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ARTICLE INFO ABSTRACT
Keywords: Baloxavir marboxil has been used for influenza treatment since March 2018 in Japan. After baloxavir treatment,
Influenza virus the most frequently detected substitution is Ile38Thr in polymerase acidic protein (PA/I38T), and this substi-

Baloxavir marboxil

PA/I38T substitution
Cycling probe real-time PCR
Antiviral susceptibility

tution reduces baloxavir susceptibility in influenza A viruses. To rapidly investigate the frequency of PA/I38T in
influenza A (HIN1)pdmO09 and A (H3N2) viruses in clinical samples, we established a rapid real-time system to
detect single nucleotide polymorphisms in PA, using cycling probe real-time PCR. We designed two sets of probes
that were labeled with either 6-carboxyfluorescein (FAM) or 6-carboxy-X-rhodamine (ROX) to identify PA/I38
(wild type strain) or PA/I38T, respectively. The established cycling probe real-time PCR system showed a dy-
namic linear range of 10! to 10° copies with high sensitivity in plasmid DNA controls. This real-time PCR system
discriminated between PA/I38T and wild type viruses well. During the 2018/19 season, 377 influenza A-positive
clinical samples were collected in Japan before antiviral treatment. Using our cycling probe real-time PCR
system, we detected no (0/129, 0.0%) influenza A (HIN1)pdmO09 viruses with PA/I38T substitutions and four A
(H3N2) (4/229, 1.7%) with PA/I38T substitution prior to treatment. In addition, we found PA/I38T variant in
siblings who did not received baloxavir treatment during an infection caused by A (H3N2) that afflicted the
entire family. Although human-to-human transmission of PA/I38T variant may have occurred in a closed
environment, the prevalence of this variant in influenza A viruses was still limited. Our cycling probe-PCR system
is thus useful for antiviral surveillance of influenza A viruses possessing PA/I38T.
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1. Introduction

Influenza remains a widespread global public health concern. The
Centers for Disease Control and Prevention (CDC) determined that up to
650,000 people die of respiratory diseases linked to seasonal influenza
each year worldwide (Iuliano et al., 2018). In Japan, anti-influenza
drugs are used for uncomplicated influenza cases because the national
medical insurance system covers prescriptions for medication used to
treat influenza infections (Zaraket and Saito, 2016). Treatment with
anti-influenza drugs in Japan has led to a lower incidence of severe cases
and a lower fatality rate compared to those in other countries (Kamigaki
and Oshitani, 2009; Sugaya, 2011).

Baloxavir marboxil (BXM) became available for influenza treatment
in Japan in March 2018 and in the United States in October 2018
(Takashita, 2020; Takashita et al., 2020). BXM functions as a
cap-dependent endonuclease inhibitor. Baloxavir acid, the active form
of BXM, inhibits the initiation of mRNA synthesis by binding to the
active site of polymerase acidic protein (PA) (Noshi et al., 2018; Taka-
shita, 2020).

Amino acid substitution in PA results in reduced susceptibility to
BXM. The most commonly reported substitution is of isoleucine (T) for
threonine at position 38, (PA/I38T), followed by isoleucine for methi-
onine (PA/I38M) or phenylalanine (PA/I38F), and glutamic acid for
lysine (E23K) at position 23. Collective data from clinical trials in adults
and children showed that the overall frequency of PA reduced suscep-
tibility substitutions after BXM treatment was 6 (4.3%) out of 138 for A
(HIN1)pdmO9 viruses and 73 (13.0%) out of 560 for H3N2 viruses (Ince
et al., 2020). The details of each substitution was as follows: 2 (33.3%) of
I38T, 2 (33.3%) of I38F, 1 (16.7%) of I38N, and 1 (16.7%) of E23K, for A
(HIN1)pdmO9 viruses; and 60 (82.2%) of I38T, 2 (2.7%) of 138 T/M
mixture, 5 (6.8%)of I38M, 3 of (4.1%) E23 G/K, 2 of (2.7%) A37T, and 1
of (1.4%) E199G, for A/H3N2 viruses. Furthermore, variants of Influ-
enza A virus possessing PA/I38T substitution were associated with
27-57-fold changes in the EC50 in vitro and showed the highest reduc-
tion in susceptibility to BXM compared with those with other PA/I38X
substitutions (Gubareva et al., 2019; Omoto et al., 2018).

