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The cap-dependent endonuclease inhibitor baloxa-
vir marboxil is approved in Japan for the treat-

ment and prophylaxis of influenza virus infection in 
young patients. For patients >12 years of age, the ap-
proved doses are 80 mg for those weighing >80 kg 
and 40 mg for those weighing <80 kg. For patients 
<12 years of age, the approved doses are 40 mg for 
those weighing >40 kg, 20 mg for those weighing 20 
to <40 kg, and 10 mg for those weighing 10 to <20 
kg. The Japan Pediatric Society did not recommend 
use of baloxavir in children <5 years of age during 
the 2023–24 influenza season (https://www.jpeds.
or.jp/uploads/files/20231122_influenza.pdf). Bal-
oxavir acid, an active form of baloxavir marboxil, 
binds to the polymerase acidic (PA) protein endo-
nuclease domain and inhibits RNA cleavage by the 
PA cap-dependent endonuclease (1). Amino acid 
substitutions at position 38 in the PA protein are rec-
ognized as treatment-emergent mutations associated 
with reduced susceptibility to baloxavir (2,3) and are  

considered the primary pathway for the emergence 
of baloxavir resistance (4). The PA I38T substitution 
is the most frequent substitution and has the great-
est effect on baloxavir susceptibility (5). Influenza 
A(H1N1)pdm09 (pH1N1) and A(H3N2) viruses with 
the PA I38T substitution isolated from baloxavir-
treated patients show similar replication fitness and 
pathogenicity to wild-type isolates tested in hamsters 
and efficiently transmit between ferrets by respirato-
ry droplets (6). We have monitored baloxavir suscep-
tibility of seasonal influenza viruses in Japan since the 
2017–18 season and reported human-to-human trans-
mission of PA I38T mutant H3N2 viruses in children 
<10 years of age (7,8).

Researchers detected a PA I38N substitution in a 
pH1N1 virus isolated from a patient during a phase 3 
clinical trial of baloxavir. That substitution conferred 
a 24-fold reduction in baloxavir susceptibility in re-
combinant A/WSN/33(H1N1) and a 10-fold reduc-
tion in recombinant A/Victoria/3/75(H3N2) and 
reduced growth capability in both viruses (3,9). How-
ever, its effect on pH1N1 virus has not been reported. 
During our 2023–24 surveillance, we detected a PA 
I38N mutant pH1N1 virus in a 14-year-old patient not 
treated with baloxavir. Here, we report the in vitro 
characterization of the PA I38N mutant pH1N1 virus.

The Study
In March 2024, we detected a pH1N1 virus with the 
PA I38N substitution (A/Yamagata/103/2024) in 
Yamagata, Japan. During the 2023–24 season, H3N2 
viruses predominated in Japan, followed by pH1N1 
and B/Victoria-lineage viruses. In Yamagata, we col-
lected 137 pH1N1, 206 H3N2, and 135 B/Victoria-
lineage viruses during the 2023–24 season (Figure 1). 

A 14-year-old patient experienced influenza 
symptom onset on March 12, 2024, including a high 
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Influenza A(H1N1)pdm09 virus carrying an I38N substi-
tution was detected in an untreated teenager in Japan. 
The I38N mutant virus exhibited reduced susceptibility 
to baloxavir but remained susceptible to neuraminidase 
inhibitors and showed reduced growth capability. Moni-
toring antiviral drug susceptibility of influenza viruses 
is necessary to aid public health planning and clinical 
recommendations.
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fever and upper respiratory tract infection. A nasal 
swab specimen was collected on the day of symptom 
onset. The patient had not received any influenza 
antiviral drugs before specimen collection. An influ-
enza outbreak occurred at the school attended by the 
patient, and a class in a different grade was closed 
on March 13, 2024. No other specimens from the out-
break were available. Ethical approval was not re-
quired because this study used data obtained through 
routine surveillance. 

Deep sequencing analysis performed by us-
ing MiSeq (Illumina, https://www.illumina.com) 
showed that the PA I38N substitution was present at 
100% frequency in both the specimen from the patient 
and the virus isolate. We did not detect any amino 
acid substitutions associated with reduced inhibition 
by neuraminidase (NA) inhibitors.

