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General introduction

Influenza is a respiratory infection in humans and animals caused by influenza
viruses. Since the 20th century, influenza pandemics have occurred many times. One of
the more striking evolutionary features of influenza A viruses (IAVs) is genetic
reassortment, which leads to the emergence of pandemic-causing viruses (1, 2). [AVs
maintained in aquatic wild birds undergo genetic reassortment via poultry and livestock,
facilitating the emergence of novel viruses that can infect humans (3). Direct transmission
of TAVs from animals to humans also poses a significant threat to human health due to
potentially high morbidity and mortality (4, 5). Since human infection cases with high
mortality and morbidity caused by A(H5N1) highly pathogenic avian influenza viruses
(HPAIVs) were reported in 1997, cases of various subtypes of avian influenza viruses,
such as A(H7N9) viruses in 2013, infecting humans have been sporadically reported
(4-6). It is possible that all subtypes of influenza viruses could infect humans in the future;
therefore, preparedness with broad-spectrum antiviral drugs is important for pandemic
prophylaxis and treatment.

Early administration of antiviral drugs is crucial for the treatment in case of
zoonotic [AV infection (7). The U.S. Centers for Disease Control and Prevention
recommends the use of neuraminidase inhibitors (NAls), oseltamivir and zanamivir, as
antiviral drugs for humans infected with avian influenza viruses (7-9). However,
NAl-resistant mutants, which have been detected in seasonal influenza viruses (10, 11),
have emerged after NAI treatment in some cases (12, 13). These mutations were also
observed during animal surveillance studies of circulating avian influenza viruses and
have been identified in avian and human isolates as well, including an isolate from a
patient treated with oseltamivir (13-15). Hence, expanding treatment options is important.

Baloxavir marboxil (BXM), which is converted metabolically to its active form
baloxavir acid (BXA), is an orally available cap-dependent endonuclease (CEN) inhibitor
approved for clinical use in adults and adolescents worldwide (16). BXA selectively
inhibits CEN activity carried by polymerase acidic (PA) protein of influenza A and B
viruses and suppresses the transcriptional process of the viral genome (17, 18). The amino
acid sequence of the PA protein is highly conserved regardless of influenza virus subtype
(17); therefore, BXA exhibits broad antiviral activities against several subtypes of
influenza viruses, including zoonotic strains in vitro (18, 19). Moreover, BXA exhibits
inhibitory efficacy on viral replication at lower doses than other anti-influenza drugs
(18, 19). However, BXA susceptibility of zoonotic strains harboring NAI resistance

mutations and the inhibitory efficacy of BXM on zoonotic strains in animal models
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remain unclear. Furthermore, the amino acid substitution associated with reduced
susceptibility to BXA [e.g., isoleucine-to-threonine, -phenylalanine or -methionine at
amino acid position 38 (I38T, I38F or I38M) in the PA (PA/I38) N-terminal domain] has
been reported in clinical settings (17, 20-22). However, the characterization of PA/I38
variant in zoonotic strains has not been sufficiently performed, and the knowledge on PA
amino acid polymorphism, which can be a resistance mutation marker of BXA, has also
been limited (23, 24).

In this study, the in vitro and in vivo efficacy of BXM against several zoonotic
influenza virus strains was verified. In Chapter I, the efficacy of BXM against avian-
origin A(H7N9) and A(H5N1) viruses were evaluated. In Chapter 11, the impact of PA/I38
substitution and PA amino acid polymorphisms on BXA susceptibility of temporally and

geographically distinct zoonotic IAVs was evaluated.



Chapter |
Characterization of the in vitro and in vivo efficacy of
baloxavir marboxil against avian-origin A(H7N9) and

A(H5N1) virus infection



Introduction

Sporadic influenza outbreaks caused by various subtypes [e.g., A(H5N1),
A(H7N9), A(H5N8) and A(H9N2)] have been reported over the last decades (4-6). In
particular, human infections with avian-origin A(H7N9) or A(H5N1) influenza viruses
represent a serious threat to global health (4, 25, 26). In 2013, the first outbreak in humans
with an Asian lineage A(H7N9) virus was reported in China (27, 28). Since then,
A(H7NY) viruses have caused several epidemic waves, and laboratory-confirmed human
cases admitted to hospital with A(H7N9) virus exhibited high case fatality rates caused
by lung inflammation [e.g., severe pneumonia or acute respiratory distress syndrome
(ARDS)] (29). The highest number of human cases of A(H7N9) viruses occurred in China
from October 2016 and highly pathogenic A(H7N9) viruses were clinically isolated in
2017 (26, 29). Although no cases of human infection have been reported since 2019, it is
an avian influenza virus that should be closely monitored (30). Human infections caused
by A(H5N1) or the other subtypes of HS HPAIVs have been reported worldwide with
high mortality and morbidity since 1997 (4, 6). Infection with these viruses has been
reported to cause severe pneumonia, resulting in the death of most patients due to
progressive respiratory failure with ARDS (31, 32). In a previous report, the reduction in
viral titers in the lungs by anti-influenza drug treatments was positively correlated with
both the suppression of proinflammatory cytokine production and disease severity in
A(H5NT1) virus-infected murine model, suggesting that a strong inhibition of viral
replication can reduce lung dysfunction (33).

HPAIVs are susceptible to NAls, and treatment with oseltamivir has been
reported to be effective in patients with A(H7N9) or A(H5N1) HPAIV infections (34, 35).
However, the emergence of drug-resistant mutants [e.g., histidine-to-tyrosine at amino
acid position 275 (H275Y) or arginine-to-lysine at amino acid position 292 (R292K) in
the NA at N2 numbering] has been detected after NAI treatment in patients with these
virus strains (12, 36). These mutated viruses were also detected during animal
surveillance studies of circulating A(H7N9) or A(H5N1) viruses (13-15). NAIs have also
shown limited ability to reduce viral titers; therefore, there may be limited virologic or
therapeutic advantages, especially in patients with severe influenza with high viral loads
(37-39). Therefore, novel antivirals that overcome the current limitations for the treatment
of A(H7N9) or A(H5NT1) virus infection are urgently required to decrease both morbidity
and mortality in infected subjects and to assist in the preparedness to help mitigate
widespread transmission in possible future pandemics.

BXA exhibits broad antiviral activities against several subtypes of influenza
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viruses, including zoonotic strains in vitro (18, 19). However, BXA susceptibility to H7
or H5 HPAIVs isolated during various seasons and those harboring NAl-resistant
mutations remains unknown. Moreover, compared with other anti-influenza drugs, BXM
showed greater and more rapid reductions in viral load after treatment regimen initiation
in clinical settings and in vivo studies. Nevertheless, due to the sporadic presentation of
clinical cases, clinical assessments in A(H7N9) or A(H5N1) virus-infected patients are
difficult. Therefore, it is beneficial to assess the antiviral effect of BXM and its regimen
using in vivo models. For treating severe influenza cases, combination therapy using
antiviral drugs with different mechanisms of action provides theoretical benefits (40, 41).
Furthermore, studies have shown that combination therapy with oseltamivir phosphate
(OSP) and BXM or favipiravir (FPV) is effective in mice (42-44). However, there is
insufficient therapeutic evidence for combination therapy with BXM and OSP in infected
animal models of zoonotic strains.

In this chapter, the efficacy of BXM against avian-origin A(H7N9) and A (H5SN1)

influenza viruses was evaluated.



Materials and methods

Compounds

BXM and BXA were synthesized at Shionogi & Co., Ltd. (Osaka, Japan).
Oseltamivir acid (OSA) was purchased from Toronto Research Chemicals, Inc. (Toronto,
ON, Canada). OSP was purchased from Sequoia Research Products Ltd. (Pangbourne,
UK). Peramivir trihydrate (PRV) was purchased from AstaTech, Inc. (Philadelphia, PA,
USA). FPV was purchased from PharmaBlock Sciences, Inc. (Nanjing, China).

Cells and viruses

The Madin-Darby canine kidney (MDCK) [European Collection of Cell Cultures
(Public Health England, UK)] cells were maintained at 37 °C under 5% CO; in minimum
essential medium (MEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mmol/L L-glutamine, 50 units/mL penicillin, 50 pg/mL streptomycin and 0.05%
sodium hydrogen carbonate. Human lung adenocarcinoma epithelial (A549) cells were
maintained at 37 °C under 5% CO; in Dulbecco’s Modified Eagle Medium supplemented
with 10% heat-inactivated FBS, 50 units/mL penicillin, and 50 pg/mL streptomycin and
0.05% sodium hydrogen carbonate.

All tested viruses were propagated in embryonated chicken eggs and harvested
from virus-containing allantoic fluids. Recombinant A/Anhui/1/2013 (H7N9) virus
harboring NA/R292K and A/Hong Kong/483/1997 (H5NT1) viruses [wild-type (WT),
harboring NA/H275Y or asparagine-to-serine at amino acid position 294 (N294S)] were
generated by plasmid-based reverse genetics (45). Recombinant viruses were propagated
in embryonated chicken eggs and harvested from virus-containing allantoic fluids.
Infectious titers were determined by the standard 50% tissue culture infectious dose
(TCIDso) assay in MDCK cells.

Virus yield reduction assay

Two days prior to infection, MDCK cells were seeded in 96-well plates and the
cells were infected with each virus at 100 TCIDso/well. The infected cells were incubated
at 35 °C under 5% CO; for 1 hour and wash out the virus inoculum, followed by the
addition of the fresh MEM including 2.5 pg/ml with or without [recombinant A(H5N1)
viruses only] acetylated trypsin and defined concentrations of test compounds. BXA and
FPV were dissolved in dimethyl sulfoxide and OSA was dissolved in distilled water. The
cells were incubated at 35 °C under 5% CO: for 24 hours and viral titers in the culture

supernatants were determined in MDCK cells. The 90% effective concentration (ECop)
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values were finally calculated as the concentration necessary to decrease the viral titer in
the culture supernatant to one-tenth of the untreated control value using a linear
interpolation method. The mean and standard deviation (SD) were calculated from three

independent experiments.

Genetic analysis

PA nucleotide sequences of 10,312 clinical isolates for A(HIN1), 13,185 for
A(H3N2), 196 for A(H5N1) and 1,094 for A(H7N9), were downloaded from the National
Center for Biotechnology Information (NCBI) and Global Initiative on Sharing All
Influenza Data (GISAID) on October 24, 2018. Amino acid sequences of the PA protein
were aligned using the ClustalW program in the component of Pipeline Pilot 2018
[BIOVIA. (San Diego, CA, USA)], and conservation of amino acid residues in close

proximity to the BXA was calculated within individual influenza virus subtypes.

Animal experiments
Experiment 1

Six-week-old female BALB/c mice [Japan SLC, Inc. (Shizuoka, Japan)] were
maintained in a temperature- and humidity-controlled environment. The mice were then
intranasally infected (50 uL/mouse) with 4.0 x 10° TCIDso [10.4 times of 50% mouse
lethal dose (MLDso)] of A/Anhui/1/2013 (H7N9) strain or 75 TCIDso (31.3 times of
MLDso) of A/Hong Kong/483/1997 (H5N1) strain under anesthesia (1.6 mg/mL
zolazepam hydrochloride, 1.6 mg/mL tiletamine hydrochloride and 1.9 mg/mL xylazine
hydrochloride in saline), and treatment started immediately, 24 [only A/Anhui/1/2013
(H7N9) infection] or 48 hours after virus inoculation. Subsequently, the mice were treated
with BXM (0.5, 5 or 50 mg/kg/dose) twice daily (12 hours interval between each dosing)
for 5 days through oral gavage. The dosing regimen of BXM 5 mg/kg/dose, twice daily
for 5 days, is an extrapolated clinical setting from previous reports (46, 47). For the
controls, the vehicle (0.5 w/v% methylcellulose) or OSP [5 (clinically-equivalent dose;
75 mg/kg/day in human or 50 mg/kg/dose)] was administered twice daily for 5 days
through oral gavage (48). The dosing volume was 10 mL/kg and was calculated based on
the body weight before each dosing. Survival rates and body weight changes were then
monitored throughout a 21-day [A/Anhui/1/2013 (H7N9) infection] or 14-day [A/Hong
Kong/483/1997 (H5N1) infection] period after the infection (n = 10/group). The viral
titers in the lungs of mice at 1, 3 and 5 days post-infection (dpi) were finally determined
in MDCK cells (n = 5/group), whereas viral titers in the brains and kidneys of mice [only
A/Hong Kong/483/1997 (H5N1) infection] at 6 dpi were determined in MDCK cells
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(n = 5/group).

Experiment 2

Under anesthesia, the mice were intranasally infected with 75 TCIDso (31.3
MLDso) of A/Hong Kong/483/1997 (H5N1) virus, and treatment started 48 hours after
virus inoculation. The mice were treated with BXM (5 or 50 mg/kg/dose) twice daily for
5 days through oral gavage. For the controls, the oral gavage method was used to
administer the vehicle or OSP (10 mg/kg/dose) twice daily for 5 days. Combination
therapy was performed with BXM (5 mg/kg/dose) and OSP (10 mg/kg/dose) twice daily
for 5 days through oral gavage. The dosing volume was 10 mL/kg and was calculated
based on the body weight before each dosing. Subsequently, survival rates and body
weight changes were monitored throughout a 21-day period after the infection
(n = 5/group). The viral titers in the lungs, brains and kidneys of mice at 3, 5, 6 and 7 dpi
were then determined in MDCK cells (n = 5/group).

Sequence analysis of the PA region in experiment 1

The viral RNAs derived from lung homogenates of BXM-treated mice were
extracted by PureLink Viral RNA/DNA Mini Kit [Thermo Fisher Scientific, Inc.
(Waltham, MA, USA)] according to the manufacturer’s protocol. Reverse transcription
reaction, amplification of complementary DNA and sequencing reaction were performed
as previously reported (49). The primers used in this study were as follows; PA-1F,
5'-ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT-3" and PA-955R,
5'-TGCATTTGATTGCATCATATAG-3'. Sequence analysis of PA N-terminal domain
[the PA gene of A/Anhui/1/2013 (H7ND9) strain] was performed by the Sanger sequencing
method using the 3500/3500xL genetic analyzer [ Thermo Fisher Scientific, Inc. (Waltham,
MA, USA)].

