 3 times with sterile
PBS (5 min each wash). Cells were then incubated overnight at 4°C with
primary antibody (NP, 1:300), washed 3 times with sterile PBS (5 min
each wash), and incubated for 1 h at room temperature with secondary
fluorescent antibody (1:100). After three washes with sterile PBS (5 min
each wash), nuclei were counterstained with 4’, 6-diamidino-2-
phenylindole (DAPI) for 5 min, and washed 3 times with sterile PBS
(Cui et al, 2024). Images of cells were captured using an inverted
fluorescence microscope (Zeiss Axio Vert.Al, Shanghai, China). Two
filters were used, the green fluorescent protein (GFP) channel for whole-
virus visualization and the DAPI channel for nuclear visualization.

2.9 Small interfering RNA study

A549 cells were plated in 6-well plates and cultured to near 80%
confluence. Cells were transfected with siRNA targeting MELK
(siRNA1: 5'-CCUAGUACUGCAAUUCGGGAAAUUU-3’; siRNA2:
5-CCCAAAUGGAAACCAGGAA-3’) using Lipofectamine 2000
Transfection Reagent (Invitrogen, Shanghai, China), following the
manufacturer’s protocol. Non-targeting siRNA served as a negative
control (El-Mayet et al., 2024). Western blot assay was conducted as
previously described to confirm gene knockdown at 12h
post-transfection.

2.10 In vivo anti-influenza activity of
OTS167

Seven-week-old female C57BL/6 mice were divided into three
groups, and 10° TCID50 PR/8 viruses were intranasally inoculated
into each mouse at a volume of 50 pL. Subsequently, OTS167
suspended in H,O was intranasally administered to mice at 10 mg/kg
concentrations for 3 consecutive days (Yang et al., 2023). Body weight
and survival of the infected mice were monitored following infection.

2.11 Synergy analysis

The combined effects of oseltamivir, zanamivir, and OTS167 on
IAV PR/8 replication were evaluated using the Bliss independence
model in SynergyFinder 3.0 (Institute for Molecular Medicine
Finland, Helsinki, Finland; https://synergyfinder.fimm.fi) (Ianevski
et al., 2022). Data were obtained from A549 cells infected with IAV
PR/8 and treated with drug combinations for 24 h. A synergy score
between —10 and 10 was considered additive, a score greater than 10
suggested synergism, and a score less than —10 indicated antagonism.
A 95% confidence interval was used to determine statistical
significance.
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2.12 Statistical analysis

Quantitative results are reported as mean + standard error of the
mean (SEM). Intergroup comparisons were performed using the
Mann-Whitney U test in GraphPad Prism 8. Significance is marked
in the figures using asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001.

3 Results

3.1 Screening kinase inhibitors identified
the MELK inhibitor OTS167 against IAV
infection

To probe the role of human kinome in influenza virus infection,
we screened a library of 172 pharmacological inhibitors targeting a
large number of protein kinases. We inoculated the human A549 lung
cell line with the IAV PR/8 strain. To minimize non-specific effects on
host cells, we used a relatively low concentration of 1 pM and treated
for 36h. By RT-qPCR quantification of viral genomic RNA,
we identified 17 candidates exerting over 50% inhibitory effects, and 10
with inhibition over 70%. Among these, OTS167 was one of the most
potent candidates (Figures 1A,B). Subsequently, we determined the half
maximal inhibitory concentration (ICs) against IAV PR/8 as
0.0102 pM, and the half maximal cytotoxic concentration (CCs) of
OTS167 in A549 cells as over 10 pM. This corresponds to a selectivity
index (SI) of over 980, indicating a huge therapeutic window
(Figure 1C). Treatment of IAV PR/8-infected A549 cells with 0.01, 0.1,
and 1 pM OTS167 significantly inhibited viral replication in a dose-
dependent manner (Figure 1D). OTS167 markedly suppressed the
synthesis of NP and HA proteins (Figure 1E). Plaque assay revealed that
OTS167 effectively inhibited the production of infectious viral particles
in the cell culture supernatant (Figure 1F). For example, treatment with
1 pM for 24 h reduced the infectious viral titer by over 90% (Figure 1F).