Sporadic cases of human to human transmission have been reported
in influenza A (H3N2) with PA/I38T in the 2018-2019 season (Imai
et al., 2020; Takashita et al., 2019a, 2019b) but the potential for com-
munity transmission remains unknown. In this regard, the prevalence of
the PA/I38T substitution in pre-treatment samples is an important in-
dicator of community transmission. However, detection of PA variants
requires time and is expensive: the standard Sanger sequencing methods
are time-consuming, next generation sequencing (NGS) technologies are
expensive and produce large amounts of data to analyzed (Koszalka
etal., 2019). Thus a high-throughput screening method is needed for the
surveillance of PA/I38T for influenza A (H3N2) and A (H1N1)pdm09.
Recently, a few groups have reported the development of assays for the
detection of PA/I38X substitutions in influenza viruses. Two groups
(Koszalka et al., 2020; Patel et al., 2020) have developed screening
systems of PA variants using pyrosequencing and next generation
sequencing. Nakauchi et al. developed a rapid screening system using
RNase H2-dependent real-time PCR (thPCR) for detecting the PA/I38T
substitution in clinical samples (Nakauchi et al., 2020). Previously, we
developed a different real-time PCR assay to detect single nucleotide
polymorphisms in influenza viruses (Suzuki et al., 2010, 2011). Thus, we
decided to use our systems to detect PA/I38T viruses for the rapid
screening of clinical samples.

The cycling probe real-time PCR system is a useful tool to detect
single nucleotide polymorphisms (SNPs) using fluorescence-labeled
chimeric RNA-DNA probes cleaved by RNase H during PCR cycles
(Cloney et al., 1999). Previously, we established the cycling probe
method for the rapid detection of SNPs in virus genes that cause drug
resistance such as S31N in the M2 gene of influenza A viruses, and
H275Y in the NA gene of influenza A (HIN1)pdmO09 viruses (Suzuki
et al., 2010, 2011). Using the cycling probe real-time PCR system, we
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have also been investigating the drug resistant influenza viruses in
Japan, Myanmar and Lebanon since 2008 (Chon et al., 2019; Dapat
etal., 2010, 2012, 2013a, 2013b; Hibino et al., 2016; Htwe et al., 2019;
Kondo et al., 2016; Kyaw Win et al., 2020; Mawatari et al., 2019; Oguma
et al., 2011; Saito et al., 2010, 2016, 2020; Shobugawa et al., 2012;
Zaraket et al., 2010a, 2010b, 2010c, 2011, 2014, 2016).

Herein, we established a new set of cycling probe real-time PCR
systems to detect influenza A viruses possessing PA/I38T and investi-
gated the frequency of variant detection in pre-antiviral treatment
samples during the 2018/19 influenza season in Japan to evaluate
whether these mutant viruses could become widespread. We also
analyzed the clinical information of patients with influenza A viruses
harboring PA/I38T prior to antiviral treatment to determine whether
this variant could affect the clinical course when patients were treated
with anti-influenza drugs, BXM, or neuraminidase inhibitors.

2. Materials and methods
2.1. Sample collection and clinical records of patients

We collected samples in Japan during the 2018-2019 season from
out-patients with influenza-like illness, presenting with symptoms, such
as fever, cough, sore throat, general fatigue, or sneeze, who visited
clinics of pediatrics and internal medicine in Hokkaido, Gunma, Niigata,
Chiba, Kyoto, Nagasaki, Kumamoto and Okinawa (Saito et al., 2020).
Patients were enrolled in the study if the Quick Navi™-Flu 4+ RSV rapid
diagnostic test (RDT) (Denka Company Limited, Tokyo, Japan) was
positive for influenza A and written informed consent was obtained.
Nasopharyngeal aspirates or nasal swabs were collected from patients
before antiviral treatment with BXM or neuraminidase inhibitors such as
oseltamivir, zanamivir, laninamivir or peramivir.

Samples were suspended in viral transport medium (Dapat et al.,
2009) and stored at —20 °C at each clinic until they were transported to
Niigata University for further virological investigation. Along with
sample collection at the first clinic visit, clinical data of the patients,
which included age, sex, body temperature during clinical visit, and
clinical background, were recorded by clinicians. After the first sample
collection, BXM or neuraminidase inhibitors were administered
following the standard prescriptive course in Japan (Mawatari et al.,
2019; Saito et al., 2020). Daily records including axillary body tem-
perature measurements three times daily were kept by patients or their
caregivers for a maximum of 8 days. The duration of fever was defined as
the time from the first clinic visit to the last record >37.5 °C.