The viral RNAs derived from lung homogenates of BXM-treated mice were
extracted by QIAamp® Viral RNA Mini Kit [QIAGEN (Hilden, Germany)] according to
the manufacturer’s protocol. Quantitative real-time reverse-transcriptase polymerase
chain reaction (RT-qPCR) was used to quantify viral RNA in the obtained samples.
Subsequently, Sanger sequencing was used to conduct sequence analysis of the PA region
[the PA gene of A/Hong Kong/483/1997 (H5N1) strain]. All RNA samples quantified over
the lower limit of quantification (800 copies/reaction) were subjected to this analysis. LSI

Medience Corporation (Tokyo, Japan) conducted the RT-qPCR and Sanger sequencing.



Quantitative analysis of proinflammatory cytokines and chemokines

The collected lung samples in experimental 1 were homogenized, after which
the levels of interleukin (IL)-6 and monocyte chemoattractant protein (MCP)-1 in the
lungs were quantitatively determined using Quantikine ELISA [R&D Systems
(Minneapolis, MN, USA)] according to the manufacturer’s protocol.

Histopathological experiments
Lungs were collected from mice infected with 75 TCIDso (31.3 MLDso) of

A/Hong Kong/483/1997 (H5N1) strain at 5 dpi (n = 3/group). The samples were then
fixed through perfusion in 10% phosphate-buffered formalin. The formalin-fixed left
lungs were subsequently dissected, embedded in paraffin, and sectioned. Finally,
hematoxylin and eosin (HE)-stained sections were prepared and subsequently used for
histopathological analysis by Sapporo General Pathology Laboratory Co., Ltd. (Sapporo,
Japan).

Combination effects of BXA and NAls in vitro

The A549 cells, 319 TCIDso/well of A/Hong Kong/483/1997 (H5N1) virus, and
compounds in serial dilutions (for BXA, 0.1-8.0 nmol/L; for OSA, 1.6-400 nmol/L; for
PRYV, 1.6-100 nmol/L) were simultaneously seeded in 96-well plates. The infected cells
were then incubated at 37 °C under 5% CO: for 4 days. All supplements were prepared
using MEM supplemented with 2% heat-inactivated FBS, 2 mmol/L L-glutamine,
50 units/mL penicillin, 50 pg/mL streptomycin and 0.05% sodium hydrogen carbonate.
After incubation, cell viability was assessed with a 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) reagent, as previously reported (50).
Subsequently, data analysis for yielding isobologram plots and calculating the
combination index (CI) values was conducted as previously reported (42). In detail, CI
values, under the condition that both substances were added at the concentration ratio of
each 50% effective concentration (ECso) value, were calculated using the following
formula: CI = (Da/a+ B)/Da + (Dp/a + B)/DB + (Da/a+ B X Dp/a + B)/(Da % Dg). The
combination effect was determined according to the following criteria:
CI < 0.8, synergy; 0.8 < CI < 1.2, additive; 1.2 < CI, antagonism.

Statistical analysis
To compare the survival periods after infection between each BXM-treated
group and vehicle- or OSP-treated groups in experiment 1 and 2, the log-rank test was

performed. To compare the survival periods after infection between BXM/OSP
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combination group and vehicle- or OSP-treated groups in experiment 2, the log-rank test
was also performed. Dunnett’s multiple-comparison test was performed for comparisons
between viral titers in mouse tissues, cytokine and chemokine levels in lung tissue and
lung wet weight-to-body weight ratios between each BXM-treated group, or between the
BXM/OSP combination group and vehicle-treated or OSP-treated groups at each
timepoint. All statistical analyses were conducted using the statistical analysis software
SAS version 9.2 for Windows [SAS Institute. (Cary, NC, USA)]. P values < 0.05, < 0.01
and < 0.001 were considered statistically significant.

Ethics statement

The animal experiments were authorized by the Institutional Animal Care and
Use Committee of the Faculty of Veterinary Medicine, Hokkaido University (approval
numbers 15-0063, 15-0067, 15-0068, 16-0107, 16-0108 and 18-0107), and performed
according to the guidelines of this committee. The facilities where the animal experiments
were conducted are certified by the Association for Assessment and Accreditation of
Laboratory Animal Care International. All animals were housed in self-contained units
[Tokiwa Kagaku Kikai Co., Ltd. (Tokyo, Japan)] at the ABSL3 facilities of the Faculty of
Veterinary Medicine, Hokkaido University, Japan. The mice were euthanized when they
lost greater than 30% of their body weight compared with their pre-infection weight in

each animal experiment.
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Results

Inhibitory effect of BXA on viral replication of A(H7N9) and A(H5N1) in vitro

To examine the antiviral activity of BXA against H7 or H5S HPAIVs, isolated
from 1997 to 2021, in vitro drug susceptibility of BXA was evaluated by using MDCK
cells. BXA showed comparable inhibition efficacy in tested natural isolated (mean ECoo
ranged from 0.7 to 1.5 nmol/L) compared with that of A/Anhui/1/2013 (H7N9) and
A/Hong Kong/483/1997 (H5N1) strains as previously reported (Table 1). BXA also
exhibited comparable potency against recombinant A/Anhui/1/2013 (H7N9) harboring
NA/R292K or recombinant A/Hong Kong/483/1997 (H5N1) harboring NA/H275Y or
NA/N294S substitution to the WT, indicating no-cross resistance with NAIs was observed.
In contrast, OSA required approximately 70-fold or higher concentrations to archieve the
same levels of inhibitory efficacy against NAl-resistant viruses as that of the WT virus.
However, FPV showed comparable antiviral activity against the tested viruses, but the
concentration range of FPV used remained higher than that of BXA. Among the PA amino
acid polymorphisms, avian-origin influenza A(H7N9) viruses typically harbor a
polymorphic alanine-to-serine at amino acid position 37 (A37S) in the PA, which is
involved in BXA binding in the endonuclease domain (Table 1 and 2). However, this PA
polymorphism was not associated with BXA susceptibility.

The protective efficacy of BXM on lethal A(H7N9) and A(H5N1) infections in vivo

In order to evaluate the effects of BXM against A(H7N9) and A(H5N1) viruses
in a lethal infection model, mice were infected with 10.4 MLDso of A/Anhui/1/2013
(H7N9) at first. All vehicle-treated mice died within 7 dpi (Fig. 1a). Clinically-equivalent
dosing of OSP (48), 5 mg/kg twice daily for 5 days, and a supratherapeutic dose, 50 mg/kg
twice daily for 5 days, resulted in 30% and 50% survival, respectively. In this setting,
survival rates of BXM at 0.5, 5, and 50 mg/kg twice daily for 5 days were all 100%. Next,
mice were infected with 31.4 MLDso of A/Hong Kong/483/97 (H5N1). All vehicle- or
OSP at 5 mg/kg-treated mice died within 7 and 9 dpi, respectively (Fig. 1b). By contrast,
OSP at 50 mg/kg resulted in 70% survival. In this setting, survival rates of BXM at 0.5,
5, and 50 mg/kg were all 100%. These results indicate that BXM improves survival in
mice infected with clinical isolates, A/Anhui/1/2013 (H7N9) and A/Hong Kong/483/97
(H5NT) strains.

Effects of BXM on viral titers in mice infected with A(H7N9) and A(H5N1) viruses

In order to examine the inhibitory effects of BXM on the viral replication of
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A/Anhui/1/2013 (H7N9) strain in vivo, viral titers in lung homogenates derived from
infected mice were measured at 1, 3 and 5 dpi. BXM treatment at 5 and 50 mg/kg
decreased viral titers in the lungs of mice by more than 3-logs compared with that of
vehicle- or OSP-treated group, whereas viral titers of all OSP-treated groups were
comparable with those of vehicle-treated group at 1 dpi (Fig. 2a). Viral titers were
suppressed by more than 1 to 3-logs following BXM treatment compared with that of
vehicle- or OSP-treated groups at 3 and 5 dpi. In addition, mutation analysis of the PA
N-terminal domain (residues 1 to 209) (51) of A/Anhui/1/2013 (H7N9) strain was
performed on lung homogenates of the infected mice treated with BXM. There were no
amino acid changes in the analyzed regions including residues implicated in BXA
resistance by affecting BXA binding to the active center of the endonuclease domain
(17, 20), such as PA/I38.

Next, the inhibitory effect of BXM on viral replication of A/Hong Kong/483/97
(H5N1) strain in vivo was examined. Compared with vehicle treatment, OSP treatment
decreased viral titers in lung homogenates derived from infected mice at 1 dpi (Fig. 2b).
However, this effect diminished in effectiveness at 3 and 5 dpi. In contrast, compared
with vehicle- and OSP-treated groups, BXM-treated groups significantly decreased viral
titers in the lungs of mice at 1 dpi and sustained this effectiveness until 5 dpi. Genotypic
alterations in the whole PA gene of A/Hong Kong/483/97 (H5N1) derived from lung
homogenates of infected mice treated with BXM were analyzed. In these lung samples,
3 sample had nucleic acid changes, but 2 out of 3 samples had silent mutation. The other
sample had a substitution of isoleucine-to-valine at amino acid position 127 (I1127V) in
the PA, which did not impact on BXA susceptibility. In A(H5N1) HPAIV-infected mice
model, infectious viruses were detected in organs other than respiratory tissues (e.g., brain
and kidney), which is proposed to be due to the spillover of high viral titers of the virus
replicated in mice (52). Therefore, the inhibitory effects on viral titers in the brain and
kidney homogenates at 6 dpi, when viruses could be detected, were analyzed. As a result,
infectious viruses were detected in the brains of all vehicle-treated mice, three of five OSP
at 5 mg/kg-treated mice and one of five OSP at 50 mg/kg-treated mice (Fig. 3a). In
contrast, no viruses were detected in the brain of BXM at 5 and 50 mg/kg-treated mice.
However, infectious viruses in the kidney were detected only in the vehicle-treated mice
(Fig. 3b). These results suggest that BXM has profound inhibitory effects on viral
replication in the lungs of mice infected with A(H7N9) and A(H5N1) viruses. BXM also

inhibited viral replication in the extra respiratory organs of A(H5N1) virus-infected mice.
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Prevention of inflammation in mice lungs following BXM treatment

It has been previously reported that production of proinflammatory cytokines
and chemokines, such as IL-6 and MCP-1, is markedly elevated in A(H7N9) or A(HS5N1)
virus-infected patients. Furthermore, inflammation in the lungs associated with A(H7N9)
or A(H5N1) virus infection resulted in a rapidly progressive pneumonia and development
of ARDS in the majority of hospitalized patients (31, 33, 34). Therefore, the impact of
BXM treatment upon proinflammatory cytokines and chemokines production in the lung
of mice infected with A/Anhui/1/2013 (H7N9) or A/Hong Kong/483/97 (H5N1) strain
was evaluated. Treatment of the A(H7N9) virus-infected mice with BXM at 5 and 50
mg/kg resulted in a significantly less pronounced production of both proinflammatory
cytokines and chemokines when compared with vehicle-treated mice, consistent with the
reduction of viral titers in the lungs of mice (Fig. 4a). In contrast, OSP treatment showed
a limited inhibitory effect on IL-6 and MCP-1 production in the lungs of mice compared
with vehicle-treated mice. In case of A(H5N1) virus infection, BXM-treated group
exhibited significantly less-pronounced production of IL-6 and MCP-1 compared with
vehicle- or OSP at 5 mg/kg-treated groups, which resulted from the reduction of viral
titers in mouse lungs at 5 dpi (Fig. 4b). OSP-treated group also exhibited a significant
inhibitory effect on IL-6 and MCP-1 production in mice lungs compared with
vehicle-treated group.

Subsequent analyses of proinflammatory cytokine and chemokine production in
mice lungs, including histopathological findings from lungs of A(H5N1) virus-infected
mice treated with BXM were performed next. Acute pneumonia, including thickening and
inflammatory cell infiltration of alveolar walls, inflammatory cell infiltration within the
alveoli, bronchiolar and perivascular cell infiltration and edema, was observed in about
quarter to half of the global area of all vehicle-treated mice lungs (Fig. 5). These findings
were suppressed in mice treated with OSP at 5 mg/kg compared with those treated with
the vehicle. In contrast, no abnormal findings in the lungs were observed in each lung
after BXM at 5 mg/kg treatment. These results demonstrate that BXM has a profound
inhibitory effect on inflammation in the lungs of A(H7N9) or A(H5N1) virus-infected

mice.

Delayed treatment of BXM for lethal A(H7N9) virus infection

To further investigate the therapeutic effect of BXM, mice infected with 10.4
MLDso of A/Anhui/1/2013 (H7N9) were treated with BXM starting at 24 and 48 hours
after infection, and subsequently survival and body weight loss were monitored. Mice

without treatment died from 5 to 7 days after infection, consistent with findings presented
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in Fig. 1a (Fig. 6). In this setting, the 24 hours delayed treatment of BXM at 5 and 50
mg/kg resulted in complete protection against lethal infection with A/Anhui/1/2013
(H7NO) strain. The therapeutic effect was still observed with the mice given BXM at 48
hours after infection. A time-dependent protective effect by means of body weight change
was confirmed on all BXM-treated mice. These results suggest that BXM exhibits
therapeutic effects against A/Anhui/1/2013 (H7N9) in mice when BXM treatment is
initiated no later than 48 hours after infection.

