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The novel cap-dependent endonuclease inhibitor baloxavir marboxil was approved for
the treatment of influenza A and B virus infections in February 2018 in Japan. Because
of the need to monitor influenza viruses for reduced susceptibility to this drug, we used
two cell-based screening systems – a conventional plaque reduction assay and a focus
reduction assay – to evaluate the susceptibility of influenza viruses to baloxavir. First, we
generated a reference virus possessing an I38T substitution in the polymerase acidic
subunit (PA), which is known to be associated with reduced susceptibility to baloxavir,
and demonstrated the validity of our systems using this reference virus. We then
determined the susceptibility of a panel of neuraminidase (NA) inhibitor-resistant viruses
and their sensitive counterparts to baloxavir. No significant differences in baloxavir
susceptibilities were found between the NA inhibitor-resistant and -sensitive viruses.
We also examined seasonal influenza viruses isolated during the 2017–2018 influenza
season in Japan and found that no currently circulating A(H1N1)pdm09, A(H3N2), or
B viruses had significantly reduced susceptibility to baloxavir and none of the viruses
possessed an amino acid substitution at PA residue 38. Use of a combination of
methods to analyze antiviral susceptibility and detect amino acid substitutions is valuable
for monitoring the emergence of baloxavir-resistant viruses.

Keywords: influenza virus, cap-dependent endonuclease inhibitor, baloxavir marboxil, baloxavir acid, S-033188,
neuraminidase inhibitors, resistance

INTRODUCTION

In Japan, four neuraminidase (NA) inhibitors – oseltamivir, zanamivir, peramivir, and laninamivir –
are approved for therapeutic or prophylactic treatment of influenza virus infection. In addition,
favipiravir, a viral RNA-dependent RNA polymerase inhibitor, is approved and stockpiled for
use against novel influenza virus infections where existing antivirals are ineffective. Because the
surveillance of antiviral-resistant influenza viruses is important to protect public health and
aid in clinical management, we have been conducting nationwide monitoring of the antiviral
susceptibility of influenza viruses since 1999.

The novel cap-dependent endonuclease inhibitor baloxavir marboxil (S-033188) was approved
on 23 February 2018 for the therapeutic treatment of influenza A and B virus infections and became
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available on 14 March 2018 in Japan. Treatment of influenza
virus infections with this drug requires a single oral dose. The
hydrolyzed active form of baloxavir marboxil (baloxavir acid;
S-033447) inhibits the cap-dependent endonuclease of influenza
A and B viruses (Koszalka et al., 2017). In vitro studies have
revealed that an I38T substitution in the polymerase acidic
subunit (PA) is associated with reduced susceptibility of influenza
A(H1N1), A(H3N2), and B viruses to baloxavir (Noshi et al.,
2018; Omoto et al., 2018). Furthermore, PA I38T and I38F
substitutions emerged as a result of exposure to baloxavir
marboxil in four (3.6%) of 112 A(H1N1)pdm09 viruses for which
PA sequences were available in a Phase II clinical trial (Shishido
et al., 2017; Omoto et al., 2018). In a Phase III clinical trial,
PA I38T and I38M substitutions were detected after exposure
to this drug in 9.7% of 370 A(H3N2) viruses (Hayden et al.,
2018). Patients infected with the PA I38T or I38F mutant viruses
exhibited prolonged virus shedding (Shishido et al., 2017) and the
median time to alleviation of symptoms was longer in baloxavir
recipients with I38T or I38M substitutions than in those without
substitutions (Hayden et al., 2018). In a pediatric study, PA I38T
and I38M substitutions emerged in 18(23.4%) of 77 A(H3N2)
viruses (Omoto et al., 2018). Therefore, there is a need to
develop convenient assays to monitor the baloxavir susceptibility
of influenza viruses.