Ethical approval for this study was obtained from the Ethics Com-
mittee at Niigata University (approval number 2018-0317).

2.2. RNA extraction and reverse transcription

Viral RNA was extracted from 100 pL of clinical samples in viral
transport medium using RNA EXTRAGEN II (Tosoh Co., Ltd, Tokyo,
Japan) according to the manufacturer’s instructions. The details of the
RNA extraction procedure are described in the Supplemental Materials
and Methods. RNA pellets were resuspended in 10 pL of Nuclease-Free
Water (Promega, Madison, USA), mixed with 0.5 pL of 20 pM Uni 12
primer (5-AGCAAAAGCAGG-3') for influenza A (Hoffmann et al.,
2001), 0.5 pL of 20 pM Uni 11 primer (5-AGCAGAAGCRS -3') for
influenza B (Dapat et al., 2009), 5 pL of 5 x first-strand buffer (Invi-
trogen, Carlsbad, USA), 5 pL of 2 mM of each deoxynucleoside
triphosphate (Promega, Madison, USA), 2 pL of 0.1 mM dithiothreitol
(Invitrogen), 1 pL of 10 U/pL RNase inhibitor (Invitrogen), and 1 pL of
Moloney murine leukemia virus reverse transcriptase (Invitrogen);
samples were incubated at 37 °C for 2 h for cDNA synthesis. To exclude
influenza B infection, we performed an additional real time PCR using
segment-specific influenza B primers targeting the haemagglutinin gene;
these were included at the time of cDNA synthesis as reported previously
(Htwe et al., 2019; Saito et al., 2020).
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2.3. Cycling probe real-time PCR assay to screen PA/I38T substitution

For the rapid detection of PA/I38T, which confers reduced suscep-
tibility to BXM in influenza A (H1IN1)pdmO09 and A (H3N2) (Omoto
et al., 2018), we established a cycling probe real-time PCR method using
fluorescent-labeled chimeric RNA-DNA probes, and the commercially
available cycling probe real-time PCR kit, Cycleave PCR® Reaction Mix
(TaKaRa Bio Inc., Ohtsu, Japan). The two probes were designed in the
reverse-complement direction to mRNA and were labeled with either
6-carboxyfluorescein (FAM) or 6-carboxy-X-rhodamine (ROX). Respec-
tive probe and primer sets were designed for A (HIN1)pdmO09 and A
(H3N2) due to sequence differences in the subtypes. The FAM probe
matched with the nucleotides encoding isoleucine (ATT) for A (H1IN1)
pdmO09 and (ATA) for A (H3N2), and the ROX probe matched with
threonine (ACT) for A (H1N1)pdmO09 and (ACA) for A (H3N2), respec-
tively, to detect the SNP (T to C substitution) corresponding to PA/I38T
at nucleotide 113 in segment 3, PA subunit. The reference sequence used
for influenza A (HIN1)pdmO09 virus was A/Kyoto/18FS209_1/2019
(GISAID accession no. EPI584627) and that for the A (H3N2) virus was
A/Nagasaki/18FS251_1,/2019 (EPI1585537). The sequences and loca-
tions of the primers and probes used for the cycling probe real-time PCR
are listed in Table 1.

The Cycleave PCR® Reaction Mix (Takara Bio Inc.) was used for
cycling probe real-time PCR following the manufacturer’s instructions.
Briefly, real-time PCR was carried out in a total volume of 25 pL. The
reaction mix contained 9 pL of Nuclease-Free Water (Promega), 12.5 pL
of 2 x CycleavePCR Reaction Mix, 0.25 pL of 20 pM of each PCR primer
(forward and reverse), and 1 pL of 5 pM of each probe (FAM- and ROX-
labeled probe). One microliter of cDNA was added to the reaction mix as
a DNA template. The PCR conditions were as follows: initial denatur-
ation for 10 s at 95 °C and 45 cycles of denaturation for 5 s at 95 °C,
primer annealing for 10 s at 59 °C and for 10 s at 59.5 °C, and extension/
detection of fluorescence for 20 s at 72 °C. Individual runs for A (H1IN1)
pdm09 and A (H3N2) were required. Both PCRs were carried out using
the Thermal Cycler Dice® Real Time System II (Takara Bio Inc.).