We assessed the susceptibility of the PA I38N 
mutant and representative pH1N1 viruses, including 
a PA I38T mutant virus isolated in Yamagata, to bal-
oxavir acid (Funakoshi Co., Ltd., https://www.funa-
koshi.co.jp) and 4 NA inhibitors approved in Japan: 
oseltamivir acid (active metabolite of oseltamivir), 
peramivir, zanamivir, and laninamivir (MedChem-
Express, https://www.medchemexpress.com). We 
determined antiviral drug susceptibilities by using a 
focus reduction assay (10) and a fluorescence-based 
NA inhibition assay (NA-Fluor Influenza Neuramini-
dase Assay Kit; Invitrogen, https://www.thermo-
fisher.com/us/en/home/brands/invitrogen.html) 
and calculated 50% effective concentration (EC50) 
and 50% inhibitory concentration (IC50) values by us-
ing GraphPad Prism (GraphPad Software, https://
www.graphpad.com). To interpret the antiviral drug 

Figure 1. Detection of influenza 
viruses in Yamagata, Japan, 
during the 2022–23 and 2023–
24 influenza seasons (n = 619). 
Monthly reports of influenza 
virus detection by the National 
Epidemiologic Surveillance of 
Infectious Diseases (https://
www.niid.go.jp/niid/en/
survaillance-data-table-english.
html) were used for study of 
influenza A(H1N1)pdm09 virus 
with reduced susceptibility to 
baloxavir. Clinical specimens 
were collected from outpatients 
who had influenza or influenza-
like illness diagnosed.

 
Table 1. Antiviral drug susceptibilities of influenza A(H1N1)pdm09 viruses, Japan, 2024* 

Influenza virus 
GISAID 

isolate ID 
PA 

substitution 
Specimen 
collection 

Baloxavir† 
(fold-change) 

NA inhibitors‡ (fold-change) 
Oseltamivir Peramivir Zanamivir Laninamivir 

A/Yamagata/103/2024 19183931 I38N 2024 Mar 12 388.20 (90) 0.21 (0.9) 0.11 (1.4) 0.43 (1.1) 0.52 (0.9) 
A/Yamagata/333/2023 19045749 I38T 2023 Dec 15 929.18 (216) 0.26 (1.1) 0.08 (1.0) 0.32 (0.8) 0.44 (0.8) 
A/Yamagata/122/2023 18744526 None 2023 Sep 21 4.05 (0.9) 0.23 (1.0) 0.08 (1.0) 0.46 (1.2) 0.70 (1.2) 
A/Yamagata/127/2023 18744528 None 2023 Oct 2 5.38 (1.3) 0.22 (1.0) 0.08 (1.0) 0.44 (1.2) 0.70 (1.2) 
A/Yamagata/135/2023 18799184 None 2023 Oct 15 6.08 (1.4) 0.24 (1.0) 0.08 (1.0) 0.43 (1.1) 0.71 (1.3) 
A/Yamagata/177/2023 18853702 None 2023 Nov 4 6.69 (1.6) 0.22 (1.0) 0.06 (0.8) 0.25 (0.7) 0.36 (0.6) 
A/Yamagata/292/2023 18987233 None 2023 Dec 4 5.15 (1.2) 0.22 (1.0) 0.09 (1.1) 0.35 (0.9) 0.52 (0.9) 
A/Yamagata/312/2023 18987234 None 2023 Dec 11 5.05 (1.2) 0.22 (1.0) 0.11 (1.4) 0.38 (1.0) 0.49 (0.9) 
A/Yamagata/336/2023 19045750 None 2023 Dec 15 6.47 (1.5) 0.23 (1.0) 0.09 (1.1) 0.30 (0.8) 0.42 (0.7) 
A/Yamagata/104/2024 19201115 None 2024 Mar 27 4.32 (1.0) 0.28 (1.2) 0.09 (1.1) 0.33 (0.9) 0.50 (0.9) 
*Influenza A(H1N1)pdm09 for 2023–24 was 4.30 + 2.38 (n = 214) for baloxavir and 0.23 + 0.06 (n = 208) for oseltamivir, 0.08 + 0.02 (n = 208) for 
peramivir, 0.38 + 0.12 (n = 208) for zanamivir, and 0.56 + 0.14 (n = 208) for laninamivir. EC50, 50% effective concentration; fold-change, fold-change in 
EC50 and IC50 values compared with the median values of 2023–24 seasonal pH1N1 viruses isolated in Japan; GISAID, GISAID EpiFlu database 
(http://www.gisaid.org); IC50, 50% inhibitory concentration; NA, neuraminidase; PA, polymerase acidic protein. 
†Mean EC50, nmol/L. Mean EC50 values of triplicate reactions in a single run were determined by using a focus reduction assay. 
‡Mean IC50, nmol/L. Mean IC50 values of duplicate reactions in a single run were determined by using a fluorescence-based NA inhibition assay. 
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susceptibility, we applied the criteria proposed by the 
World Health Organization Expert Working Group 
on Surveillance of Influenza Antiviral Susceptibility 
for the Global Influenza Surveillance and Response 
System (11,12) by using EC50 and IC50 fold-change 
values compared with the median values of pH1N1 
viruses isolated during the 2023–24 season in Japan. 
The criteria for NA inhibitor susceptibility define in-
hibition of NA activity of influenza A virus as normal 
(<10-fold increase), reduced (10- to 100-fold increase), 
or highly reduced (>100-fold increase) (11). For bal-
oxavir susceptibility, the provisional criteria define 
influenza virus susceptibility as normal (≤3-fold in-
crease) or reduced (>3-fold increase) (12). The PA 
I38N and PA I38T mutant viruses showed normal in-
hibition by all 4 NA inhibitors, but PA I38N exhibited 
90-fold higher EC50 values and PA I38T exhibited 216-
fold higher EC50 values to baloxavir compared with 
the median EC50 value of 2023–24 seasonal pH1N1 
viruses isolated in Japan (Table 1). Those results  
indicate that the PA I38N and PA I38T substitutions 
reduce the susceptibility of pH1N1 virus to baloxavir 
in vitro.