The susceptibility of influenza viruses to baloxavir has been
determined by using a conventional plaque reduction assay
(Shishido et al., 2017; Noshi et al., 2018; Omoto et al., 2018).
However, the plaque reduction assay is not ideal for large-scale
monitoring (Tisdale, 2000). Recently, a focus reduction assay was
reported to be highly suitable for the surveillance of antiviral
susceptibility in influenza viruses because it is sensitive, robust,
and less laborious than conventional cell-based assays (Tilmanis
et al., 2017). Here, we used two cell-based screening systems –
a conventional plaque reduction assay and a focus reduction
assay – to evaluate the baloxavir susceptibility of influenza
viruses. We validated our systems by generating a reference
influenza A virus possessing the PA I38T substitution. Using
our approach, we examined the susceptibility of a panel of NA
inhibitor-resistant viruses and their -sensitive counterparts to
baloxavir. In addition, we subjected seasonal influenza viruses
isolated during the 2017–2018 influenza season in Japan to the
focus reduction assay to determine their baloxavir susceptibility
and to genetic analysis to detect amino acid substitutions at
residue 38 in PA.

MATERIALS AND METHODS

Viruses
High-yield influenza A/Puerto Rico/8/34(H1N1) virus
(A/PR/8/34) was generated by reverse genetics as previously
described (Ping et al., 2015). A/PR/8/34 possessing the PA
I38T substitution (A/PR/8/34-PA/I38T) was generated by
using the QuikChange Lightning Site-Directed Mutagenesis
Kit (Agilent). Eight pHH21-based RNA polymerase I
plasmids for viral RNA synthesis and four protein-expressing
plasmids to synthesize the viral replication complex were

kindly provided by Dr. Yoshihiro Kawaoka (University of
Wisconsin-Madison).

A panel of NA inhibitor-resistant viruses and their -sensitive
counterparts were used in this study (Takashita et al., 2016;
Table 2). A/Fukui/45/2004(H3N2), A/Fukui/20/2004(H3N2),
plaque-purified B/Perth/211/2001-197E, and B/Perth/211/2001-
197D were kindly provided by the isirv Antiviral Group1.
Amino acid position numbering is A subtype and B type
specific. Seasonal A(H1N1)pdm09, A(H3N2), and B viruses
were isolated from patients during the 2017–2018 influenza
season in Japan. Some of the patients were treated with
baloxavir marboxil after specimen collection and therefore
no clinical specimens were obtained from baloxavir-treated
patients.

Antiviral Compounds
Baloxavir acid was provided by Shionogi & Co., Ltd., or
purchased from AbaChemScene or MedChemExpress.
Oseltamivir carboxylate, peramivir, and zanamivir were
purchased from Sequoia Research Products. Laninamivir was
provided by Daiichi Sankyo Co., Ltd., Baloxavir acid was
dissolved in dimethyl sulfoxide and oseltamivir carboxylate,
peramivir, zanamivir, and laninamivir were dissolved in distilled
water.

NA Inhibition Assay
Cell-based assays are not suitable for monitoring the
susceptibility of influenza viruses to NA inhibitors because
amino acid substitutions in the hemagglutinin protein can
affect the NA inhibitor susceptibility in the cell-based assays
(Barnett et al., 2000; Tisdale, 2000). Therefore, the susceptibilities
of the viruses to NA inhibitors were determined by using a
fluorescence-based NA inhibition assay with the NA-Fluor
influenza neuraminidase assay kit (Applied Biosystems). The
results are expressed as the 50% inhibitory concentration (IC50).
The IC50 values were calculated by using GraphPad Prism
(GraphPad Software). To interpret NA inhibitor susceptibility,
we used the World Health Organization (WHO) criteria, which
are based on the fold-change in IC50 compared to the median
for viruses from the same type/subtype/lineage showing normal
inhibition (NI) (WHO, 2012). Reduced inhibition (RI) is defined
as a 10- to 100-fold increase in IC50 for influenza A viruses, or
a 5- to 50-fold increase in IC50 for influenza B viruses. Viruses
showing highly reduced inhibition (HRI) are influenza A viruses
with >100-fold increase in IC50 or influenza B viruses with
>50-fold increase in IC50.