2.4. Control plasmids

For the positive control of the cycling probe real-time PCR, two types
of DNA plasmids containing the nucleotide coding either for isoleucine
or threonine at position 38 in the PA gene were constructed for each
subtype. The sequence of the sensitive control plasmids was based on A/
Kyoto/18FS209_1/2019 (EPI1584627) for A (HIN1)pdmO09, and A/
Nagasaki/18FS251_1/2019 (EPI1585537) for A (H3N2), flanked by
respective forward and reverse primer sets of the cycling probe assay.
For the mutant controls, a nucleotide relevant to amino acid position 38
was changed from T to C at the 2nd nucleotide of the triplet codon at
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residue 38. The generation of control plasmids was entrusted to Takara
Bio Inc. It is optimal to use in vitro transcribed RNA (Nakauchi et al.,
2020) rather than a control DNA plasmid in this study, because the ef-
ficiency of reverse transcription varies with the primers used, temper-
ature, and the amount of reverse transcription enzyme (Sigma-Aldrich
(2020)). However, we used DNA plasmids as a surrogate for in vitro
transcribed RNA as PCR controls for the reason of stability and ease in
routine examinations.

To determine the detection limit of the cycling probe real-time PCR,
we included six replicates in the PCR runs for each of the five different
amounts of plasmid DNA (50, 25, 10, 1, and O copies per reaction); and
the samples were classified according to the variant status and the
subtype, namely, wild type or PA/I38T for A (H1N1)pdm09; and wild
type or PA/I38T for A (H3N2) (Nakauchi et al., 2020). Probit analysis
was conducted using Analyse-it (Analyse-it Software, Ltd., Leeds, UK) to
determine the limit of detection according to the results (positive or
negative) of the six replicates of the five different DNA amounts for the
above four sets.

To evaluate the detection range of PA/I138 (wild type) and PA/I38T
in mixture conditions, wild type and PA/I38T plasmids were mixed in a
total amount of DNA of 10° at ratios of 99:1, 98:2, 95:5, 90:10, 50:50,
10:90, 5:95, 2:98, and 1:99. Each mixture was tested six times for A
(HIN1)pdmO9 and A (H3N2).

2.5. Sequence analysis of PA gene

To identify substitutions in the PA subunit that confer reduced sus-
ceptibility to baloxavir, genetic sequencing of PA gene was conducted
using the Sanger method. The PA gene was amplified using outer primer
sets (1st PCR forward primer and reverse primer) for the first PCR and
inner primer sets (2nd PCR forward primer and reverse primer) for
nested PCR as reported elsewhere (Saito et al., 2020). Both PCRs were
conducted using PrimeSTAR HS DNA Polymerase (Takara Bio Inc.). The
nested PCR amplicons were purified with the QIA quick PCR Purification
Kit (QIAGEN, Germany) and sequenced using a Big Dye Terminator v3.1
cycle sequencing kit (Applied Bio Systems, Carlsbad, USA). Sequences
were resolved with an ABI Prism 3130xl Genetic Analyzer. The nucle-
otide sequences of the PA gene were edited and assembled using
DNASTAR Lasergene (DNASTAR, Inc., Madison, USA). To verify the
results of cycling probe real-time PCR, the amino acid substitutions in
PA were evaluated using MEGA X (Kumar et al., 2018). In addition, the
sensitivity and specificity of cycling probe real-time PCR (positivity or
negativity) against genetic sequencing (successful sequencing or
not-available sequences) were calculated.

Table 1
Primers and probes used for cycling probe real-time PCR.
Subtype Primers or probes Direction Sequence (5'-3") Location”
A (HIN1) pdm09 Forward primer Sense 5'-CAATCCAATGATCGTCGAG-3' 27-45
Reverse primer Antisense 5-TGGAAATCCGAATACATGAAAC-3' 134-155
PA-Ile38 FAM probeb Antisense 5’-(Eclipse‘)-GTGTGCAAI_\('T-(FAMC)-B’ 112-121
PA-Thr38 ROX probe” Antisense 5/-(Eclipse®)-TGTGCAAG %TT-(ROX%)-3' 111-120
A (H3N2) Forward primer Sense 5'-ATGATTGTCGAACTTGCAGA-3' 34-53
Reverse primer Antisense 5-TTCCAGCTCCAGTAGTGTTG-3’ 285-304
PA-1le38 FAM probe" Antisense 5’ -(Eclipse* )-ATé"TTGCTGCA-(FAM“)-S’ 105-115
PA-Thr38 ROX probe” Antisense 5 -(Eclipse“)-AngTTGCTGC-(ROX“)-B’ 106-115