Combination efficacy of BXM and NAIs on A(H5N1) virus infections

The combination efficacy of BXM and OSP in A(H5N1) virus-infected mice was
next evaluated to explore the possibilities of a potent therapeutic option compared with
BXM monotherapy. First, combination effects of BXA and NAls (OSA or PRV) on
A(H5N1) virus infection in vitro were evaluated. The cytopathic effect (CPE) assay was
then conducted in A549 cells. The isobologram plot showed that the combination of BXA
with OSA and PRV resulted in CI values of 0.19 and 0.40, respectively, indicating that
BXA exhibited synergistic effects with NAls in vitro (Fig. 7), as previously reported
(42, 53). Next, to investigate the therapeutic effect of BXM monotherapy (5 or 50 mg/kg
twice daily for 5 days) or combination therapy at clinically higher doses of OSP (10 mg/kg
twice daily for 5 days) (54), A/Hong Kong/483/1997 (H5N1)-infected mice were treated,
starting at 48 hours after infection. All mice treated with vehicle and OSP at
10 mg/kg-treated mice showed gradual body weight loss after viral infection, resulting in
death within 8 dpi (Fig. 8). Further, mice treated with BXM at 5 mg/kg showed delayed
body weight loss. However, 40% of BXM at 5 mg/kg-treated mice survived at 21 dpi.
Additionally, mice treated with BXM at 50 mg/kg showed little body weight loss and
survived. In this setting, it is confirmed that BXM (5 mg/kg)/OSP (10 mg/kg)
combination therapy suppressed body weight loss and improved survival at 21 dpi
compared with monotherapy. Furthermore, all BXM monotherapy groups showed
significantly lower viral titers in the lungs of mice compared with vehicle- and
OSP-monotherapy groups (Fig. 9a). Notably, BXM/OSP combination therapies also
reduced viral titers in the lungs and tended to reduce viral titers at 6 and 7 dpi more than
those of BXM at 5 mg/kg monotherapy. Furthermore, BXM monotherapy or BXM/OSP
combination therapy significantly reduced viral titers in the brains and kidneys at 5, 6 and
7 dpi compared with vehicle or OSP treatment (Fig. 9b and 9c).
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Discussion

In this study, BXA exhibited similar in vitro activity against H7 or HS variants
and A(H7N9) and A(H5N1) viruses harboring NAI-resistant mutants in comparison with
seasonal and other zoonotic strains (18, 19). BXA was susceptible to these viruses and
showed no cross resistance to NAlI-resistant mutants, adding to the evidence that it is
effective against A(H7N9) and A(H5N1) viruses, which pose a risk for human infection
(4-6). Several A(H7N9) viruses possesses PA/A37S polymorphism, which is involved in
BXA binding in the endonuclease domain. However, PA/A37S did not impact on BXA
susceptibility.

The therapeutic effect of oral BXM administration was investigated following
A(H7N9) or A(H5N1) challenge in a lethal infection murine model. In previous reports,
OSP had limited effect on the inhibition of body weight loss and the concomitant
reduction of viral titers in mice infected with A/Anhui/1/2013 (H7N9) and
A/Hong Kong/483/97 (H5N1) strains, comparable results as above were obtained in this
study (28, 33). In this model, BXM achieved strong reductions in viral titers compared
with the vehicle and OSP-treated groups and resulted in significant improvements in
mortality. Especially, BXM at 5 and 50 mg/kg continued to suppress the viral load from
the day after administration. The target plasma concentration 24 hours after a single-dose
(C24) of BXA be set at 6.85 ng/mL in non-clinical and clinical studies (46, 47). The
concentration of BXA in plasma could be maintained above the target concentration of
6.85 ng/mL for at least 5 days following oral administration of BXM at 40 mg in humans
(47). The target plasma concentration 120 hours after a single-dose (Ci20) of BXA after
5-day dosing of BXM at 5 mg/kg twice daily in mice are expected to be close to those in
humans (46, 47); therefore, the dosages used in mice model of BXM at 5 mg/kg twice
daily for 5 days are comparable to the clinical dosages. BXM also extended the treatment
window, which indicated that BXM might be a reasonable option in an infection with
A(H7N9) and A(H5N1) viruses. These results suggest that BXM treatment, using the
extrapolated clinical setting from the above mice models, has therapeutic potential against
A(H7N9) or A(H5N1) virus infection in mammals.

In human infection with A(H7N9) and A(HS5NI) viruses, virus-induced
proinflammatory cytokine and chemokine dysregulation in the lungs or serum contributes
to disease severity (55, 56). Similar findings were observed in A(H7N9) and A(H5N1)
virus-infected mice. Proinflammatory cytokines and chemokines are highly induced in
the early phase of influenza virus infection and are associated with airway inflammation;

thus, BXM may ameliorate severe influenza pneumonia due to exerting an inhibitory
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effect upon the production of IL-6 and MCP-1 in the early stages of virus infection

(32, 57). Early inhibition of viral replication is more promising than inhibition of the
cytokine response for improving host survival during A(H5N1) virus infection (58).
Moreover, the polymerase complex genes of human A(H5NT1) strains contribute to high
pathogenesis in mammals (59). Some novel polymerase inhibitors (e.g., FPV and
pimodivir) have also shown strong efficacy for inhibiting viral replication and preventing
death in A(H5N1) virus-infected mice compared with OSP, implying that the inhibition
of polymerase activity was effective in treating A(HSN1) infection (60, 61). Therefore,
BXM, which is more potent for inhibiting viral RNA transcription and thereby inhibiting
viral replication, is proposed to be more suitable as a therapeutic option than OSP.

Next the effects of BXM in A(H5N1) HPAIV-infected murine model were
evaluated in detail. A(HSN1) HPAIVs have an ability to replicate and spread in primary
human immune cell cultures or multiple organs of mice or ferrets, unlike seasonal strains
(62, 63). Therefore, it is meaningful to clarify the inhibitory efficacy of BXM on the
reduction of viral load in multiple organs and assess mortality caused by A(H5N1) HPAIV
infection in mice models. In this A/Hong Kong/483/97 (H5N1)-infected mice model,
BXM at 5 mg/kg was sufficient to significantly decrease the viral load in the lungs,
resulting in significant improvements in mortality compared with vehicle or OSP. Viral
replication in the brains or kidneys was detected by spillover because of high viral burden
in mice (64, 65). The systemic spread of A(H5NT1) has also been reported to be associated
with disease pathogenesis in mammals, particularly for A/Hong Kong/483/1997 (H5N1)
strain, which accounts for neurotropism (51, 63, 66, 67). Similarly, few viruses were
detected in the brains and kidneys after BXM treatment, suggesting that BXA directly
inhibited viral replication in tissues other than the respiratory organs. Additionally, the
antiviral efficacy of BXM has first been observed in the lungs, which is proposed to
contribute to the inhibition of viral spread from the lungs to extra respiratory organs. This
finding evidences that BXM treatment, using the extrapolated clinical setting from the
above mice models, has therapeutic potential against HS HPAIVs, with high mortality
being observed in mammals.

BXM/OSP combination therapy is a beneficial option for reducing viral titers in
the lungs and improving mortality in severe A(H1N1)-infected mice model (42). In this
study, combination therapy increased the survival of mice compared with BXM- or
OSP-monotherapy in A(H5N1)-infected mice model, suggesting that combination
therapy was effective without antagonism for treating A(H5N1) infection. BXM and OSP
have different modes of action on the viral replication cycle. Therefore, it is considered

that the combination therapy showed a strong viral inhibition effect and reduced systemic
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viral loads. Combination therapy with the polymerase inhibitor FPV in addition to OSP
started at 96 hours after infection resulted in the complete suppression of mortality in

A(H5N1)-infected mice (44), however in this study, BXM/OSP combination started at 48
hours after infection did not completely suppress mortality. This was proposed to be due
to the higher infectivity of titers infected in this study compared with those used in
previous studies (43, 44). Nevertheless, these results present the first evidence confirming
the efficacy of combination therapy with BXM and OSP for treating A(HSN1) HPAIV

infection.
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Summary

Avian-origin A(H7N9) and A(H5N1) viruses sporadically infect humans from
birds with high morbidity and mortality by highly severe respiratory dysfunction.
Although NAIs are recommended for the treatment of these viral infections, case reports
are not enough, and the emergence of NAI-resistant viruses is a concern. BXM, which is
converted metabolically to its active form BXA, is an orally available CEN inhibitor
approved for clinical use in adults and adolescents worldwide. BXA selectively inhibits
CEN activity carried by the PA protein, which is highly conserved regardless of influenza
virus subtypes, of influenza A and B viruses and shows broad antiviral activities against
several influenza viruses. However, there were few reports in which BXA were treated
for animals with avian influenza virus infection; therefore, it was considered that
obtaining the evidence was crucial.

In this study, BXA susceptibility of A(H7N9) and A(H5N1) viruses isolated over
several years naturally and those recombinant viruses harboring NAI-resistant mutations
was retained. As observed, the oral administration of BXM drastically decreased viral
loads in the lungs and extra respiratory organs. BXM administration also reduced lung
inflammation and improved mortality in an A(H7N9) and A(H5N1)-infected mice model.
Moreover, combination therapy with BXM and OSP can be used as a treatment option for
severe influenza such as A(H7N9) and A(H5N1) infections. Furthermore, compared with
monotherapy, combination therapy with BXM and OSP had more potent effects on viral
replication in organs, thereby improving survival in 48 hours delayed treatment model.
These findings indicate that BXM has potent antiviral activity against H7 and HS5

influenza virus infection.
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Chapter 11
Characterization of PA amino acid polymorphisms on
the susceptibility of zoonotic influenza A viruses to

baloxavir acid
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Introduction

Genetic reassortment of IAVs through cross-species transmission can contribute
to the generation of pandemic influenza viruses (68). [AVs kept in aquatic wild birds
infect humans via epidemics of poultry and livestock when they efficiently adapt and
replicate because the segmented RNA genome of [AVs allows genetic reassortment
frequently; thereby, new viruses can emerge (3).

BXA targets CEN located in the PA N-terminal domain, which is highly
conserved among IAVs (Table 2), and it exhibits viral replication inhibitory activity
against various 1AVs, including zoonotic strains such as H5 and H7 subtypes, at lower
concentrations than other anti-influenza drugs (18, 19). However, variants exhibiting
reduced BXA susceptibility have been detected in some seasonal influenza patients who
received BXM therapy (e.g., PA/I38T, PA/I39F or PA/I38M) (17, 20-22). Several studies
have examined the impact of PA/I38 substitution on the fitness of various seasonal
influenza virus strains (18, 22, 69, 70). However, many characteristics of zoonotic
influenza viruses remain unclear because natural polymorphisms at this residue are rare.
In a previous study, only two A(HS5NI1) wvirus isolates harboring PA/I38T
[A/chicken/Michigan/22-013961-001/2022 (chicken/M1/22)] and PA/I38M
[A/Cooper’s hawk/Minnesota/22-012931-001/2022 (hawk/MN-1/22)] were tested and
showed lower BXA susceptibility compared with baseline susceptibility, where A(H5NT1)
viruses lacking the flagged PA substitutions were used to determine the median baseline
ECso (24). However, the evidence cannot prove the responsible amino acid substitutions
for reduced BXA susceptibility, because tested isolates have several amino acid
substitutions except for PA/I38 [for example, chicken/MI/22 have [38T,
methionine-to-isoleucine at amino acid position 61 (M611), and alanine-to-threonine at
amino acid position 85 (A85T) in the PA domain]. This means that the impact of other
polymorphisms differing from PA/I38T on the BXA susceptibility is unknown. Moreover,
unlike the case of NAls (e.g., NA/H275Y or NA/R292K at N2 numbering), genetic
markers of BXA susceptibility in zoonotic influenza viruses have been unclear.

In this chapter, the BXA susceptibility of recombinant A(H5N1) viruses
harboring single PA/I38F, M, or T substitutions, in addition to various avian and swine
strains with PA polymorphisms was evaluated. Moreover, to assess the impact of PA/I38
substitutions on BXA susceptibility and replicative fitness, recombinant

A/Hong Kong/483/97 (H5N1) strains harboring individual substitutions were generated.
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Materials and methods

Compounds
BXA was synthesized at Shionogi & Co., Ltd. (Osaka, Japan). OSA was
purchased from Toronto Research Chemicals Inc. (Toronto, ON, Canada). FPV was

supplied from PharmaBlock Sciences, Inc. (Nanjing, China).

Cells and viruses

MDCK cells were maintained at 37 °C under 5% CO2 in MEM supplemented
with 10% heat-inactivated FBS, 2 mmol/L L-glutamine, 50 units/mL penicillin, 50 pg/mL
streptomycin, and 0.05% sodium hydrogen carbonate. Recombinant
A/Hong Kong/483/1997 (H5N1) viruses (WT and harboring single PA/I38F, M and T
substitutions) were generated and propagated by plasmid-based reverse genetics (45). The
avian and swine [AVs tested in this study (total of 28 strains) were selected considering
isolation areas, subtypes, isolation dates and PA amino acid polymorphisms (Table 3, 4
and 6-8). These viruses were propagated in embryonated chicken eggs and harvested
from virus-containing allantoic fluids. Infectivity titers were determined by TCIDso
assays in MDCK cells. The amino acid sequences in the PA N-terminal region of
recombinant A/Hong Kong/483/1997 (H5N1) viruses and other avian or swine [AVs
tested in this study were determined by the Sanger sequence method and PA

polymorphisms were detected in some strains (Table 3 and 4).

Virus yield reduction assay

As described in the Materials and methods part of chapter I.

Genetic analysis

PA nucleotide sequences for human, avian, and swine influenza viruses collected
between January 1, 2012, and September 21, 2022 (total: 41,537), were obtained from
NCBI and GISAID on September 21, 2022, and aligned using GENETY X® ver. 14.0 for
Windows [GENETY X Corp (Tokyo, Japan)].

Evaluation of virus replicative fitness

MDCK cells (30,000 cells/well) were seeded in 96-well plates 1 day prior to
infection. Cells were infected with 100 TCIDso/well of each recombinant virus. The
infected cells were incubated at 35 °C under 5% CO, for 1 hour and then washed with
MEM, followed by the addition of fresh MEM and further incubation at 35 °C under 5%
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COz. Cell culture supernatants were collected at indicated time points, and viral titers
(logio TCIDso/mL) were determined by TCIDso assay in MDCK cells. Viral titers were

calculated based on a virus-induced CPE and expressed as logio TCIDso/mL.

Statistical analysis

Differences in titer between the WT virus and mutants harboring the PA/I38F, M
or T substitutions at each time-point were examined using Welch’s #-test. Statistical
analyses were conducted using the statistical analysis software SAS, version 9.4 for

Windows. P values < 0.05, < 0.01 and < 0.001 were considered statistically significant.