Plaque Reduction Assay
The antiviral activity of baloxavir was determined by using
a conventional plaque reduction assay as previously described
(Takashita et al., 2016). Briefly, confluent monolayers of Madin-
Darby canine kidney (MDCK) cells in 6-well plates were
inoculated with 50 plaque-forming unit (PFU)/well of viruses.
Virus adsorption was carried out for 1 h at 37◦C and then
the inoculum was removed. Then, 0.8% agarose in culture

1http://www.isirv.org/site/index.php/reference-panel
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medium containing serial dilutions (0.025–2500 nM) of baloxavir
acid was added to each well in triplicate. The cells were
incubated for 3 days and the plaque numbers were counted.
The susceptibilities of viruses to baloxavir were expressed as
the IC50. The IC50 values were calculated by using GraphPad
Prism.

Focus Reduction Assay
The antiviral activity of baloxavir was also determined by using
a focus reduction assay (Tilmanis et al., 2017) under Avicel
overlays (Matrosovich et al., 2006). Confluent monolayers of
MDCK cells in 96-well plates were inoculated with 100 µl of
1000 focus-forming unit (FFU)/well of viruses. Virus adsorption
was carried out for 1 h at 37◦C and then 100 µl of 1.2%
Avicel RC-581 (FMC BioPolymer) in culture medium containing
serial dilutions (0.025–2500 nM) of baloxavir acid was added to
each well in triplicate. The cells were incubated for 24 h and
then fixed with formalin. After the formalin was removed, the
cells were immunostained with a mouse monoclonal antibody
against influenza A or B virus nucleoprotein (Merck; MAB8251,
MAB8661), followed by a horseradish peroxidase-labeled goat
anti-mouse immunoglobulin (SeraCare) as previously described
(Tilmanis et al., 2017). The infected cells were stained with
TrueBlue Substrate (SeraCare) and then washed with distilled
water. After drying, the number of FFU was quantified by using
an ImmunoSpot S6 Analyzer, ImmunoCapture software, and
BioSpot software (CTL) as previously described (Tilmanis et al.,
2017; van Baalen et al., 2017). The IC50 values were calculated by
using GraphPad Prism.

Deep Sequencing
A cDNA library was prepared from viral RNA by using a
NEBNext Ultra RNA Library Prep Kit for Illumina and NEBNext
Singleplex Oligos for Illumina (New England Biolabs), followed
by purification by using Agencourt AMPure XP (Beckman
Coulter). The library was sequenced by using MiSeq Reagent Kits
v2 with MiSeq (Illumina). Sequence reads were aligned to the
reference sequences by using CLC Genomics Workbench 8 (CLC
bio). All sequences are available from the EpiFlu database of the
Global Initiative on Sharing All Influenza Data (GISAID).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism.
Significant outliers were detected by using Grubb’s test. The
Paired t-test and Fisher′s exact test were used to determine
statistically significant differences between groups. P-values of
<0.05 were considered statistically significant.

RESULTS

Antiviral Susceptibilities of a Reference
Influenza A Virus With a PA I38T
Substitution
To examine whether the susceptibility of influenza viruses to
baloxavir could be evaluated by using our cell-based screening

systems (i.e., conventional plaque reduction and focus reduction
assays), we conducted these assays using a reference influenza
A(H1N1) virus with the PA I38T substitution that confers
reduced susceptibility to baloxavir. The susceptibility of the virus
to NA inhibitors was also analyzed by using a fluorescence NA
inhibition assay.

The IC50 values of the virus to oseltamivir, peramivir,
zanamivir, laninamivir, and baloxavir are shown in Table 1.
Both the A/PR/8/34-PA/I38T mutant and the wild-type virus
showed normal inhibition with all four NA inhibitors tested,
whereas the A/PR/8/34-PA/I38T mutant virus exhibited 54- and
44-fold higher IC50 values to baloxavir in the plaque reduction
and the focus reduction assay, respectively, compared with the
wild-type virus, consistent with previous studies (Noshi et al.,
2018; Omoto et al., 2018). Since the IC50 values obtained from
cell-based assays are assay-specific, they cannot be compared
directly with each other (Takashita et al., 2016). However, these
results demonstrate that both cell-based screening systems are
appropriate to evaluate the susceptibility of influenza viruses to
baloxavir.