2 Location of primers and probes in the PA gene, segment 3 of A/Michigan/45/2015 (H1N1)pdmO09 (GISAID accession no. EPI662590) and A/Hong Kong/4801/

2014 (H3N2) (GISAID accession no. EP1578426).
b Quencher and fluorescent dye labeled DNA/RNA chimeric probe.
¢ Quenching molecule.
4 The nucleotides replaced by RNA are underlined.

¢ Fluorescent molecules, FAM: 6-carboxyfluorescein, ROX: 6-carboxy-X-rhodamine.
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2.6. Real-time PCR for generic influenza A

To see the match between the conventional quantitative real-time
PCR and cycling probe real-time PCR assay, TagMan probe real-time
PCR targeted at M gene of generic influenza A was performed using
the same clinical samples with the methods reported previously (Kondo
et al., 2016), and the results of viral cDNA copies were compared be-
tween the two methods.

2.7. Data availability

Respective nucleotide sequences analyzed in this study are available
via the Global Initiative on Sharing All Influenza Data, GISAID (htt
ps://www.gisaid.org), and the list of samples and GISAID accession
numbers are provided in the supplemental material (Tables S1 and S2).

3. Results
3.1. Establishment of cycling probe real-time PCR

To evaluate the cycling probe real-time PCR for PA/I38T, we used
10-fold serial dilutions of the positive control plasmids from 10! to 10°
copies/reaction (Fig. 1). The results for each primer/probe set showed
that the cycling probe real-time PCR had high linearity (R? > 0.99)
(Fig. 1) and the FAM probe reacted only to the wild type plasmid, and
the ROX probe reacted only to the PA/I38T for both A (HIN1)pdmO09
and A (H3N2), showing successful differentiation of the SNPs by the
cycling-probe PCR method. The Probit analysis was performed six times
using five different DNA amounts (Table 2), according to the results of
the PCR reactions, and it showed that the limit of detection (LOD) for
wild type and PA/I38T in A (HIN1) pdm09 was 2.1 and 2.1 copies/

A
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Table 2

Detection limits of cycling probe real-time PCR.
Template cDNA copies A (HIN1)pdmO09 A (H3N2)
(copies/reaction) - 387" WT 38T
50 6/6 6/6 6/6 6/6
25 6/6 6/6 6/6 6/6
10 6/6 6/6 6/6 6/6
5 6/6 6/6 6/6 6/6
1 4/6 4/6 4/6 5/6
NC 0/6 0/6 0/6 0/6

# WT: wild type (PA/138).
b 138T: PA/I38T.

reaction, and that in A (H3N2) was 2.1 and 1.1 copies/reaction,
respectively. However, we set a cut-off value as 10 copies/reaction for
routine examinations because it is the minimum copies of plasmid DNA
that we used as the positive controls, ranging from 10° to 10! copies.
We further examined the performance of this PCR method to
recognize the clinically identified viruses with reduced BXM suscepti-
bility analyzed in our previous study: PA/I38T (9), I38K (1), I38M (1),
138S (1), and E23K (1) in A (HIN1)pdmO9 and A (H3N2) (Saito et al.,
2020). Our results showed that the cycling probe real-time PCR suc-
cessfully identified PA/I38T in all clinical samples previously identified
as positive for PA/I38T viruses. Next, as expected, positive reaction was
observed only with the wild type probe but not with PA/I38T probe for
samples containing PA/I38K, I38M, and E23K viruses. However, the
PA/I38S tested in our samples also tested positive using wild type and
PA/I38T probes, the reason behind this has not been elucidated yet (data
not shown). Since we only had one clinical sample carrying PA/I38S
virus, further investigation is needed to clarify whether this reaction can
occur across the PA/I38S viruses or if it is restricted to this particular

B
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Fig. 1. Standard curves for influenza A viruses possessing PA/I38 and PA/I38T based on the specific cycling probe real-time PCR. The cycling probe real-time PCR
was evaluated by testing 10-fold serial dilutions of positive control plasmids (A) pA (HIN1)pdm09 P A/I38, (B) pA (HIN1)pdm09 P A/I38T, (C) pA (H3N2)PA/I38,
and (D) pA (H3N2) PA/I38T from 10 to 10° copies per reaction. The slopes and R? values are shown in the graphs.
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sample.