Ethics statement

All experiments were authorized by the Biosafety Management Committee on
Pathogens and Other Hazardous Agents and the Safety Committee on Genetic
Recombination Experiments, Hokkaido University. Regarding dual use experiments, the
experiment plan, the progress of the experiment and its safety assurance are described,

and the contents have been approved by this committee.
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Results

BXA susceptibility and replicative fitness of recombinant A/Hong Kong/483/97
(H5SN1) with PA variants

In order to assess the impact of PA/I38 substitutions on BXA susceptibility and
replicative fitness, the recombinant A/Hong Kong/483/97 (H5N1) strains harboring the
individual substitutions were generated and subjected to testing of susceptibility and
replicative fitness in MDCK cells. Compared with the recombinant WT virus, which had
a mean ECoqg value of 1.1 nmol/L, PA/I38F, M and T variants increased ECoy values by
24.0-, 15.5- and 48.2-fold, respectively (Table 5). In contrast, OSA and FPV showed
comparable inhibitory activity against each virus. Replicative capacity of each
PA-substituted virus was significantly lower than that of WT virus in MDCK cells at 24
hours post-infection and each virus replicated to lower titers at all time points compared
with WT virus (Fig. 10). These data indicate that PA mutants, especially PA/I38T strain,
had significantly decreased BXA susceptibility and impaired fitness compared with WT
virus. PA mutants also showed no cross-resistance to OSA and FPV, which have different
mechanisms of action from BXA, combined with the results of previous susceptibility
tests against recombinant A/Hong Kong/483/97 (H5N1) harboring NA/H275Y (Table 1).

BXA susceptibility of temporally and geographically distinct avian and swine
influenza viruses

As previously reported, H1, HS, H7 and H9 subtype zoonotic influenza viruses
were susceptible to BXA in vitro, as well as to H1 and H3 subtype human clinical isolates
(18, 19). For robust characterization of the broad-spectrum of BXA activity, drug
susceptibility tests were performed against avian and swine IAVs. The median ECoo
values of BXA were 1.6 nmol/L for avian and swine strains, respectively (Table 6 and
7). Among the PA amino acid polymorphisms, PA/I38 variants were rare, while
alanine-to-threonine at amino acid position 20 (A20T), tyrosine-to-histidine at amino acid
position 24 (Y24H), and A37S were harbored in more than 1% of all viruses analyzed in
the database (Table 8). The amino acid polymorphisms, A20T, Y24H, and A37S,
implicated in BXA binding to the PA endonuclease domain, did not impact on BXA
susceptibility (Table 6 and 7). The median ECog values of FPV were 30433.5 nmol/L and
13957.1 nmol/L for avian and swine strains, respectively. These data indicate that all
tested viruses, regardless of isolation areas, subtypes, isolation date and PA amino acid
polymorphisms were susceptible to BXA, which is comparable to that of [AVs, as

previously reported.
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Discussion

PA/I38F, M, and T viruses isolated from BXM-treated patients and natural
variants such as PA/I38M, PA/I38L, and glutamic acid-to-glycine at amino acid position
23 (E23G) exhibit reduced BXA susceptibility in humans (22, 23, 71). These
polymorphisms have been implicated as playing a role in the binding of BXA to the PA
endonuclease domain (17). However, database analyses indicated a rare occurrence of
PA/I38 substitutions in animals; therefore, the BXA susceptibility of these isolates has
not been determined. Recently, the susceptibility of A(H5N1) viruses harboring PA/I38T,
I38M and A37T to BXA was reported (24), where BXA susceptibility was similar to that
of seasonal influenza viruses. However, the impact on single PA/I38 substitution of other
zoonotic influenza viruses and the replicative fitness of these were still unknown.
Therefore, the impact of three major PA/I38 substitutions on reduced BXA susceptibility,
I38T, F and M, was examined. These mutations resulted in lower BXA susceptibility, and
the degree of reduction in BXA susceptibility was comparable to that of seasonal viruses
(17, 72, 73). The structural changes of the active site of PA endonuclease domain by
PA/I38T substitution in seasonal A(HIN1)pdm09 has weaken BXA binding to that,
resulting in reduced BXA susceptibility (17). Notably, A(H5N1) and seasonal
A(HIN1)pdm09 and A(H3N2) viruses exhibited similar X-ray crystal structures of the
CEN active site and its amino acid sequence (51, 74). These results support decreased
BXA susceptibility in PA/I38 substituted seasonal IAVs and A/Hong Kong/483/97
(H5N1) strains and PA/I38 substitutions could be potential genetic markers for BXA
susceptibility of zoonotic strains.

Seasonal IAVs with PA/I38 mutations, especially PA/I38F or T, exhibit reduced
fitness in MDCK cells (17, 72, 73), whereas variants with PA/I38M or T substitutions
exhibit fitness comparable to that of the WT virus (71, 75). In this experiment, compared
with the WT virus, the PA/I38T mutant had the most significantly impaired fitness,
whereas the PA/I38F and PA/I38M mutants exhibited a trend of impairment in fitness in
zoonotic IAVs. These observations suggest that H5 viruses harboring PA/I38 substitutions
are less fit than seasonal strains. The PA/I38 substitution caused impaired CEN activity
in [AVs (17), suggesting that the CEN activity of A(H5N1) with PA/I38 substitutions was
impaired, resulting in decreased viral growth.

Previous reports indicated that several IAVs isolated from animals were
susceptible to BXA (18, 19), but to date, there are no reports of PA polymorphisms
associated with decreased BXA susceptibility. Therefore, the BXA susceptibility of avian

and swine strains harboring various PA amino acid polymorphisms isolated in several
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years, areas and subtypes was evaluated. All tested strains were susceptible to BXA,
suggesting that no amino acid polymorphisms associated with reduced BXA
susceptibility were identified. Genetic analysis of the amino acid residues involved in
BXA binding to the PA endonuclease domain conducted for a decade revealed that amino
acid polymorphisms PA/A20T, Y24H, and A37S were present in >1% of the isolates.
These PA polymorphisms were not associated with BXA susceptibility; however, more

studies are needed to evaluate other existing polymorphisms.
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Summary

Genetic reassortment of IAVs in birds, pigs, and humans poses the potential risk
of pandemics. Surveillance of animal-derived IAVs is important for influenza pandemic
preparedness; however, the susceptibility of zoonotic [AVs to BXA is poorly
characterized. In clinical settings, PA/I38 substitutions in seasonal IAVs reduce BXA
susceptibility; however, PA amino acid polymorphisms at position 38 are rarely seen in
zoonotic strains. Therefore, the characterization of PA/I38 substitutions in zoonotic
strains has not been sufficiently analyzed, and there are little reports regarding amino acid
polymorphisms in PA protein except PA/I38 that can serve as markers for BXA resistance
mutations.

The recombinant A(H5N1) viruses harboring single PA substitutions, I38T, F and
M, were less susceptible to BXA than WT, but were susceptible to OSA and FPV. PA
mutants also exhibited significantly impaired replicative fitness in MDCK cells at 24
hours post-infection than that of WT virus. Moreover, to investigate new genetic markers
for BXA susceptibility, geographically and temporally distinct IAVs isolated worldwide
from birds and pigs were screened; however, BXA exhibited antiviral activity against
avian and swine viruses at levels similar to those of seasonal isolates. A certain number
of PA amino acid polymorphisms, A20T, Y24H and A37S, were detected in [AVs but did
not affect BXA susceptibility. These data suggest that BXA exhibits broad-spectrum
antiviral activity against [AVs in birds and pigs circulating worldwide. Although PA/I38
is highly conserved among recently isolated IAVs, continuous monitoring of PA amino

acid polymorphisms in animal-derived influenza viruses is required.
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Table 1. Antiviral activities of BXA and reference compounds against H7 or HS influenza viruses isolated from humans and birds in a yield

reduction assay using MDCK cells.

*Highly pathogenic avian influenza virus. Data represent the mean and SD from three independent experiments in MDCK cells.

ECgo (nmol/L)
BXA OSA FPV
Strain name Mean SD Mean SD Mean SD
A/Anhui/1/2013 (H7N9) 0.8 0.4 12.9 4.8 18,454.5 14,157.3
Al/duck/Japan/AQ-HE28-3/2016 (H7N9) 0.6 0.1 385 18.2 12,014.4 7,990.3
Alduck/Japan/AQ-HE29-22/2017 (H7N9)? 0.7 0.3 12.9 9.9 17,192.0 13,933.2
Al/duck/Japan/AQ-HE30-1/2018 (H7N3)2 11 0.6 27.9 18.0 18,879.8 13,666.6
A/ruddy turnstone/Delaware/103/2007 (H5N1) 1.4 1.3 12.8 5.7 16,927.4 12,375.0
A/muscovy duck/Vietnam/OIE-559/2011 (H5N1)2 15 0.3 20.7 10.9 11,689.6 7,333.8
Alwhooper swan/Mongolia/2/2006 (H5N1)? 0.9 0.5 14.9 1.6 13,812.0 11,056.8
A/black swan/Akita/1/2016 (H5N6)? 0.8 0.5 20 9.7 50,156.1 69,943.5
A/northern pintail/Hokkaido/M13/2020 (H5N8)?2 1.3 1.0 195 11.9 16,025.5 10,164.5
Alwhooper swan/Fukushima/0701B002/2021 (H5N8)? 11 1.0 19.2 13.9 16,052.1 12,507.3
Al/whooper swan/Miyagi/0402B001/2021 (H5N8)? 0.7 0.3 11.3 2.8 6,992.6 1,370.8
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Table 1. (continued)

Virus generated by reverse genetics.

ECqo (nmol/L)
BXA OSA FPV
Strain name Mean SD Mean SD Mean SD
A/Anhui/1/2013 NA/R292K (H7N9)P 11 0.5 142,389.8 6,601.0 17,025.8 4,221.2
A/Hong Kong/483/1997 (H5N1)P 1.6 1.0 16.4 11.4 26,948.7 5,081.5
A/Hong Kong/483/1997 NA/H275Y (H5N1)P 3.2 1.2 4,054.9 1,295.7 31,129.5 11,788.5
A/Hong Kong/483/1997 NA/N294S (H5N1)b 1.7 0.4 1,291.2 482.6 77,002.6 2,190.5
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Table 2. Amino acid polymorphisms of the BXA binding domain in PA from human and avian 1AVs.

aThe indicated amino acids have been previously shown to be involved in BXA binding to the active center of the endonuclease domain in the PA subunit

(residues 20, 24, 34, 37, 38, 41, 80, 108, 119, 130, and 134) and associated with reduced susceptibility to BXA (residues 23, 37, 38 and 199), as reported

previously (17). Amino acids different from the consensus sequence of human IAVs are highlighted in boldface and underlined. "The consensus sequences

were determined by alignment analysis with the full-length PA nucleotide sequences obtained from NCBI and GISAID on October 24, 2018. Each number

shown in parentheses represents the frequency (%) of the most frequent variants among 1,094, 10,312, 13,185 and 196 of PA nucleotide sequences from

H7N9, HIN1, H3N2 and H5N1, respectively.

PA amino acid position*

Strain name Subtype 20 23 24 34 37 38 41 80 108 119 130 134 199
A/Anhui/1/2013 H7N9 A E Y K S I H E D E Y K E
A/duck/Japan/AQ-HE28-3/2016 H7N9 A E Y K S I H E D E Y K E
A/duck/Japan/AQ-HE29-22/2017 H7N9 T E Y K S I H E D E Y K E
A/duck/Japan/AQ-HE30-1/2018 H7N3 A E Y K A I H E D E Y K E
Human influenza viruses isolated 9 A E Y K S I H E D E Y K E

H7N
(As of October 24, 2018)° (91.5) (100) (100) (100) (99.9) (100) (100) (100) (100) (100) (100) (100) (99.8)
NI A E Y K A I H E D E Y K E
HIN
(99.3) (100) (99.9) (100) (100) (99.9) (100) (100) (100) (100) (100) (100) (100)
A E Y K A I H E D E Y K E
H3N2
(98.3) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)
A E Y K A I H E D E Y K E
H5N1
(85.2) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100)
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Figure 1. Therapeutic effects of BXM on survival in a lethal infection model of mice infected
with A(H7N9) or A(H5N1) viruses.

Mice were intranasally infected with (a) 4.0 x 10° TCIDs (10.4 MLDso)/mouse of A/Anhui/1/2013
(H7N9) or (b) 75 TCIDs (31.4 MLDso)/mouse of A/Hong Kong/483/97 (H5N1), and treatment was
started immediately after virus inoculation (n = 10/group). Survival time was monitored through a
(a) 28-day or (b) 14-day period after the infection. Vehicle: 0.5 w/v% methylcellulose. bid (bis in
die): twice daily. The log-rank test was applied for comparison of the survival time between each
group (*p <0.05, **p < 0.001 compared with vehicle, tp < 0.01, T1p <0.001 compared with OSP at
5 mg/kg, §p < 0.05 compared with OSP at 50 mg/kg).
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Figure 2. Inhibitory effect of BXM on viral titers in the lungs of mice infected with A(H7N9) or
A(H5N1) virus.

Mice were intranasally infected with (a) A/Anhui/1/2013 (H7N9) or (b) A/Hong Kong/483/97
(H5N1) and treatment was started immediately after virus inoculation (n = 5/group). The viral titers
(TCIDso) in the lungs of mice at 1, 3 and 5 dpi were measured in MDCK cells. The bars represent
the mean viral titers + SD. The lower limit of quantification of the viral titer is indicated by a dotted
line (1.5 Logio TCIDso/mL). Vehicle: 0.5 w/v% methylcellulose. bid (bis in die): twice daily.
Dunnett’s multiple-comparison method was conducted for statistical comparison (*p < 0.05,

**p <0.01, ***p <0.001 compared to vehicle, fp < 0.05, 7p <0.01, T1fp <0.001 compared to
OSP at 5 mg/kg, §p < 0.01, §§p <0.001 compared to OSP at 50 mg/kg).
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Figure 3. Inhibitory effects of BXM on viral titers in the brains or kidneys of mice infected
with A(H5N1) virus.

The mice were intranasally infected with A/Hong Kong/483/1997 (H5N1), and then treatment was
started immediately after virus inoculation (n = 5/group). The viral titers in mice (a) brains or

(b) kidneys at 6 dpi measured in MDCK cells. The bars represent the mean viral titers + SD per
group and individual viral titers for each sample are shown as black circles. The lower limit of
quantification of the viral titer is indicated using a dotted line (1.5 logio TCIDso/mL).