Baloxavir Susceptibilities of NA
Inhibitor-Resistant Influenza Viruses
Next, we assessed the susceptibility of a panel of NA inhibitor-
resistant viruses and their -sensitive counterparts to baloxavir
by using our cell-based screening systems to confirm that NA
substitutions did not affect the baloxavir susceptibilities. The
influenza A(H1N1)pdm09-NA/H275Y, A(H3N2)-NA/E119V
or -NA/R292K, and influenza B-NA/D197E mutant viruses
exhibited HRI or RI against at least one of the four NA
inhibitors, whereas no significant differences in baloxavir
susceptibilities were found between the NA inhibitor-
resistant and wild-type viruses by using either assay (Table 2);
however, influenza B viruses showed higher IC50 values than
influenza A viruses, as previously reported (Noshi et al., 2018;
Omoto et al., 2018).

Baloxavir Susceptibilities of Seasonal
Influenza Viruses Isolated During the
2017–2018 Influenza Season in Japan
To monitor the susceptibility of currently circulating influenza
viruses to baloxavir, we examined the baloxavir susceptibility of
seasonal influenza viruses [114 A(H1N1)pdm09, 76 A(H3N2), 34
B/Victoria-lineage, and 65 B/Yamagata-lineage viruses] isolated
during the 2017–2018 influenza season in Japan by using
the focus reduction assay (Figure 1). Influenza B viruses
showed higher IC50 values than influenza A viruses as shown
in Table 2. The median IC50 values of the viruses were
0.28 nM for A(H1N1)pdm09, 0.16 nM for A(H3N2), 3.42 nM
for B/Victoria-lineage, and 2.43 nM for B/Yamagata-lineage
viruses, respectively. The fold-changes in IC50 compared to
the median for viruses from the same type/subtype/lineage
ranged from 0.3 to 3.8 for A(H1N1)pdm09, from 0.4 to
2.6 for A(H3N2), from 0.2 to 3.0 for B/Victoria-lineage,
and from 0.4 to 4.6 for B/Yamagata-lineage, respectively.
These results indicate that none of the currently circulating
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FIGURE 1 | Baloxavir susceptibilities of seasonal influenza viruses isolated
during the 2017–2018 influenza season in Japan. IC50 values were
determined by use of a focus reduction assay. Box-and-whisker plots of IC50

values are shown.

viruses tested have significantly reduced susceptibility to
baloxavir.

Detection of Amino Acid Substitutions at
Residue 38 in the PA Protein of Seasonal
Influenza Viruses Isolated During the
2017–2018 Influenza Season in Japan
To detect amino acid substitutions at residue 38 in PA,
we obtained whole-genome sequencing data by using the
deep sequencing analysis. Seventy-four A(H1N1)pdm09, 149
A(H3N2), 25 B/Victoria-lineage, and 55 B/Yamagata-lineage
viruses isolated during the 2017–2018 influenza season in
Japan were analyzed (Supplementary Table 1). We found
that none of the currently circulating viruses tested possessed
the PA I38 substitution. Additionally, no other substitutions
associated with reduced susceptibility to a prototypical PA
endonuclease inhibitor were detected (Stevaert et al., 2013;
Song et al., 2016).

DISCUSSION

Two influenza A(H1N1) viruses with reduced susceptibility to
baloxavir were detected after seven or nine passages in Madin-
Darby bovine kidney cells in the presence of this drug and the
fold-change in EC50 values (i.e., the dose at which 50% of the
maximum effect is produced) for each virus was 41 and 40,
respectively (Noshi et al., 2018). These viruses possessed the
I38T substitution in their PA protein. In the Phase II clinical
trial of baloxavir efficacy in adults aged 20–64 years, PA I38T,
I38F, and E23K substitutions were detected in A(H1N1)pdm09
viruses and a PA G548R substitution was detected in a B
virus (Omoto et al., 2018). In vitro studies have revealed that
influenza A(H1N1) viruses with the PA I38T, I38F, or E23K
substitutions show 27.2, 10.6, and 4.7-fold higher EC50 values,