3.2. Assessment of the PA/I38T detection level in mixture conditions

The minimum range of detection in the mixed condition was found to
be 90:10 or 10:90 (wild type and PA/I38T) for both A (HIN1)pdmO09
and A (H3N2) after six replicates of each PCR (Table 3).

3.3. Frequency of PA/I38T substitutions in pre-treatment samples

To evaluate the prevalence of influenza A viruses in the community
with reduced susceptibility to BXM, we investigated the PA/I38T sub-
stitution in viruses from pre-treatment samples using the established
cycling probe real-time PCR. We tested 377 pre-treatment samples that
were influenza A positive with RDT during the 2018-2019 season, by
cycling probe real-time PCR for PA/I38T detection. We identified 129
(34.2%) influenza A (HIN1)pdmO09 virus, 229 (60.7%) influenza A
(H3N2), and 19 (5.0%) negatives; meanwhile, we detected no (0.0%)
PA/I38T substitution in 129 A (HIN1)pdm09, and 4 (1.7%) PA/I38T in
229 A (H3N2) samples collected prior to antiviral treatment. These 4
pre-treatment PA/I38T viruses reacted only to the PA/I38T (ROX) probe
but not to the wild type (FAM) probe.

To confirm the PA/I38T substitution identified by cycling probe real-
time PCR and to assess the sensitivity and specificity of the cycling probe
assay, we performed genetic sequencing of PA by the Sanger method.
Among the 377 pre-treated samples tested by cycling probe real-time
PCR, 288 were selected for genetic sequencing, and 267 samples were
successfully sequenced. Within these samples, we found 4 PA/I38T - A
(H3N2), 119 wild type - A (HIN1)pdmO09, and 149 wild type - A (H3N2)
positive samples and 16 cycling probe real-time PCR negative samples.
Among the 267 successfully sequenced samples, the 4 PA/I38T- A
(H3N2) samples were detected positive using the cycling probe assay
were verified by Sanger sequencings. Of note, these 4 viruses showed
only the existence of PA/I38T but not a mixture of PA/I38 by both
methods. In addition, one A (H1N1)pdmO9 case associated with a sub-
stitution at position 36 of PA from alanine (A) to valine (V) was found by
genetic sequencing. The sample showed that the wild type was positive
but PA/I38T negative, showing no cross-reactivity to this substitution by
cycling probe real-time PCR. No other known mutations related to
reduced BXM susceptibility were identified in the sequenced samples.

The overall sensitivity and specificity of the cycling probe real-time
PCR assay based on genetic sequencing was 97.4% and 42.9%, respec-
tively; which indicates that the cycling probe PCR assay has high
sensitivity but low specificity (Table S3). The Ct-values for 12 positive
cycling probe real-time PCR results in negative samples are listed in
Table S4.

Table 3
Detection level of PA/I38 and PA/138T in mixture conditions.

WT*138T" No. of positive results/No. of tests

A (HIN1)pdmO09 A (H3N2)

WT 138T WT 138T
100:0°¢ 6/6 0/6 6/6 0/6
99:1 6/6 0/6 6/6 0/6
98:2 6/6 0/6 6/6 0/6
95:5 6/6 2/6 6/6 5/6
90:10 6/6 6/6 6/6 6/6
50:50 6/6 6/6 6/6 6/6
10:90 6/6 6/6 6/6 6/6
5:95 4/6 6/6 5/6 6/6
2:98 0/6 6/6 3/6 6/6
1:99 0/6 6/6 0/6 6/6
0:100 0/6 6/6 0/6 6/6

2 WT: wild type (PA/138).
" I38T: PA/I3ST.
¢ Total 10° copies/reaction.
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To evaluate the reliability of the cycling probe real-time PCR, we
compared the Ct-values for 51 A (HIN1)pdm09 and 104 A (H3N2)
samples tested by the wild type (FAM) probe cycling probe real-time
PCR and the corresponding values of quantitative TagMan probe real-
time PCR for generic influenza A (Kondo et al., 2016). The Ct-values
between the two methods showed strong correlations in A (HIN1)
pdm09 and A (H3N2) ®R%= 0.7494, 0.8367), respectively (Fig. S1 & S2),
showing the reliability on quantification with the cycling probe PCR
assay.