To further investigate the effects of OTS167 on the PR/8 virus,
OTS167 was three
(Supplementary Figure S1A). The expression of viral HA and NP

administered at distinct time points
proteins was evaluated 24 h after either OTS167 pre-treatment 2 h
before IAV infection, or during co-incubation of OTS167 with IAV
(Supplementary Figure S1B). Additionally, the expression of viral HA
and NP proteins was assessed at 6, 8, and 10 h post-infection when
treated with OTS167 IAV

(Supplementary Figure S1C). Results suggest that OTS167 may exert

cells  were after infection
its regulatory effects and impact viral replication immediately following
its addition. Indirect immunofluorescence analysis of NP protein
expression (green fluorescence) showed reduced fluorescence at both
0.1 and 1 uM concentrations of OTS167 treatment (Figure 1G). These
findings suggest that, although most kinase inhibitors exhibit limited
antiviral activity, MELK represents a promising target, and its

pharmacological inhibitor OTS167 exerts potent anti-influenza activity.

3.2 Influenza viral replication activates
MELK to support the infection

To probe whether influenza regulates MELK expression,
we evidenced MELK protein levels at a series of time points after AV
PR/8 inoculation in A549 cells. We observed that MELK protein

Frontiers in Microbiology

10.3389/fmicb.2025.1600935

expression was upregulated over time during the replication of IAV
PR/8 (Figure 2A). Furthermore, treatment with OTS167 profoundly
inhibited MELK expression in A549 cells infected with IAV PR/8
(Supplementary Figures S2A,B). To further validate the anti-influenza
potential of targeting MELK, we employed another pharmacological
inhibitor, MELK-8a. Consistently, plaque assay showed the inhibitory
effects on influenza virus replication at concentrations of 1 and 10 uM
(Figure 2B).

To confirm MELK’s role, we performed siRNA-mediated gene
silencing in A549 cells. As shown in Figure 2D, MELK expression was
significantly reduced in knockdown cells compared to that in the
scramble control cells. Importantly, MELK knockdown significantly
impaired IAV PR/8 replication as shown by reduced viral NP protein
levels and effectively inhibited the production of infectious viral
particles into cell culture supernatant at 12h post-infection
(Figures 2C,D). Viral titers in supernatants were evidenced by plaque
assay. These results indicate that MELK is a host factor supporting
influenza virus replication, which can be targeted by the
pharmacological inhibitors, including OTS167 and MELK-8a.

3.3 The MELK inhibitor OTS167 regulates
CDK1 to interfere with viral mMRNA splicing

It has been reported that MELK regulates CDK1 (also known as
cdc2 kinase) (Maes et al., 2019). Cdc2-like kinase 1 (CLK1) has been
recognized as a potential anti-influenza target owing to alternative
splicing of the M1 gene in influenza viruses (Karlas et al., 2010; Li
etal,, 2018). CDK1 is reported to regulate the function of spliceosomes
in cells by phosphorylating the splicing factor SF2/ASF (Okamoto
etal,, 1998). Therefore, we further investigated the impact of OTS167
on CDKI1 and its phosphorylated form. We found that both CDK1 and
phosphorylated CDK1 protein levels were significantly inhibited by
OTS167 treatment (Figure 3A). Reduction in pCDK1 levels correlated
with total CDK1 downregulation, implying MELK inhibition
destabilizes CDK1 protein. The precise mechanisms underlying the
reduction of both total CDK1 and its phosphorylated forms remain to
be further elucidated. Furthermore, the observed upregulation of
CDKI transcription levels at low OTS167 concentrations may stem
from protein functional deficiency, triggering cellular compensatory
feedback mechanisms, potentially through enhanced RNA synthesis
to counteract functional impairment (Figure 3B).

We then examined the splicing of influenza M1 mRNA. As shown
in Figure 3C, the ratio of M2/M1 mRNA was reduced by OTS167, and
consequently, the accumulation of M2 protein declined, resulting in a
decreased ratio of M2/M1 protein expression (Figure 3D). This finding
indicated that the antiviral activity of OTS167 against the influenza
virus is at least partially through affecting the splicing of M1 viral RNAs.