respectively, whereas the PA G548R substitution in influenza
B virus does not affect baloxavir susceptibility (Omoto et al.,
2018). In the Phase III clinical trial in patients aged 12–64 years,
PA I38T and I38M substitutions were detected in A(H3N2)
viruses (Hayden et al., 2018). In the clinical trial of baloxavir
efficacy in children aged 6 months to <12 years, the PA I38T
and I38M substitutions were detected in 18 (23.4%) of 77
A(H3N2) viruses. Furthermore, A37T, E199G, N412D, V517A,
and P632S substitutions were each detected in an A(H3N2)
virus (Omoto et al., 2018). Influenza A(H3N2) viruses with
the PA I38T, I38M, A37T, or E199G substitutions showed 56.6,
13.8, 8.1, and 4.5-fold higher EC50 values, respectively, whereas
the baloxavir susceptibility was not affected by the PA N412D,
V517A, or P632S substitution (Omoto et al., 2018). These
results demonstrate that amino acid substitutions at residue
38 in PA are the major pathway for reduced susceptibility to
baloxavir.

In this study, we used two cell-based screening systems –
a conventional plaque reduction assay and a focus reduction
assay – to evaluate the susceptibility of influenza viruses to
baloxavir. Our data demonstrated that the reference virus
possessing the PA I38T substitution showed 54- and 44-fold
higher IC50 values to baloxavir in the plaque reduction and
the focus reduction assay, respectively, indicating the validity
of both systems for monitoring baloxavir susceptibility.
Since the focus reduction assay can be used to analyze
many viruses and is suitable for antiviral susceptibility
monitoring (Tilmanis et al., 2017), we have initiated nationwide
monitoring of the baloxavir susceptibility of currently
circulating influenza viruses by using the focus reduction
assay.

PA I38 is highly conserved among seasonal influenza
A(H1N1)pdm09, A(H3N2), and B viruses (Jones et al., 2018).
In our study, none of the currently circulating viruses tested
possessed the PA I38T substitution. Omoto et al. (2018)
reported that A(H1N1) and A(H3N2) viruses with the PA
I38T, I38F, and I38M substitutions had impaired replication
capability compared with the wild-type virus in vitro. In
contrast, influenza B viruses with the PA I38T and I38M
substitutions replicated comparable to the wild-type virus,
although the PA I38F substitution in influenza B virus conferred
impaired replication capability (Omoto et al., 2018). In the
case of oseltamivir- and peramivir-resistant A(H1N1) and
A(H1N1)pdm09 viruses with an NA H275Y substitution, some
amino acid substitutions in the NA protein were able to
compensate for the detrimental effect of the H275Y substitution
on viral fitness (Bloom et al., 2010; Abed et al., 2011,
2014; Rameix-Welti et al., 2011; Bouvier et al., 2012; Butler
et al., 2014). Thus, genetic analysis should also be conducted
as part of nationwide monitoring to detect the acquisition
of these permissive substitutions in the PA or other viral
proteins.

In vitro studies of another new PA endonuclease inhibitor,
RO-7, revealed that the PA I38T substitution was detected
after serial passages of influenza A(H1N1) viruses in MDCK
cells in the presence of RO-7 (Jones et al., 2018). Residue 38
is involved in the binding of baloxavir marboxil and RO-7
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to the N-terminal domain of PA (Omoto et al., 2018). These
findings suggest that the PA I38 substitution can confer multidrug
resistance.

Previous studies reported PA amino acid substitutions
associated with reduced susceptibility to L-742,001, a
prototypical PA endonuclease inhibitor (Stevaert et al.,
2013; Song et al., 2016). None of these substitutions
were detected in our study, whereas some other PA
substitutions were observed. Although their effect on baloxavir
susceptibility remains unknown, we found that no influenza
viruses tested had significantly reduced susceptibility to
baloxavir.

In summary, a combination of phenotypic methods analyzing
antiviral susceptibility and genotypic methods detecting amino
acid substitutions is valuable for monitoring the emergence of
baloxavir-resistant viruses.
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