3.4. Clinical background of patients harboring the virus with PA/I38T
substitution in pre-treatment samples

The clinical information of four A (H3N2) patients harboring viruses
with the PA/I38T substitution prior to treatment showed that all were
less than 10 years of age (Table 4). Two of the four patients (case no. 1
and 3) were administered BXM after sample collection, and the dura-
tions of fever were 2.0 days and 1.1 days, respectively (Table 4). Other
two patients (case no. 2 and 4) were given oseltamivir and zanamivir,
and their duration of fever was 0.3 and 0.9 days respectively.

3.5. Clinical timeline of case no. 2 and family

We obtained a nasopharyngeal aspirate from the older sibling of case
No. 2, who was treated with oseltamivir. Surprisingly, the sibling also
possessed PA/I38T without BXM treatment. The 5-year old sibling
developed fever 4 days before the case No.2, and was given oseltamivir
without sample collection then (Fig. 2). When the older sibling visited
the clinic again on the 5th day of fever onset, a sample was collected and
the virus showed PA/I38T by cycling probe real-time PCR and direct
sequencing. Their parents also developed influenza-like symptoms be-
tween the disease onset in their two children. The parents were treated
with BXM but their samples were not obtained. For the two sibling A
(H3N2) cases, genetic sequencing of HA and NA segments was per-
formed using the Sanger method as previously reported (Dapat et al.,
2009b). HA segment of the two cases showed an identical match, sug-
gesting a family infection. NA segment sequencing showed that the vi-
ruses had no reported amino acid substitutions conferring resistance to
oseltamivir as shown in the supplemental material (Table S2). From the
timing of onset, the PA/I38T virus detection, and oseltamivir use in case
No. 2 as well as in the older sibling, we assessed that this family was
infected with PA/I38T viruses. The possible source was outside the
family, but this remained unknown. This family infection suggested that

Table 4
Clinical background of patients infected with influenza A (H3N2) viruses pos-
sessing PA/I38T prior to treatment.

Case Strain name Age Presumed Onset Drug” Duration of
(years) infection to first fever”
source visit (day)
(day)

1 A/Niigata/ 7 School 1.2 BXM 2.0
18FS005/
2019

2 A/Niigata/ 3 Family 0.5 Os 0.3
18FS011/
2019

3 A/Chiba/ 6 School 0.5 BXM 1.1
18FS163_1/
2019

4 A/Nagasaki/ 9 School 1.0 ZA 0.9
18FS252_1/
2019

@ BXM: baloxavir marboxil, OS: oseltamivir, ZA: zanamivir. All drugs were
administered after sample collection.

b Duration of fever was defined from the first visit to the clinic to the last
record of a temperature >37.5 °C.
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F

F  : Duration of fever

5-year-old child

Fig. 2. Clinical timeline of case No. 2 infected with influenza A (H3N2) virus
possessing PA/I38T without baloxavir treatment and that of his or her family.

human-to-human transmission of the PA/I38T virus sporadically occurs
in A (H3N2) in closed environments.

4. Discussion

We developed a rapid screening method using cycling probe real-
time PCR systems to detect influenza A (HIN1)pdm09 and A (H3N2)
viruses possessing PA/I38T and investigated the PA/I38T substituted
virus in the pre-treatment samples during the 2018/19 influenza season
in Japan. Our results showed that this cycling probe real-time PCR
system functioned well, and found four influenza A (H3N2) viruses
possessing PA/I38T (4/229, 1.7%) in pre-treatment samples. In addi-
tion, our findings suggested that the transmission of PA/I38T viruses
could occur sporadically in A (H3N2).

In this study, the cycling probe real-time PCR can detect at least 2.1
copies/reaction for PA/I38 and I38T, and differentiated well in a
mixture condition with at least 90:10 or 10:90 for each primer/probe set
using DNA plasmids. The other real-time PCR method, rhPCR, to
discriminate PA/I38T viruses (Nakauchi et al.), was reported to have a
detection limit of approximately 30 copies per reaction, which is 10
times lower than the limit of our method, using the synthesized RNA;
nonetheless, they obtained better differentiation of mixed population, at
least 5% of either wild type or PA/I38T in the mixture, compared to the
10% obtained in our cycling probe assay. These observations show that
the results of our cycling probe assay are comparable with those of the
rhPCR real-time PCR assay.