We then evaluated the effect of the PA I38N sub-
stitution on pH1N1 virus growth in vitro (Figure 2) by 
infecting humanized MDCK cells with the PA I38N 
mutant or its corresponding wild-type virus at a mul-
tiplicity of infection of 0.001 focus-forming units per 
cell. The wild-type A/Yamagata/336/2023 virus had 
the most closely related sequences to the PA I38N mu-
tant A/Yamagata/103/2024 virus (Table 2). However, 
no reports have indicated that those substitutions af-
fect viral replication. The PA I38N mutant virus grew 
less efficiently than the wild-type virus and showed 
substantially lower virus titers at all time points. Those 
results indicated that the PA I38N substitution may 
negatively affect pH1N1 virus growth in vitro.

Conclusions
In this study, we showed that the PA I38N mutant 
pH1N1 virus had reduced susceptibility to baloxa-
vir but remained susceptible to NA inhibitors. Our 
results indicate that the PA I38N substitution in the 
pH1N1 virus contributed to a reduction in baloxavir 
susceptibility, but the reduction in susceptibility was 
less than that caused by the PA I38T substitution (3,9).

PA I38 is highly conserved in influenza A and B 
viruses (1). During October 2023–March 2024, medi-
cal institutions that serve ≈3.7 million persons in Ja-
pan received baloxavir to use for antiviral treatment. 
The PA I38N substitution may negatively affect the 
growth capability of the virus in vitro; however, our 
findings suggest possible transmission of the PA I38N 
mutant pH1N1 virus from another host harboring the 
mutant virus, which may have emerged under the se-
lective pressure of baloxavir or as a result of a rare 
spontaneous mutation.

In Japan, influenza activity was low throughout 
the COVID-19 pandemic; the first influenza outbreak 
occurred in the 2022–23 season (13). The influenza 
outbreak in the 2023–24 season was larger than that 
of 2022–23 (Figure 1). Influenza pH1N1 virus activity 
peaked in November 2023 and then declined. The PA 
I38N mutant pH1N1 virus in this study was detected 
in March 2024. By March, the pH1N1 outbreak was 
almost over, and no regional spread of the PA I38N 
mutant pH1N1 virus was observed.

Figure 2. In vitro growth kinetics of the polymerase acidic I38N 
mutation from study of influenza A(H1N1)pdm09 virus with 
reduced susceptibility to baloxavir, Japan, 2024. Humanized 
MDCK cells were infected with the polymerase acidic I38N mutant 
virus (A/Yamagata/103/2024) or its corresponding wild-type virus 
(A/Yamagata/336/2023) at a multiplicity of infection of 0.001 
focus-forming units per cell. The supernatants were harvested  
at the indicated times and virus was titrated by using a focus 
assay. Means (circles) and SDs (error bars) of 4 experiments  
are shown. p values were calculated by using a t-test and fitting a 
mixed-effects model. FFU, focus-forming units; PA,  
polymerase acidic.

 
Table 2. Amino acid differences in influenza A(H1N1)pdm09 viruses with reduced susceptibility to baloxavir, Japan, 2024* 

Influenza virus 
PA 

 
PB1 

 
PB2 

 
HA 

 
NA 

 
NS1 

38 258 531 617 622 661 152 308 649 6 274 51 383 178 
A/Yamagata/103/2024 N E K  D G T  S I I  V V  E T  I 
A/Yamagata/333/2023 T E R  N G A  A V V  I M  K T  V 
A/Yamagata/336/2023 I K R  D R A  A V V  V M  K I  V 
*HA, hemagglutinin; NA, neuraminidase; NS1, nonstructural protein 1; PA, polymerase acidic protein; PB1, polymerase basic protein 1; PB2, polymerase 
basic protein 2. 
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We reported a community cluster of influenza 
A(H3N2) viruses with reduced susceptibility to bal-
oxavir caused by a PA E199G substitution in Japan 
in February–March 2023 (13). In addition, researchers 
reported widespread community clusters of pH1N1 
viruses with cross-resistance to oseltamivir and pera-
mivir in Australia and Japan (14,15). Monitoring of 
antiviral drug susceptibility of influenza viruses is 
necessary to aid public health planning and clinical 
recommendations for antiviral drug use.
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