3.4 Broad-spectrum antiviral activity of
OTS167 against both IAV and IBV strains

To further investigate whether targeting MELK by OTS167 has
broad anti-influenza virus activity, we further evaluated its effects on
another IAV strain, IAV-180, and an IBV strain, B/Washington/02/2019.
Western blotting of viral protein and plaque assays, and quantification
of infectious titers showed consistent antiviral activity. At a
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Screening a library of kinase inhibitors identified OTS167 as a potent inhibitor against influenza A PR/8 virus infection. (A,B) A549 cells were infected
with the PR/8 virus. Following infection, the cells were treated with 172 kinase inhibitors at a concentration of 1 uM for 36 h. RT-qPCR analysis of viral
RNA revealed that OTS167 exhibited significant inhibitory activity against PR/8 virus replication. (C) CCs, curves of OTS167 were determined by CCK-8
assays on A549 cells. IC5, of OTS167 was determined through plagque assay. (D) Dose-dependent inhibitory activity of OTS167 on PR/8 virus-infected
A549 cells. RT-gqPCR data were normalized to the reference gene GAPDH and presented relative to the control. (E) Influenza PR/8 virus-infected A549
cells were treated with different concentrations of OTS167, and protein samples were harvested after 36 h. The expression of viral NP and HA was
stained and evidenced by western blot assay. (F) OTS167 dose-dependent inhibition of viral titer. (G) Indirect fluorescence microscope analysis of viral
NP (green) upon treatment with OTS167. Nuclei were visualized by DAPI (blue). Data are presented as the means + SEM (n = 3, *p < 0.05, **p < 0.01,
and ***p < 0.001).
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FIGURE 3
OTS167 suppresses M1 mRNA splicing by downregulating CDK1. (A) CDK1 accumulation was inhibited by OTS167. Lysates of IAV-infected A549 cells
were subjected to western blot for CDK1 and pCDK1. (B) OTS167 significantly reduced CDK1 mRNA levels. RT-gPCR data were normalized to the
reference gene GAPDH. (C) OTS167 blocks M1 splicing. IAV-PR8 M2 and M1 mRNA were evidenced by RT-gPCR after 24 h of OTS167 treatment.
(D) M2 and M1 protein levels were detected by western blot, and the expression levels were analyzed. Data are presented as the means + SEM (n = 3,
*p < 0.05, **p < 0.01, and ***p < 0.001).

concentration of 1 pM, the expression of IAV-180 HA and NP proteins
was inhibited by more than 90 and 50%, respectively, while the
expression of IBV HA and NP proteins was inhibited by more than
90% in each case (Figures 4A,C). Simultaneously, the production of
both IAV-180 and IBV viral particles was inhibited by over 90%
(Figures 4B,D). These findings suggest that targeting MELK by
OTS167 exerts broad-spectrum antiviral effects against multiple
influenza virus strains of IAV and IBV.
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3.5 OTS167 exhibits anti-influenza virus
activity in vivo

Subsequently, we evaluated the in vivo anti-influenza effects of
OTS167 in a mouse model. Briefly, C57BL/6 mice were infected with the
influenza A PR/8 strain via intranasal administration, and they were
treated once daily with OTS167 or vehicle. Notably, treatment with
OTS167 at 10 mg/kg for 3 days delayed virus-induced weight loss and

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1600935
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yang et al.

10.3389/fmicb.2025.1600935

OTS167 (uM) .
0 0.010.1 1 g
IAV-180-HA | me e | >
=
IAV-180-NP | Ay e §
GAPDH |...‘|
B
2.5x 105
€2.0x105- e
2 B
£ 1.5x1054
.:1:‘)- 5 *%k%k
Q 1.0x10°
Z 5.0x10%
*kk
0 T T T 9©
0 0.01 0.1 1
OTS167 (UM)
C
OTS167 (M)
0 0.010.1 1 %5,
BV-HA | -—— | g
[0]
=
IBVNP |- | g
[v4
GAPDH | e s |

FIGURE 4

1AV-180 NP and HA Expression (fold)

O

Antiviral activity of OTS167 against various IAV and IBV strains. (A) IAV-180-infected A549 cells were treated with different concentrations of OTS167,
and protein samples were harvested after 24 h. The expression of viral NP and HA was stained and evidenced by Western blot assay. (B) OTS167
significantly reduced IAV-180 virion production. Cell culture supernatant was analyzed by plaque assay. (C) IBV-Washington-infected A549 cells were
treated with different concentrations of OTS167, and protein samples were harvested after 24 h. The expression of viral NP and HA was stained and
evidenced by Western blot assay. (D) OTS167 significantly reduced IBV-Washington virion production. Cell culture supernatant was analyzed by plaque
assay. Data are presented as the means + SEM (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001).