Vehicle: 0.5 w/v% methylcellulose. bid (bis in die): twice daily.
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Figure 4. Suppressive effects of BXM on proinflammatory cytokine and chemokine production
in the lungs of mice infected with A(H7N9) or A(H5N1) virus.

(a) Mice were intranasally infected with A/Anhui/1/2013 (H7N9) and treatment was started
immediately after virus inoculation (n = 5/group). The proinflammatory cytokines and chemokines,
IL-6 and MCP-1, in the lungs at 1, 3 and 5 dpi were quantified. (b) Mice were intranasally infected
with A/Hong Kong/483/1997 (H5N1) and treatment was started immediately after virus inoculation
(n = 5/group). The IL-6 and MCP-1 in the lungs at 5 dpi were quantified. The bars represent the
mean levels of IL-6 or MCP-1 + SD per group. Vehicle: 0.5 w/v% methylcellulose. bid (bis in die):
twice daily. Dunnett’s multiple-comparison method was employed for comparison (*p < 0.05,

**p < 0.01, ***p < 0.001 compared to vehicle, T p <0.05, {1 p <0.01 compared with OSP at 5
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Figure 5. Prevention of inflammation in the lungs of mice infected with A(H5N1) virus following BXM treatment.

The mice were intranasally infected with A/Hong Kong/483/1997 (H5N1), and treatment was started immediately after virus inoculation. The lungs after
each dosing were collected and fixed in a perfusion, containing 10% phosphate-buffered formalin. The formalin-fixed left lungs were then dissected,
embedded in paraffin, and sectioned. Hematoxylin and eosin-stained sections, which were prepared for specimen and histopathological analyses, were
subsequently analyzed. The left panels of each dosing represent wide fields (2xmagnification of objective, scale bar: 1,000 pm), whereas the right panels of
each dosing represent narrow fields (20xmagnification of objective, scale bar: 100 pm). The black arrows indicate thickening and inflammatory cell
infiltration of alveolar walls. The white arrows indicate inflammatory cell infiltration within the alveoli. The white stars indicate edema. Vehicle: 0.5 w/v%

methylcellulose. Mock: the mice were inoculated with Dulbecco’s phosphate-buffered saline and administered vehicle twice daily for 5 days.
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Figure 6. Effects of delayed treatment with BXM on A(H7N9) virus infection.

Mice were intranasally infected with A/Anhui/1/2013 (H7N9), and BXM treatment was started at

(a) immediately, (b) 24 or (c) 48 hours after virus inoculation (n = 5/group). Vehicle (0.5 w/v%
methylcellulose) or OSP treatment was started immediately after virus inoculation (n = 5/group).
Survival and body weight loss were monitored by 21 dpi. The shaded area represents the treatment
period. bid (bis in die): twice daily. The log-rank test was applied for comparison of the survival time

between each group (*p < 0.01 compared to vehicle, ¥p < 0.01 compared to OSP at 5 mg/kg).
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Figure 7. The isobologram plot of BXA combined with OSA or PRV.

The ECso of each substance alone and at a fixed concentration were determined. (Da/a+ 8)/Da and

(Dp/a+B)/DB were plotted on the x and y-axes, respectively. Da is the ECsg of substance A alone.
Dg is the ECsp of substance B alone. Da/a+ B is the concentration of substance A; given a 50%

inhibition combined with substance B. Dg/a + B is the concentration of substance B; given a 50%

inhibition combined with substance A.
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Figure 8. Effects of the delayed treatment with BXM, OSP or their combination on A(H5N1)
virus infection in mice.

The mice were intranasally infected with A/Hong Kong/483/1997 (H5N1), and treatment was started
48 hours after virus inoculation. (a) Survival and (b) body weight loss were monitored throughout

a 21-day period after the infection (n = 5/group). The purple lane represents the treatment period.
Vehicle: 0.5 w/v% methylcellulose. bid (bis in die): twice daily. The log-rank test was performed for
comparing the survival times between each group (*p < 0.01 compared with the vehicle. fp < 0.05,

11p < 0.01 compared with OSP at 10 mg/kg).
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Figure 9. Inhibitory effects of delayed treatment of BXM, OSP, or their combination on the
viral titers in the lungs, brains, and kidneys of mice infected with A(HSN1) virus.

The mice were intranasally infected with 75 TCIDso/mouse (31.3 MLDsg) of

A/Hong Kong/483/1997 (H5N1), and treatment was started 48 hours after virus inoculation. Viral
titers (TCIDso) in the (a) lungs, (b) brains, and (c) kidneys of mice at 3, 5, 6, and 7 dpi measured in
MDCK cells (n = 5/group). The bars represent the mean viral titers + SD per group and individual
viral titers for each sample are shown as black circles. The lower limit of quantification of the viral
titer is indicated using a dotted line (1.5 logio TCIDso/mL). Vehicle: 0.5 w/v% methylcellulose.

bid (bis in die): twice daily. Dunnett’s multiple-comparison test was conducted for a statistical
comparison between the viral titers in each organ group (*p < 0.05, **p < 0.01, ***p < 0.001
compared with vehicle, Tp < 0.05, T1p <0.01, T11p <0.001 compared with OSP at 10 mg/kg).

#, n = 3/group. Two of 5 mice in each group died at 7 dpi.

38



6¢

Table 3. The variants of PA region in viral RNAs derived from each tested avian influenza virus stock.

Amino acids differing from the reference sequence of each tested virus are highlighted in underlined. Each codon in parentheses corresponds to the above
amino acid. Reference sequences of each tested virus were obtained from NCBI or GISAID. Each PA nucleotide sequence of all samples except above was
completely matched with that of the reference (the parent virus). Call: base calling. -: PA nucleotide sequence was completely matched with that of the

reference sequence. #: Sequence analysis was not performed because the sequence had already been determined. N.T.: not tested.

Nucleic acid Amino acid
Accession Minor Minor
Strain name Position Reference Call Position Reference Call
number peak peak
. . N N Y
Alyellow-billed pintail/Chile/1/2012 (H1N1) CY207202 97 A A T 33
(AAT) (AAT) (TAT)
T T T
AJred-fronted coot/Chile/5/2013 (H3N6) CY207027 294 T T C 98
(ACT) (ACT) (ACO)
A/pekin duck/California/P30/2006 (H4N2) CY053826 - - - - - - - -
) A A A
AJshorebird/Delaware Bay/309/2008 (H4NG6) CY126603 111 A A C 37
(GCA) (GCA) (GCO)
A/duck/Hokkaido/WZ20/2014 (H5N2)# LC042072 N.T. N.T. N.T. N.T. N.T. N.T. N.T. N.T.
Al/ruddy turnstone/Delaware Bay/136/2007 (H6N1)  CY127788 - - - - - - - -
A/duck/Yamagata/061004/2014 (HE6N6)* LC042080 N.T. N.T. N.T. N.T. N.T. N.T. N.T. N.T.

Allaughing gull/Delaware Bay/50/2006 (H7N3) CY095653 - - - - - - - -
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Table 3. (continued)

Nucleic acid Amino acid
Accession Minor Minor
Strain name Position Reference Call Position Reference Call
number peak peak
K K K
Alyellow-billed pintail/Chile/10/2014 (H7N3) CY207226 87 A A G
(AAA) (AAA) (AAG)
Alyellow-billed teal/Chile/9/2013 (H7N6) CY207034 - - - - - - - -
AJchicken/Netherlands/2586/2003 (H7N7) AB438940 - - - - - - - -
Alchicken/Vietnam/HU1-381/2014 (HON2)# LC069901 N.T. N.T. N.T. N.T. N.T. N.T. N.T. N.T.
AJshorebird/Delaware Bay/139/2009 (H10N7) CY137799 - - - - - - - -
A A A
AJshorebird/Delaware Bay/549/2009 (H11N1) CY127892 111 A A C

(GCA) (GCA) (GCC)
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Table 4. The variants of PA region in viral RNAs derived from each tested swine influenza virus stock.

The legends were referred in Table 3.

Nucleic acid Amino acid
Accession Minor Minor
Strain name Position Reference Call Position  Reference Call
Number peak peak
G G
75 A G - 25 -
(GGA)  (GGG)
S C
134 C G - 45 -
(TCC) (TGC)
G S
172 G A - 58 -
(GGC) (AGC)
A T
253 G A - 85 -
) (GCA) (ACA)
AJswine/lowa/15/1930 (HIN1) M26076 v £
366 T A - 122 -
(GTT) (GAA)
I I
435 T C - 145 -
(ATT) (ATC)
T T
519 C T - 173 -
(ACC)  (ACT)
R R
576 C T - 192 -

(CGQ)

(CGI)
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Table 4. (continued)

Nucleic acid Amino acid
Accession Minor Minor
Strain name Position  Reference Call Position Reference  Call

number peak peak
Al/swine/Kagoshima/23/2012 (H1IN1) AB910570 - - - - - - - -
AJswine/Okinawa/2/2005 (H1IN1) AB573799 - - - - - - - -

A/swine/Ratchaburi/2000 (HIN1)# AB434287 N.T. N.T. N.T. N.T. N.T. N.T. N.T. N.T.
AJswine/Miyagi/5/2003 (HIN2) LC431443 - - - - - - - -
A/swine/Miyazaki/1/2006 (HIN2) AB441175 - - - - - - - -
A/swine/Missouri/2124514/2006 (H2N3) EU258940 - - - - - - - -
A/swine/Chachoengsao/2002 (H3N2) AB571802 - - - - - - - -
K K N
87 A A T

- (AAA)  (AAA) (AAT)

A/swine/Hong Kong/81/1978 (H3N2) LC431427 S S S
180 A A C

(TCA) (TCA) (TCQ)
A/swine/Obihiro/10/1985 (H3N2) AB573672 - - - - - - - -
A/swine/Tochigi/14/2013 (H3N2) AB914507 - - - - - - - -
A/swine/Yokohama/aq114/2011 (H3N2) AB741022 - - - - - - - -
A/swine/Hong Kong/9/1998 (HIN2) KX879588 - - - - - - - -
A/swine/Hong Kong/10/1998 (HIN2) EP12077974 - - - - - - - -
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Table 5. Susceptibility of recombinant A/Hong Kong/483/97 (H5N1) viruses harboring PA amino acid substitutions to BXA, OSA and FPV.

Data represent the mean and SD from three independent experiments. Fold change was calculated by dividing the mean ECy of each tested virus to the

mean ECqo of WT virus. *Virus generated by reverse genetics.

ECgo (nmol/L)

BXA Fold OSA Fold FPV Fold

Strain name Mean SD change Mean SD change Mean SD change
A/Hong Kong/483/97 (H5N1)? 11 0.5 1.0 17.3 6.3 1.0 10,409.7 1,826.6 1.0
A/Hong Kong/483/97 PA/I38F (H5N1)? 26.5 13.9 24.0 29.2 13.4 1.7 16,252.7 11,8409 1.6
A/Hong Kong/483/97 PA/138M (H5N1)? 17.1 4.7 155 30.3 11.7 1.7 12,6985  7,518.7 1.2
A/Hong Kong/483/97 PA/138T (H5N1)?2 53.3 28.6 48.2 21.6 17.7 1.2 12,699.6 4,722.9 1.2
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Figure 10. In vitro replicative fitness of recombinant A/Hong Kong/483/97 (HSN1) viruses.
MDCK cells were infected with recombinant viruses at 100 TCIDso/well. Supernatants were
harvested at the indicated time points, and the mean viral titers = SD of triplicate wells were
determined as TCIDso/mL using MDCK cells. The lower limit of quantification

(1.5 logio TCIDso/mL) of the viral titer is indicated by a dashed line. HK483: A/Hong/Kong/483/97
(H5NT1). WT: wild type. Welch’s #-test was conducted for statistical comparisons of titers between
the WT virus and viruses with PA/I38F, M, and T substitutions at each time-point (*p< 0.05,
*p<0.01, ***p< 0.001 compared to WT virus).
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Table 6. The ECog values of BXA and FPV against the tested avian influenza viruses in yield reduction assays using MDCK cells.
Data represent the mean and SD of three independent experiments. The median ECyg values of BXA and FPV were 1.6 and 30,433.5 nmol/L, respectively.

*the viruses harboring PA amino acid polymorphisms (described in Table § in detail).

ECqo (nmol/L)
BXA FPV
Strain name Country Mean SD Mean SD

Alyellow-billed pintail/Chile/1/2012 (H1N1) Chile 2.1 2.1 31,205.3  28,039.2
AlJred-fronted coot/Chile/5/2013 (H3N6) Chile 2.0 11 23,8465 17,398.6
Alpekin duck/California/P30/2006 (H4N2) us 2.1 1.2 8,459.1 3,869.7
AJshorebird/Delaware Bay/309/2008 (H4N6) us 1.1 0.9 29,661.6 32,384.2
A/duck/Hokkaido/WZ20/2014 (H5N2) Japan 0.9 0.8 14,931.3 11,108.6
A/ruddy turnstone/Delaware Bay/136/2007 (H6N1) us 0.8 0.7 6,627.2 3,008.5
A/duck/Yamagata/061004/2014 (HEN6) Japan 2.7 2.6 18,9126 11,886.1
Allaughing gull/Delaware Bay/50/2006 (H7N3) us 0.6 0.3 13,179.8 2,983

Alyellow-billed pintail/Chile/10/2014 (H7N3) Chile 2.6 2.0 71,2848 71,632.8
Alyellow-billed teal/Chile/9/2013 (H7N6) Chile 2.3 11 66,809.9 57,540.6
Alchicken/Netherlands/2586/2003 (H7N7) Netherlands 1.7 0.3 127,541.1 92,368.6
Alchicken/Vietnam/HU1-381/2014 (HIN2)* Vietnam 0.8 0.5 62,3423 58,578.3
A/shorebird/Delaware Bay/139/2009 (H10N7) us 15 0.7 35,234  15,776.7

A/shorebird/Delaware Bay/549/2009 (H11N1) us 1.3 0.4 44,7218 39,518.3
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Table 7. The ECog values of BXA and FPV against the tested swine influenza viruses in yield reduction assays using MDCK cells.
Data represent the mean and SD of three independent experiments. The median ECyg values of BXA and FPV were 1.6 and 13,957.1 nmol/L, respectively.

*the viruses harboring PA amino acid polymorphisms (described in Table 8 in detail).

ECqo (nmol/L)
BXA FPV
Strain name Country Mean SD Mean SD
Alswine/lowa/15/1930 (H1N1) us 2.8 1.6 6,907.6 1,888.2
AJswine/Kagoshima/23/2012 (HIN1) Japan 15 0.8 26,428.2 16,669.8
Al/swine/Okinawa/2/2005 (HIN1)* Japan 1.8 1.2 36,110.5 36,400
A/swine/Ratchaburi/2000 (HIN1)* Thailand 3.6 1.8 23,6459 34,236
A/swine/Miyagi/5/2003 (HIN2)* Japan 3.1 3.0 9,954.1 5,718.4
A/swine/Miyazaki/1/2006 (H1IN2)* Japan 1.2 0.4 13,480.9 12,250.7
A/swine/Missouri/2124514/2006 (H2N3) UsS 2.0 1.0 8,822.4 4,888.9
A/swine/Chachoengsao/2002 (H3N2)* Thailand 3.5 2.2 13,363.6  10,734.1
A/swine/Hong Kong/81/1978 (H3N2) China 1.3 11 14,8265 11,814.6
A/swine/Obihiro/10/1985 (H3N2) Japan 3.3 1.7 20,563.6  8,091.6
A/swine/Tochigi/14/2013 (H3N2) Japan 1.1 0.5 13,386.4  13,356.3
A/swine/Yokohama/aq114/2011 (H3N2) Japan 1.1 0.8 16,7731 17,2355
A/swine/Hong Kong/9/1998 (HIN2) China 1.0 0.6 12,296.8  6,689.8

A/swine/Hong Kong/10/1998 (HIN2) China 0.6 0.1 14,433.2  12,669.8
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Table 8. Amino acid polymorphisms in the BXA binding domain of PA from avian and swine influenza viruses.
aAmino acids are referred as subscribed in Table 2. Amino acids differing from the consensus sequence of human [AVs are highlighted in bold and
underlined. "Numbers shown in parentheses represent the frequency (%) of the most common variants among PA sequences from the analyzed viruses

(total: 41,537). °The variants were as follows: V (0.41%), L (0.02%), T (0.02%), and M (0.01%).

PA amino acid position?

Strain name 20 23 24 34 37 38 41 80 108 119 130 134 199
Alchicken/Vietnam/HU1-381/2014 (HON2) A E Y K S I H E D E Y K E
A/swine/Okinawa/2/2005 (H1IN1) T E Y K A I H E D E Y K E
A/swine/Miyagi/5/2003 (HIN2) T E Y K A I H E D E Y K E
A/swine/Miyazaki/1/2006 (HIN2) T E Y K A I H E D E Y K E
A/swine/Ratchaburi/2000 (HIN1) A E H K A I H E D E Y K E
AJswine/Chachoengsao/2002 (H3N2) A E H K A | H E D E Y K E
Other viruses evaluated A E Y K A I H E D E Y K E

A E Y K A Ic H E D E Y K E

(94.7) (100) (98.0) (99.9) (92.5) (99.5) (100) (100) (100) (100) (100) (100) (99.5)
T H S
(5.2) (2.0) (7.4)

Human, avian, and swine 1AVs isolated®




Conclusion

[IAVs cause significant symptoms in humans through seasonal epidemics.
Sometimes, influenza pandemics arise irregularly because IAVs undergo constant
reassortment in wild hosts, leading to the permanent possibility of the emergence of novel
strains. Sporadic direct transmission of IAVs from animals to humans also poses a
significant threat to human health with high morbidity and mortality. Any subtype of [AVs
could possess the potential to infect humans in the future; therefore, the preparedness with
broad-spectrum antiviral drugs is important for pandemic prophylaxis and treatment.
BXA exhibited a broad spectrum against influenza A and B viruses harboring several
subtypes including zoonotic strains. However, the efficacy of BXM, a prodrug form of
BXA, on animal-derived TAVs such as A(H7N9) and A(H5N1) viruses has not been
sufficiently verified. In addition, the characterization of PA/I38 substitutions known as a
marker of reduced BXA susceptibility in seasonal influenza strains and PA
polymorphisms involved in BXA susceptibility in zoonotic strains have not been fully
elucidated. Therefore, the efficacy of BXM against animal-derived IAVs and PA amino
acid polymorphisms involved in BXA susceptibility in zoonotic strains were evaluated in
this study.

In Chapter I, the broad-spectrum efficacy of BXA against various animal-derived
A(H7N9) and A(H5N1) viruses, including HPAIVs isolated from worldwide, including
the strains harboring NAl-resistance mutations, were demonstrated in MDCK cells. The
inhibitory efficacy of BXA was also higher than that of OSA or FPV. Moreover, BXM
strongly inhibited A(H7N9) and A(H5N1) virus replication in the lungs and extra
respiratory organs of mice. While inhibitory effect of OSP in mice lungs diminished with
the passage of days after virus infection, the effect of BXM was sustained. BXM
administration also prevented lung inflammation and improved mortality in an A(H7N9)
and A(H5N1) virus-infected mice. BXM also exhibited a wide treatment window as both
monotherapy and combination therapy with OSP.

In Chapter II, the characterization of PA/I38 variants of A(HSN1) was performed
in MDCK cells. As a result, recombinant A(H5N1) viruses harboring PA/I38T, F and M
were less susceptible to BXA, similar to seasonal [AVs. PA mutants also impaired
replicative capacity in MDCK cells compared with the WT virus. All tested
animal-derived strains were widely susceptible to BXA, regardless of isolation areas,
subtypes, and dates of isolation. Moreover, new PA amino acid polymorphisms as a new
marker for BXA susceptibility were not found.

The outcomes of these researches will contribute to the usage of BXM as one of
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the therapies when the infection of the animal-derived influenza virus is confirmed in
humans. Continuous monitoring of amino acid polymorphisms in the PA in naturally
isolated animal-derived IAVs will remain important. Moreover, further analysis of
animal-derived influenza virus strains harboring BXA resistance mutations and their
characterization in animal models will be needed. This will contribute to increasing

knowledge for pandemic countermeasures.

49



Acknowledgments

I would like to acknowledge Professor Yoshihiro Sakoda, Laboratory of
Microbiology, Department of Disease Control, Faculty of Veterinary Medicine, Hokkaido
University, for valuable advice, suggestions, encouragement and detailed review of this
thesis.

I would also great appreciation to University Professor Hiroshi Kida,
International Institute for Zoonosis Control, Hokkaido University, Professor Hirofumi
Sawa, Institute for Vaccine Research and Development, HU-IVReD, Hokkaido
University, and Associate Professor Norikazu Isoda, Laboratory of Microbiology,
Department of Disease Control, Faculty of Veterinary Medicine, Hokkaido University for

their valuable review and helpful suggestions on this thesis.

I would also great appreciation to Associate Professor Keita Matsuno, Division
of Risk Analysis and Management, International Institute for Zoonosis Control, Hokkaido
University and Dr. Masatoshi Okamatsu, Laboratory of Microbiology, Department of
Disease Control, Faculty of Veterinary Medicine, Hokkaido University for their

continuous support and helpful suggestions in this study.

I would also great appreciation to Dr. Richard J Webby and Dr. Scott Krauss (St.
Jude Children’s Research Hospital, United States), Dr. Masato Tashiro (National Institute
of Infectious Diseases, Japan), Dr. Takehiro Saito and Dr. Nobuhiro Takemae (National
Agriculture and Food Research Organization), and Animal Quarantine Service, Ministry
of Agriculture, Forestry and Fisheries, Japan for generously providing

animal-derived influenza viruses.
I greatly appreciate all colleagues of Shionogi & Co., Ltd., especially Dr. Takao
Shishido and Akihiko Sato, for their continuous support and helpful suggestions in this

study.

Finally, I thank my family for their continuous support.

50



References

1. Paules C, Subbarao K. Influenza. Lancet, 390:697-708, 2017.

10.

Saunders-Hastings PR, Krewski D. Reviewing the history of pandemic influenza:
understanding patterns of emergence and transmission. Pathogens, 6;5(4):66, 2016.
Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and
ecology of influenza A viruses. Microbiology and Molecular Biology Reviews,
56:152-179, 1992.

Lai S, Qin Y, Cowling BJ, Ren X, Wardrop NA, Gilbert M, Tsang TK, Wu P, Feng L,
Jiang H, Peng Z, Zheng J, Liao Q, Li S, Horby PW, Farrar JJ, Gao GF, Tatem AJ, Yu
H. Global epidemiology of avian influenza A H5N1 virus infection in humans, 1997-
2015: a systematic review of individual case data. The Lancet Infectious Diseases,
16:¢108-e118, 2016.

Su S, Gu M, Liu D, Cui J, Gao GF, Zhou J, Liu X. Epidemiology, evolution, and
pathogenesis of H7N9 influenza viruses in five epidemic waves since 2013 in China.
Trends in Microbiology, 25:713-728, 2017.

World Health Organization. Avian influenza weekly update number 923. 2023.
https://cdn.who.int/media/docs/default-source/wpro---
documents/emergency/surveillance/avian-
influenza/ai_20231124.pdf?sfvrsn=22ea0816 37&Status=Master. (accessed 1 Dec
2023)

The U.S. Centers for Disease Control and Prevention.

Prevention and antiviral treatment of bird flu viruses in people. 2022.
https://www.cdc.gov/flu/avianflu/prevention.htm. (accessed 1 Dec 2023)

Liem NT, Tung CV, Hien ND, Hien TT, Chau NQ, Long HT, Hien NT, Mai LQ, Taylor
WRJ, Wertheim H, Farrar J, Khang DD, Horby P. Clinical features of human influenza
A (H5N1) infection in Vietnam: 2004-2006. Clinical Infectious Diseases, 48:1639-
1646, 2009.

HuY, Lu S, Song Z, Wang W, Hao P, Li J, Zhang X, Yen H, Shi B, Li T, Guan W, Xu
L, LiuY, Wang S, Zhang X, Tian D, Zhu Z, He J, Huang K, Chen H, Zheng L, Li X,
Ping J, Kang B, Xi X, Zha L, LiY, Zhang Z, Peiris M, Yuan Z. Association between
adverse clinical outcome in human disease caused by novel influenza A H7N9 virus
and sustained viral shedding and emergence of antiviral resistance. Lancet, 381:2273-
2279, 2013.

Hurt AC, Holien JK, Parker MW, Barr IG. Oseltamivir resistance and the H274Y

neuraminidase mutation in seasonal, pandemic and highly pathogenic influenza

51



11.

12.

13.

14.

15.

16.

17.

viruses. Drugs, 69:2523-2531, 2009.

Sato M, Honzumi K, Sato T, Hashimoto K, Watanabe M, Miyazaki K, Kawasaki Y,
Hosoya M. Quantitative analysis of influenza A (H3N2) E119V and R292K variants
in clinical specimens by real-time reverse transcription polymerase chain reaction.
Journal of Clinical Virology, 68:97-103, 2015.

de Jong MD, Tran TT, Truong HK, Vo MH, Smith GJD, Nguyen VC, Bach VC, Phan
TQ, Do QH, Guan Y, Peiris JSM, Tran TH, Farrar J. Oseltamivir resistance during
treatment of influenza A (H5N1) infection. The New England Journal of Medicine,
353:2667-2672, 2005.

Kageyama T, Fujisaki S, Takashita E, Xu H, Yamada S, Uchida Y, Neumann G, Saito
T, Kawaoka Y, Tashiro M. Genetic analysis of novel avian A(H7N9) influenza viruses
isolated from patients in China, February to April 2013. Eurosurveillance, 18:20453,
2013.

Govorkova EA, Baranovich T, Seiler P, Armstrong J, Burnham A, Guan Y, Peiris JSM,
Webby RJ, Webster RG. Antiviral resistance among highly pathogenic influenza A
(H5N1) viruses isolated worldwide in 2002-2012 shows need for continued
monitoring. Antiviral Research, 98, 297-304, 2013.

Schaduangrat N, Phanich J, Rungrotmongkol T, Lerdsamran H, Puthavathana P, Ubol
S. The significance of naturally occurring neuraminidase quasispecies of HSN1 avian
influenza virus on resistance to oseltamivir: A point of concern. Journal of General
Virology, 97, 1311-1323, 2016.

Shionogi & Co., Ltd. Shionogi filed for a supplemental new drug application of
XOFLUZA® (baloxavir marboxil) in Taiwan for pediatrics aged 5 to

under 12 for the treatment and prevention of influenza infection. 2023.
https://www.shionogi.com/global/en/news/2023/7/20230704 2.html (accessed 27
Dec 2023)

Omoto S, Speranzini V, Hashimoto T, Noshi T, Yamaguchi H, Kawai M, Kawaguchi
K, Uehara T, Shishido T, Naito A, Cusack S. Characterization of influenza virus
variants induced by treatment with the endonuclease inhibitor baloxavir marboxil.
Scientific Reports, 8:9633, 2018.

18. Noshi T, Kitano M, Taniguchi K, Yamamoto A, Omoto S, Baba K, Hashimoto T,

19.

Ishida K, Kushima Y, Hattori K, Kawai M, Yoshida R, Kobayashi M, Yoshinaga T,
Sato A, Okamatsu M, Sakoda Y, Kida H, Shishido T, Naito A. In vitro characterization
of baloxavir acid, a first-in-class cap-dependent endonuclease inhibitor of the
influenza virus polymerase PA subunit. Antiviral Research, 160:109-117, 2018.

Mishin VP, Patel MC, Chesnokov A, De La Cruz J, Nguyen HT, Lollis L, Hodges E,

52



20.

21.

22.

23.

24,

25.

26.

Jang Y, Barnes J, Uyeki T, Davis CT, Wentworth DE, Gubareva LV. Susceptibility of
influenza A, B, C, and D viruses to baloxavir. Emerging Infectious Diseases, 25:1969-
1972, 2019.