IBV NP and HA Expression (fold)

1.5 b
HA
10 % °
.04 e e» o
: ;_l; N
o
0.5 3'%
o o
i *k%k
00 T T T lm
0 0.01 0.1 1
OTS167 (M)
4.0x105+
~ 3.0x10°- 5=
£
3
< 2 0x10°-
8
; Kk
B 1.0x10°-
*kk
*kk
0 T T T ©9C
0 0.01 0.1 1
OTS167 (uM)
1.5- o NP
o HA

N
o
1

- sy
_i_o

o
[&)]
1

©
o

0.01 0.1 1
OTS167 (uM)

reduced mortality (Figures 5A,B). OTS167 treatment significantly
reduced viral loads by approximately 70% compared to vehicle
(Figure 5C). Histological examination of lung tissues obtained from
necropsied mice 7 days post-infection (dpi) revealed neutrophil
infiltration and necrosis with inflammatory cell infiltration. As expected,
treatment with OTS167 decreased infection-induced pathological lesions
in the lungs. We further performed an immunohistochemistry assay
using specific anti-IAV antibodies to visualize the viruses in stained
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images. As shown in Figure 5D, relatively few viral antigens were
detected in the OTS167 treatment group compared to those in the
vehicle group. Compared to the infection group, the NP protein-positive
area was significantly reduced in OTS167-treated mice (Figure 5E). No
toxic effects were observed in the lungs, liver, or kidneys following the
administration of OTS167 alone (Supplementary Figure S3). Thus,
treatment with OTS167 inhibited influenza virus infection and
prolonged the survival of infected mice.
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3.6 Combinatory effects of OTS167 and
anti-flu drug on IAV replication

The clinic often uses combination antiviral therapies to achieve
optimal antiviral efficacy and avoid resistance development. Because of
their distinct antiviral mechanisms, we tested the combination of
OTS167 with the clinically used anti-flu drugs oseltamivir and zanamivir.

We first determined the non-toxic concentrations of oseltamivir and
zanamivir (Supplementary Figure S4). Subsequently, we assessed the
combined inhibitory effects of OTS167 with oseltamivir and zanamivir
against IAV PR/8 using RT-qPCR to measure IAV relative RNA levels
(Figures 6A,C). The Bliss synergy score was calculated as —2.098
(Figure 6B), indicating additive antiviral activity against IAV by combining
OTS167 and oseltamivir. The Bliss synergy score was calculated as 3.995
(Figure 6D), indicating additive antiviral activity against IAV by
combining OTS167 and zanamivir. Thus, these two selected anti-flu
agents showed additive antiviral effects in combination with OTS167.

4 Discussion

These existing therapies for treating influenza predominantly
consist of direct-acting antivirals (DAAs) that target specific viral
proteins, including NA, PA, and M2. Given the rise of drug-resistant
variants, it is imperative to identify new anti-influenza strategies and
potential therapeutics. The host-targeted broad-spectrum antiviral
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strategy represents an attractive potential solution to overcome these
limitations. Host kinase inhibitors represent one category of
compounds with great potential to be repurposed as broad-spectrum
antivirals. Viruses hijack a large number of host kinases at distinct
steps of their life cycle (Supekova et al., 2008; Li et al., 2009; Keating
and Striker, 2012; Jiang et al., 2014). Due to the broad requirement of
some host kinases, they represent promising targets for broad-
spectrum therapies. The development and approval of a substantial
number of kinase inhibitors for cancer (Gross et al., 2015) and
inflammatory conditions (Ott and Adams, 2011), in conjunction with
these findings, has driven efforts to assess the therapeutic potential of
such compounds against viral infections.

This study utilized A549 cells infected with IAV PR/8 as a model
to evaluate the impact of kinase inhibitors on IAV infection. Following
the screening of 172 kinase inhibitors, we found that most of these
inhibitors did not exhibit significant inhibition of viral replication.
Notably, OTS167, a MELK inhibitor, demonstrated a pronounced
antiviral effect against multiple strains of influenza viruses. The
mechanistic investigation revealed that OTS167 inhibits influenza
virus infection by affecting CDK1, thus suppressing the splicing of the
M1 gene (Figure 7).

MELK phosphorylates MELK itself, and this autophosphorylation
contributes to MELK stability. OTS167 has been described as
inhibiting MELK by blocking autophosphorylation of MELK, thus
resulting in the degradation and loss of MELK protein (Chung et al.,
2016). We observed MELK protein degradation and loss following
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Combinatory effects of OTS167 and anti-flu drug on IAV replication. (A,B) After OTS167 was used in combination with oseltamivir concentration, the
viral MRNA level was detected by RT-gPCR. (C,D) Through the analysis of the combination drug data, the score was —2.098, showing additive antiviral
activity. After OTS167 was used in combination with zanamivir concentration, the viral mMRNA level was detected by RT-gPCR. Through the analysis of
the combination drug data, the score was 3.995, showing additive antiviral activity. N = 3 independent experiments with two or three replicates each.