Hayden FG, Sugaya N, Hirotsu N, Lee N, de Jong MD, Hurt AC, Ishida T, Sekino H,
Yamada K, Portsmouth S, Kawaguchi K, Shishido T, Arai M, Tsuchiya K, Uehara T,
Watanabe A. Baloxavir marboxil for uncomplicated influenza in adults and
adolescents. The New England Journal of Medicine, 379:913-923, 2018.

Ison MG, Portsmouth S, Yoshida Y, Shishido T, Mitchener M, Tsuchiya K, Uehara T,
Hayden FG. Early treatment with baloxavir marboxil in high-risk adolescent and adult
outpatients with uncomplicated influenza (CAPSTONE-2): a randomized, placebo-
controlled, phase 3 trial. The Lancet Infectious Diseases, 20:1204-1214, 2020.

Imai M, Yamashita M, Sakai-Tagawa Y, Iwatsuki-Horimoto K, Kiso M, Murakami J,
Yasuhara A, Takada K, Ito M, Nakajima N, Takahashi K, Lopes TJS, Dutta J, Khan
Z, Kriti D, van Bakel H, Tokita A, Hagiwara H, Izumida N, Kuroki H, Nishino T,
Wada N, Koga M, Adachi E, Jubishi D, Hasegawa H, Kawaoka Y. Influenza A variants
with reduced susceptibility to baloxavir isolated from Japanese patients are fit and
transmit through respiratory droplets. Nature Microbiology, 5:27-33, 2019.
Gubareva LV., Mishin VP, Patel MC, Chesnokov A, Nguyen HT, De La Cruz J,
Spencer S, Campbell AP, Sinner M, Reid H, Garten R, Katz JM, Fry AM, Barnes J,
Wentworth DE. Assessing baloxavir susceptibility of influenza viruses circulating in
the United States during the 2016/17 and 2017/18 seasons. Eurosurveillance,
24(3):1800666, 2019.

Nguyen H, Chesnokov A, De La Cruz J, Pascua PNQ, Mishin VP, Jang Y, Jones J, Di
H, Ivashchenko AA, Killian ML, Torchetti MK, Lantz K, Wentworth DE, Davis CT,
Ivachtchenko AV, Gubareva LV. Antiviral susceptibility of clade 2.3.4.4b highly
pathogenic avian influenza A(H5N1) viruses isolated from birds and mammals in the
United States, 2022. Antiviral Research, 217:105679, 2023.

Charostad J, Rezaei Zadeh Rukerd M, Mahmoudvand S, Bashash D, Hashemi SMA,
Nakhaie M, Zandi K. A comprehensive review of highly pathogenic avian influenza
(HPAI) H5NI1: an imminent threat at doorstep. Travel Medicine and Infectious
Disease, 55:102638, 2023.

QiW, JiaW,LiuD,LiJ, Bi1Y, Xie S, Li B, Hu T, Du Y, Xing L, Zhang J, Zhang F,
Wei X, Eden JS, Li H, Tian H, L1 W, Su G, Lao G, Xu C, Xu B, Liu W, Zhang G, Ren
T, Holmes EC, Cui J, Shi W, Gao GF, Liao M. Emergence and adaptation of a novel
highly pathogenic H7N9 influenza virus in birds and humans from a 2013-human-

infecting low pathogenic ancestor. Journal of Virology, JV1.e00921-17, 2018.

53



27.

28.

29.

30.

31.

32.

33.

34.

Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, Chen J, Jie Z, Qiu H, Xu K, Xu X, Lu
H, Zhu W, Gao Z, Xiang N, Shen Y, He Z, Gu Y, Zhang Z, Yang Y, Zhao X, Zhou L,
Li X, Zou S, Zhang Y, Li X, Yang L, Guo J, Dong J, Li Q, Dong L, Zhu Y, Bai T,
Wang S, Hao P, Yang W, Zhang Y, Han J, Yu H, Li D, Gao GF, Wu G, Wang Y, Yuan
Z, Shu Y. Human infection with a novel avian-origin influenza A (H7N9) virus. The
New England Journal of Medicine, 368:1888-1897, 2013.

Watanabe T, Kiso M, Fukuyama S, Nakajima N, Imai M, Yamada S, Murakami S,
Yamayoshi S, Iwatsuki-Horimoto K, Sakoda Y, Takashita E, McBride R, Noda T,
Hatta M, Imai H, Zhao D, Kishida N, Shirakura M, de Vries RP, Shichinohe S,
Okamatsu M, Tamura T, Tomita Y, Fujimoto N, Goto K, Katsura H, Kawakami E,
Ishikawa I, Watanabe S, Ito M, Sakai-Tagawa Y, Sugita Y, Uraki R, Yamaji R, Eisfeld
Al, Zhong G, Fan S, Ping J, Maher EA, Hanson A, Uchida Y, Saito T, Ozawa M,
Neumann G, Kida H, Odagiri T, Paulson JC, Hasegawa H, Tashiro M, Kawaoka Y.
Characterization of H7NO9 influenza A viruses isolated from humans. Nature,
501:551-555, 2013.

Zhou L, Tan Y, Kang M, Liu F, Ren R, Wang Y, Chen T, Yang Y, Li C, Wu J, Zhang
H, Li D, Greene CM, Zhou S, Tuliano AD, Havers F, Ni D, Wang D, Feng Z, Uyeki
TM, Li Q. Preliminary epidemiology of human infections with highly pathogenic
avian influenza A(H7N9) virus, China, 2017. Emerging Infectious Diseases, 23:1355-
1359, 2017.

Food and Agriculture Organization of the United Nations. Avian influenza

A(H7ND9) virus situation update. 2022. https://www.fao.org/animal-health/situation-
updates/avian-influenza-A(H7N9)-virus/en (accessed 27 Dec 2023)

Peiris JSM, de Jong MD, Guan Y. Avian influenza virus (H5N1): a threat to human
health. Clinical Microbiology Reviews, 20:243-267, 2007.

Luo H, Wang N, Che HL, Zhao Y, Jin H. Pathological observations of lung
inflammation after administration of IP-10 in influenza virus- and respiratory
syncytial virus-infected mice. Experimental and Therapeutic Medicine, 3:76-79, 2011.
Kobayashi M, Kodama M, Noshi T, Yoshida R, Kanazu T, Nomura N, Soda K, Isoda
N, Okamatsu M, Sakoda Y, Yamano Y, Sato A, Kida H. Therapeutic efficacy of
peramivir against HSN1 highly pathogenic avian influenza viruses harboring the
neuraminidase H275Y mutation. Antiviral Research, 139:41-48, 2017.

Adisasmito W, Chan PK, Lee N, Oner AF, Gasimov V, Aghayev F, Zaman M,
Bamgboye E, Dogan N, Coker R, Starzyk K, Dreyer NA, Toovey S. Effectiveness of
antiviral treatment in human influenza A(H5N1) infections: analysis of a global
patient registry. The Journal of Infectious Diseases, 202:1154-1160, 2010.

54



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Zheng S, Tang L, Gao H, Wang Y, Yu F, Cui D, Xie G, Yang X, Zhang W, Ye X, Zhang
Z, Wang X, Yu L, Zhang Y, Yang S, Liang W, Chen Y, Li L. Benefit of early initiation
of neuraminidase inhibitor treatment to hospitalized patients with avian influenza
A(H7NDY) virus. Clinical Infectious Diseases, 66:1054-1060, 2018.

Hay AJ, Hayden FG. Oseltamivir resistance during treatment of H7N9 infection.
Lancet. 381:2230-2232, 2013.

Treanor JJ, Hayden FG, Vrooman PS, Barbarash R, Bettis R, Riff D, Singh S,
Kinnersley N, Ward P, Mills RG. Efficacy and safety of the oral neuraminidase
inhibitor oseltamivir in treating acute influenza: a randomized controlled trial. JAMA,
283:1016-1024, 2000.

Lee N, Hui DS, Zuo Z, Ngai KL, Lui GC, Wo SK, Tam WW, Chan MC, Wong BC,
Wong RY, Choi KW, Sin WW, Lee EL, Tomlinson B, Hayden FG, Chan PK. A
prospective intervention study on higher-dose oseltamivir treatment in adults
hospitalized with influenza A and B infections. Clinical Infectious Diseases, 57:1511-
1519, 2013.

Kondo H, Shobugawa Y, Hibino A, Yagami R, Dapat C, Okazaki M, Otsuka T, Fujii
K, Hassan MR, Saito R. Influenza virus shedding in laninamivir-treated children upon
returning to school. The Tohoku Journal of Experimental Medicine, 238:113-121,
2016.

Wang Y, Fan G, Salam A, Horby P, Hayden FG, Chen C, Pan J, Zheng J, Lu B, Guo
L, Wang C, Cao B. Comparative effectiveness of combined favipiravir and
oseltamivir therapy versus oseltamivir monotherapy in critically ill patients with
influenza virus infection. The Journal of Infectious Diseases, 221:1688-1698, 2019.
Yoshimura Y, Sasaki H, Horiuchi H, Miyata N, Kawakami C, Usuku S, Tachikawa N.
Early combination treatment with baloxavir and peramivir for hospitalized adults with
influenza A in Yokohama, Japan. European Journal of Clinical Microbiology &
Infectious Diseases, 39:1637-1640, 2020.

Fukao K, Noshi T, Yamamoto A, Kitano M, Ando Y, Noda T, Baba K, Matsumoto K,
Higuchi N, Ikeda, M, Shishido T, Naito A. Combination treatment with the cap-
dependent endonuclease inhibitor baloxavir marboxil and a neuraminidase inhibitor
in a mouse model of influenza A virus infection. Journal of Antimicrobial
Chemotherapy, 74:654-662, 2018.

Smee DF, Hurst BL, Wong MH, Bailey KW, Tarbet EB, Morrey JD, Furuta Y. Effects
of the combination of favipiravir (T-705) and oseltamivir on influenza a virus
infections in mice. Antimicrobial Agents and Chemotherapy, 54:126-133, 2010.
Marathe BM, Wong SS, Vogel P, Garcia-Alcalde F, Webster RG, Webby RJ, Najera I,

55



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Govorkova EA. Combinations of oseltamivir and T-705 extend the treatment window
for highly pathogenic influenza A(HS5N1) virus infection in mice. Scientific Reports,
6:26742, 2016.

Hoffmann E, Neumann G, Kawaoka Y, Hobom G, Webster RG. A DNA transfection
system for generation of influenza A virus from eight plasmids. Proceedings of the
National Academy of Sciences of the United States of America, 97:6108-6113, 2000.
Ando Y, Noshi T, Sato K, Ishibashi T, Yoshida Y, Hasegawa T, Onishi M, Kitano M,
Oka R, Kawai M, Yoshida R, Sato A, Shishido T, Naito A. Pharmacokinetic and
pharmacodynamic analysis of baloxavir marboxil, a novel cap-dependent
endonuclease inhibitor, in a murine model of influenza virus infection. Journal of
Antimicrobial Chemotherapy, 76:189-198, 2021.

Koshimichi H, Ishibashi T, Kawaguchi N, Sato C, Kawasaki A, Wajima T. Safety,
tolerability, and pharmacokinetics of the novel anti-influenza agent baloxavir
marboxil in healthy adults: phase I study findings. Clinical Drug Investigation,
38:1189-1196, 2018.

Ward P, Small I, Smith J, Suter P, Dutkowski R. Oseltamivir (Tamiflu®) and its
potential for use in the event of an influenza pandemic. Journal of Antimicrobial
Chemotherapy, 55, 2005.

Chu DH, Sakoda Y, Nishi T, Hiono T, Shichinohe S, Okamatsu M, Kida H. Potency
of an inactivated influenza vaccine prepared from A/duck/Mongolia/119/2008
(H7NO) against the challenge with A/Anhui/1/2013 (H7N9). Vaccine, 32:3473-3479,
2014.

Nobori H, Toba S, Yoshida R, Hall WW, Orba Y, Sawa H, Sato A. Identification of
compound-B, a novel anti-dengue virus agent targeting the non-structural protein 4A.
Antiviral Research, 155:60-66, 2018.

Dias A, Bouvier D, Crépin T, McCarthy AA, Hart DJ, Baudin F, Cusack S, Ruigrok
RW. The cap-snatching endonuclease of influenza virus polymerase resides in the PA
subunit. Nature, 458:914-918, 2009.

Nishimura H, Itamura S, Iwasaki T, Kurata T, Tashiro M. Characterization of human
influenza A (H5N1) virus infection in mice: neuro-, pneumo- and adipotropic
infection. Journal of General Virology, 81:2503-2510, 2000.

Checkmahomed L, Padey B, Pizzorno A, Terrier O, Rosa-Calatrava M, Abed Y, Baz
M, Boivin, G. In vitro combinations of baloxavir acid and other inhibitors against
seasonal influenza A viruses. Viruses, 12:1139, 2020.

Flannery AH, Bastin MLT. Oseltamivir dosing in critically ill patients with severe
influenza. Annals of Pharmacotherapy, 48:1011-1018, 2014.

56



55.

56.

S7.

58.

59.

60.

61.

62.

Wang Z, Zhang A, Wan Y, Liu X, Qiu C, Xi X, Ren 'Y, Wang J, Dong Y, Bao M, Li L,
Zhou M, Yuan S, Sun J, Zhu Z, Chen L, Li Q, Zhang Z, Zhang X, Lu S, Doherty PC,
Kedzierska K, Xu J. Early hypercytokinemia is associated with interferon-induced
transmembrane protein-3 dysfunction and predictive of fatal H7N9 infection.
Proceedings of the National Academy of Sciences of the United States of America,
111:769-774, 2014.

de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, Chau TN, Hoang DM,
Chau NV, Khanh TH, Dong VC, Qui PT, Cam BV, Ha do Q, Guan Y, Peiris JS, Chinh
NT, Hien TT, Farrar J. Fatal outcome of human influenza A (HSN1) is associated with
high viral load and hypercytokinemia. Nature Medicine, 12:1203-1207, 2006.

Guo J, Huang F, Liu J, Chen Y, Wang W, Cao B, Zou Z, Liu S, Pan J, Bao C, Zeng M,
Xiao H, Gao H, Yang S, Zhao Y, Liu Q, Zhou H, Zhu J, Liu X, Liang W, Yang Y,
Zheng S, Yang J, Diao H, Su K, Shao L, Cao H, Wu Y, Zhao M, Tan S, Li H, Xu X,
Wang C, Zhang J, Wang L, Wang J, Xu J, Li D, Zhong N, Cao X, Gao GF, Li L, Jiang
C. The serum profile of hypercytokinemia factors identified in H7NO9-infected
patients can predict fatal outcomes. Scientific Reports, 5:10942, 2015.