OTS167 treatment (Supplementary Figure S2A). To validate MELK
as a critical node in influenza virus replication, we employed another
MELK inhibitor, MELK-8a (Touré et al., 2016). Treatment with
MELK-8a demonstrated dose-dependent inhibition of progeny virus
production (Figure 2B). Concurrently, we inhibited the expression of
MELK in A549 cells via siRNA-mediated knockdown. The analysis
showed that MELK siRNA significantly attenuated viral protein
expression and progeny virion production (Figures 2C,D).

Previous studies have demonstrated that MELK downstream
regulates CDK1, a kinase involved in viral M1 mRNA splicing (Maes
et al.,, 2019; Zhao et al, 2022). We found that both CDK1 and
phosphorylated CDK1 protein levels were significantly inhibited by
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OTS167 treatment (Figure 3A). Subsequently, we measured the yields
of M2/M1 mRNA and the corresponding protein and found that
OTS167 can disrupt the M1 mRNA splicing for impairing IAV
infection (Figures 3C,D). These results support that OTS167 exhibits
substantial antiviral activity, making it a potential candidate for
antiviral drug development. This effect may be attributed to the
inhibition of MELK and subsequent modulation of M1 mRNA splicing.

MELK
phosphorylation-dependent interaction with the transcription and

regulates splicing events through a mitotic

splicing factor NIPP1, a protein phosphatase 1 inhibitor (Vulsteke
etal,, 2004). Currently, MELK has been predominantly studied in the

context of tumorigenesis and cancer therapy (Su et al, 2024).
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Schematic representation of the proposed cascade of OTS167 inhibition of IAV replication. OTS167 inhibits MELK, regulating to the downstream
effector CDK1, thereby inhibiting influenza virus M1 mRNA splicing to reduce viral replication and particle assembly.

Additionally, previous studies have reported that MELK is involved
in the uncoating process of HIV, regulating the replication of nucleic
acids during the later stages of the viral lifecycle, and plays a crucial
role in the HIV replication cycle (Takeuchi et al., 2017; Nishiyama
etal,, 2022). This suggests a potential analogous mechanism of action
for OTS167 against the influenza virus, a possibility that warrants
further investigation. Concurrently, the “cytokine storm” associated
with severe influenza represents a primary factor contributing to
increased mortality rates. Therefore, it is imperative to consider not
only the inhibition of viral replication but also the mitigation of
pulmonary inflammatory responses in the clinical treatment of
influenza. Protein kinases also play significant roles in inflammation-
related signaling pathways, regulating the host’s immune responses
to pathogen stimuli to activate pathways that combat viruses and
suppress inflammation (Arthur and Ley, 2013; Zarrin et al., 2021). In
this study, we found that OTS167 can alleviate the level of
inflammation in the lungs of mice (Figure 5D). Nuclear factor
kappa-B (NF-kB) regulates various aspects of innate and adaptive
immune functions and is a critical mediator of the inflammatory
response (Barnabei et al., 2021). MELK can modulate the NF-xB
pathway through SQSTMI1 (Janostiak et al., 2017), suggesting a
potential link between these studies. Furthermore, MELK can also
regulate C-Jun (Ganguly et al., 2015; Maes et al., 2019), which is
associated with influenza virus replication and host inflammation
(Xie et al., 2014).

The combination therapy approach is also an essential antiviral
strategy in clinical settings. Resistance to antiviral agents frequently
occurs during influenza treatment; however, combining medications
may yield improved therapeutic outcomes (Nguyen et al., 2010;
O’Hanlon et al., 2019). Compared to monotherapy, we found additive
antiviral activity of OTS167 in combination with both zanamivir and
oseltamivir (Figures 6B,D). These findings may inform the
development and clinical application of novel antiviral therapeutics.
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In summary, screening of a kinase inhibitor library identified
OTS167 as a potent inhibitor of influenza virus infection. Mechanistically,
inhibiting MELK by OTS167 downregulates the expression of CDKI to
interfere with viral M1 mRNA splicing. However, the exact mechanisms
by which MELK regulates influenza virus infection require further
investigation. Given that OTS167 is already under clinical investigation
for treating cancer, our results support the repurposing of OTS167 for
influenza treatment, particularly in immunocompromised cancer
patients who are at high risk of acquiring infection.
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