Salomon R, Hoffmann E, Webster RG. Inhibition of the cytokine response does not
protect against lethal HSN1 influenza infection. Proceedings of the National Academy
of Sciences of the United States of America, 104:12479-12481, 2007.

Salomon R, Franks J, Govorkova EA, Ilyushina NA, Yen HL, Hulse-Post DJ,
Humberd J, Trichet M, Rehg JE, Webby RJ, Webster RG, Hoffmann E. The
polymerase complex genes contribute to the high virulence of the human H5N1
influenza virus isolate A/Vietnam/1203/04. Journal of Experimental Medicine,
203:689-697, 2006.

Byrn RA, Jones SM, Bennett HB, Bral C, Clark MP, Jacobs MD, Kwong AD,
Ledeboer MW, Leeman JR, McNeil CF, Murcko MA, Nezami A, Perola E, Rijnbrand
R, Saxena K, Tsai AW, Zhou Y, Charifson PS. Preclinical activity of VX-787, a first-
in-class, orally bioavailable inhibitor of the influenza virus polymerase PB2 subunit.
Antimicrobial Agents and Chemotherapy, 59:1569-1582, 2015.

Kiso M, Takahashi K, Sakai-Tagawa Y, Shinya K, Sakabe S, Le QM, Ozawa M,
Furuta Y, Kawaoka Y. T-705 (favipiravir) activity against lethal HSN1 influenza A
viruses. Proceedings of the National Academy of Sciences of the United States of
America, 107:882-887, 2010.

Westenius V, Mikeld SM, Julkunen I, Osterlund P. Highly pathogenic HSN1 influenza
A virus spreads efficiently in human primary monocyte-derived macrophages and

dendritic cells. Frontiers in Immunology, 9:1664, 2018.

57



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Plourde JR, Pyles JA, Layton RC, Vaughan SE, Tipper JL, Harrod KS.
Neurovirulence of HSN1 Infection in ferrets is mediated by multifocal replication in
distinct permissive neuronal cell regions. PLOS ONE, 7:e46605, 2012.

Park CH, Ishinaka M, Takada A, Kida H, Kimura T, Ochiai K, Umemura T. The
invasion routes of neurovirulent A/Hong Kong/483/97 (H5N1) influenza virus into
the central nervous system after respiratory infection in mice. Archives of Virology,
147:1425-1436, 2002.

Lu X, Tumpey TM, Morken T, Zaki SR, Cox NJ, Katz JM. A mouse model for the
evaluation of pathogenesis and immunity to influenza A (HSN1) viruses isolated from
humans. Journal of Virology, 73:5903-5911, 1999.

Zitzow LA, Rowe T, Morken T, Shieh WJ, Zaki S, Katz JM. Pathogenesis of avian
influenza a (H5N1) viruses in ferrets. Journal of Virology, 76:4420-4429, 2002.
Rimmelzwaan GF, Kuiken T, van Amerongen G, Bestebroer TM, Fouchier RA,
Osterhaus AD. Pathogenesis of influenza A (HSN1) virus infection in a primate model.
Journal of Virology, 75:6687-6691, 2001.

Nomura N, Matsuno K, Shingai M, Ohno M, Sekiya T, Omori R, Sakoda Y, Webster
RG, Kida H. Updating the influenza virus library at Hokkaido University -it’s
potential for the use of pandemic vaccine strain candidates and diagnosis. Virology,
557:55-61, 2021.

Uehara T, Hayden FG, Kawaguchi K, Omoto S, Hurt AC, De Jong MD, Hirotsu N,
Sugaya N, Lee N, Baba K, Shishido T, Tsuchiya K, Portsmouth S, Kida H. Treatment-
emergent influenza variant viruses with reduced baloxavir susceptibility: impact on
clinical and virologic outcomes in uncomplicated influenza. The Journal of Infectious
Diseases, 221:346-355, 2020.

Lee LY, Zhou J, Koszalka P, Frise R, Farrukee R, Baba K, Miah S, Shishido T, Galiano
M, Hashimoto T, Omoto S, Uehara T, Mifsud EJ, Collinson N, Kuhlbusch K, Clinch
B, Wildum S, Barclay WS, Hurt AC. Evaluating the fitness of PA/I38T-substituted
influenza A viruses with reduced baloxavir susceptibility in a competitive mixtures
ferret model. PLOS Pathogens, 17:¢1009527, 2021.

Checkmahomed L, M'hamdi Z, Carbonneau J, Venable MC, Baz M, Abed Y, Boivin
G. Impact of the baloxavir-resistant polymerase acid 138T substitution on the fitness
of contemporary influenza A(HIN1)pdm09 and A(H3N2) Strains. The Journal of
Infectious Diseases, 221:63-70, 2020.

Jones JC, Pascua PNQ, Fabrizio TP, Marathe BM, Seiler P, Barman S, Webby RJ,
Webster RG, Govorkova EA. Influenza A and B viruses with reduced baloxavir

susceptibility display attenuated in vitro fitness but retain ferret transmissibility.

58



73.

74.

75.

Proceedings of the National Academy of Sciences of the United States of America,
117:8593-8601, 2020.

Hashimoto T, Baba K, Inoue K, Okane M, Hata S, Shishido T, Naito A, Wildum S,
Omoto S. Comprehensive assessment of amino acid substitutions in the trimeric RNA
polymerase complex of influenza A virus detected in clinical trials of baloxavir
marboxil. Influenza and Other Respiratory Viruses, 15:389-395, 2021.

Kowalinski E, Zubieta C, Wolkerstorfer A, Szolar OH, Ruigrok RW, Cusack S.
Structural analysis of specific metal chelating inhibitor binding to the endonuclease
domain of influenza pHINI1 (2009) polymerase. PLOS Pathogens, 8(8):e1002831,
2012.

Hamza H, Shehata MM, Mostafa A, Preschka S, Planz O. Improved in vitro efficacy
of baloxavir marboxil against influenza A virus infection by combination treatment
with the MEK inhibitor ATR-002. Frontiers in Microbiology, 12:611958, 2021.

59



Summary in Japanese (F13CEEF)

AVTNZPIE, A TNAVZ o TA NV ZAOBEGICERT H B R OEH)
V) DOWERZRIEGE C, REMIC e M THRBRIIT (ST Iv ) ZVIEL
TW5, TNHIEF2ETHEEE b, WNFEE T, & FORTOBRKRTHEAIC
FVECETANVANFEKNTH D, £7-. HSN1 ° HINO 25, k& 72 ffifl o &1
YINT WAV ARERINCE N SEERYET D EH LM R LS S
TW5, 5% bETOHRHBO T A VAN MIEYLT 2 ATREMEN S 2 DL, 1A
WG E R T PR - IR D AN EE T DH, A 7V FOIREITIE,
BERINIHIA 7NV UV ERGT L ENEETH D, KEERTHE
Yo H—3 BA VTN T A VARG, B MR L THo A L R
LT/ AT I=F—PHERK NAI) OFLGE2HEREL WD, LarL, FEiMHE
AT NEZY T A LA TR S DA PEZL . [NA/H275Y ° NA/R292K
(N2 Fo RN T TER)] ERIUERNBA TNV Py A )V A RGBS D
BRI SN FHI0, ERRERARAE T OHRPBRRA RSN TEY,
IR ORINEILFTENEE TH 5,

ANuFFEAwRF L (BXM) (F, A BEDB RS T YA
IV R JEGE DIRIE K VT B % HICBLE KR SR Hba W Th 5, A3
X7m K7 v 7 ThHY | ERNTIEEAETH DL\ a e (BXA) ICA#S
. ENINSA TN T A JVAD PA X X TENRET HF ¥ v SR
TV KX L7 —BIEWEERIRICEE L, UA VRS ) LD S TR % i
T 5, PAX L NIEOT X BRESIOMEMEITERIC L 57 E <. BXA X
AT BRIZEFIMEA 7 A VAR, HS X° H7 WAZE O EhY) B Skik
EETeRkA IR U A VAR L CAEMEE RS, L L, NAT A R 2R A L
-3 SR ER D BXA B MES0 . in vivo & /L TOEMW) HSKRIZ 9% BXM D
BIEIZBE T 2T 72 <. B SRR U7 B XT3 2 1R RiE O3k
PIEIEFR DT D D ALDOIEITEE TH D, K TIX, PAX LRI EDT
R EEINLDA Y u A (PAN138) DERIZRFEIND ., BXA BZMEOIK T
IR LT IV BRERNREINTWD, LaL, BHREICE T 5 PA/I3S
EROVERMITII A+ TH Y . BXA BZMEIRTICEDS PA X R0 EDT
I BERNCEAT A S, F ZTARNIFE T, fEx OB kA
T. BXM OBEZMEICET 5 in vitro 2 O in vivo iR % 36 L 7-,

%1 FETiX, HS O H7 SAERIC x5 BXM OB EZRAELTZ, £ D
fE . ICAEEN THBE S LR Z S eEE O HS KOV HT AR S A 7
NI T ANAR, Kk 72 NATTER R 28 A UCEH L7 fiH %
A/Hong Kong/483/1997 (H5N1, HK483) # &% " A/Anhui/1/2013 (H7N9, Anhuil)
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BN, BXA BZMETHLZ Enbhole, EEOMEFEFEMZ., FEALZIEL
RT7FEEISEALDENAL LY bENoT, RB. PAEZURIEDOT I ) WHE
RUERT N6 . < O HT #ARERIL PA/A3TS 544 L T, AEAE, BXA
DREET D PA XXV EOZ Y RX 7 LT —8 KA A OEEFR DTN
&L TWD2, BXA B MEITZE Lehyo 7z, RIZ, Anhuil ££&% OY HK483 £
B AR S, RREAZ LY BXM W XY VAL I BV
(OSP) %, 5mg/kg B\ ME 50mg/kg DHET, 1 H2[E5 AEO#&S Lz, £
OFER . BXM [T B OffiN ™7 A L 28854 OSP X 0 3 1ok L. LI
JiliN 7 A v A G i % OSP L VK< HERE Uit 72, 7238, BN DRI S vz
ANVAD PA XU \TEITIET X BEREOLERITHER SN oT, £
BXM #5112 K- T, A VARG D ik O RIE A I < 4v, BEERHIZ)
ROBRBO BN, HKL83 A~ DU AR D & MOBENO U A LA
DRSNS, BXM B 5ICL > T, Znonfiifl S, 512, Anhuil 8
UME HK483 BR D&Y 24, 48 Bi[f1# LV BXM 2% 5 L7-HATH . BEHH%h
BOFRD HTZ, F72 HK483 J&YL£ 5 /LT BXM & OSP (ZN <1 5 mg/kg, 10
mgkg % 1 H21[E5 AR Z20fHEEG3T 52 & T, SLaWZ A TR ET 5 XL
D HEN T BIEIMEIEIR T O bz, LLEL Y BXM X HS KON HT #if 1
VINTE W A VR OIRIEA T a v ELTHEATHD Z EVRIE S
iz,

55 11 8 Tl PA/I3S (A B 2 A5 T D Ehig i Sk O PER AT D 72 D PA/IZSF,
PA/I38M, PA/I38T A% & A L7-#l# 2 HK483 iax TN EN/EH L, b v
A VA D BXA 2SS MDCK MIfEIZ 3510 2 HFEME A FRGIE LTz, F 7z, %
TR A I ERICB E T XD EES L2 7 A IV ARRD BXA &2 h s, PA ¥
YORTBEDOT X ) BRETRIERRNT LTz, FOREE, 4 PA/I3S AR A8 A L7 i
z HK483 ¥R BXA BZMENETATIROZN L 0 SR T Lz, £-8L R
KD MDCK ffaiZ 1) D HEFEMEN B AR O Z L L VKT L, PA/I3ST AR %
RETDUANVAKRTHRICEHE Ch -7, 7B, BXA LIXR R 1EHEF A
TAHFEALZIEALKONT 7 BT ELOZMEIT. BAERBEOZFND & [FfE
ETH o7z, RIT, AL M TR 2 2RI BES L7257 28 BRD S & 7 % 43t
RO BXA M AZFHNT2E 2 A, WTHOKE BXA JEEZMETHH Z L nbh
oSfc, £, BEI0EMICHBESNT- AL TV 7 A )L ZFRICTERD 5
NHPAZ U NRIELEOT I VLM ET —HX—2A L THERLIEEZ A, 99%
PLEDOET PA/I3S MRIFS LTV D—T7, PA/A20T, Y24H, A37S FHEDZHIN
BIRD 1%L RIZRBO b7z, 7o2ds. AFEH L 72RO —EBIC FRRZ MR 6
N0, Wb BXA BEZMEIIME T Lo 7=, LEDFERNS, #ih kA
VINTE YT AL RTENT S, PA/IZS A BXA OfitthER~—h—& LTH
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T D aREMED RIR X7z,

PUbXv HIETIE BN THBES @RISR v 7= odg
JVAR NAI MR R A A U2 7 A VA &G iefi 2 O H5 KON HT #fifl
BRIZKES 2 BXM OFMENRH SN E oz, REERIZ, & N TEWHKEA 7
W T A VA DY HERE ST BEOREEDO—> & LT BXM BAEHT
BHOLFELREL TWD, FLBENETIE, FHMEA 7L A L 2D BXA
Mt E R~ —h—L L CTMbN5 PA/I3S ZENEMHERICEANSNIZHED
in vitro \ZBTHMERO—MmNBH BN E o7, F o HERAH TR &4 72 4ERIT 5y
Bl S =BV SRR SIS < BXA (2R L T2 7R L, BXA EZ A KT &
ORI RIS S ol 5% b BIRFTHRES 2 Bl kEkIC
BiFD PA XX IEOT X ) BETIOMKGR 72T =% —=°, BXA DIiftEL R
EET L E KO FE R MR N EE TH 5, ABFFETHE L= A,
FFRFEL DDA TN PFRUT I v 7 ITERAEND Z ERNHIREEIND,
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