In addition, there was no discrepancy in discriminating influenza A
(HIN1)pdmO9 and A (H3N2) viruses possessing PA/I38T between the
results of cycling probe real-time PCR and direct sequencing in clinical
samples. Therefore, these cycling probe real-time PCR systems are useful
and reliable to identify PA/I38T viruses from clinical samples. The
cycling-PCR system is speedy and economical to detect SNPs compared
to the standard Sanger method and next generation sequencing. Further,
the cycling-PCR system is more beneficial than pyrosequencing as since
the pyrosequencing assay equipment is not commonly available (Kos-
zalka et al., 2019). A pitfall of the cycling probe real-time PCR is that the
substitutions other than PA/I38T cannot be identified due to the design
and mechanism of the PCR system. However, the treatment emergent
variant viruses were largely reported to be PA/I38T following BXM
administration. Ince et al. reported that 33.3% of viruses with sub-
stitutions in PA in A (HIN1)pdmO09, and 89.2% in A (H3N2) were
PA/I38T (Ince et al., 2020). We have recently reported that PA/I38T
attributed to 50.0% (2/4) of treatment emergent PA substitutions in A
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(HIN1)pdmO09, and 77.7% (7/9) in A/(H3N2) in a pediatric observa-
tional study (Saito et al., 2020). As expected, our PA/I38T specific probe
(ROX) did not react with other substitutions such as PA/I38K, I38M, and
E23K. However, PA/I38S viruses showed slight reaction with the ROX
probe, suggesting that cross reaction occurred due to an unknown
reason. To this end, our cycling probe assay showed higher sensitivity
(97.4%) than the Sanger genetic sequencing method, and had an
excellent match with the quantitative PCR with regards of to the Ct
values corresponding to the RNA titer in the samples, suggesting that our
cycling probe is useful for quick screening of PA/I38T in clinical sam-
ples, but further genetic analysis by Sanger sequencing, pyrosequencing
or NGS is needed to determine other PA substitutions associated with
reduced susceptibility to BXM.

Four cases of influenza A (H3N2) viruses carrying PA/I38T were
detected in pre-treatment samples in this study. They were all under 10
years of age, and their presumed infection sources were either at school
or from family. Takashita et al. detected 4 A (H3N2) viruses possessing
PA/I38T isolated from children < 12 years of age without prior BXM
treatment during the 2018-2019 season in Japan (Takashita et al.,
2019a). They assumed that the children were infected with PA variant
viruses acquired from other influenza patients who were previously
treated with BXM. In addition, the past viruses deposit in the public
genetic database showed that A (H3N2) viruses with PA/I38T had never
been reported before BXM was launched (Gubareva et al., 2019; Taka-
shita et al., 2020). They also reported family clusters of PA/I38T in A
(H3N2) just like our family cluster (Takashita et al., 2019a, 2019c).
Following their results, Takashita et al. recommended that close moni-
toring is needed for patients <12 years of age because the frequency of
PA variants was higher than that in patients of 12-64 years of age.
Interestingly, it may be a unique characteristic of human-to-human
transmitted reduced susceptibility viruses that PA/I38T viruses in
pre-treatment samples both in our and Takashita’s studies showed
genuine PA/I38T and not a mixture of wild type PA/I38 viruses
(Takashita et al., 2019a). Takashita’s group has further confirmed the
sequence by NGS but we have not done this.

The clinical information of the two patients who possessed PA/I38T
viruses prior to treatment and were subsequently treated with BXM
suggested that there was no difference in fever duration between pa-
tients harboring PA/I38T and non-substituted 138 viruses. Recently our
group demonstrated that the duration of fever for patients between PA/
I38T and non-substituted viruses showed no statistical difference, on
average 24.6 h (standard deviation, 28.2 h) and 25.7 h (standard devi-
ation, 24.1 h), respectively < 19 years of age (Saito et al., 2020). Thus,
the duration of fever of BXM treated patients with PA/I38T prior to
treatment was within the range of 95% confidence interval in the pre-
vious study, showing no prolongation of fever was observed in this
study. Meanwhile, the impact of influenza viruses harboring the
PA/I38T substitution on the clinical effectiveness of BXM is still
controversial as both positive and negative effects have been reported,
and the evidence in this matter remains insufficient (Hayden et al.,
2018; Hirotsu et al., 2020; Ikematsu et al., 2020; Ison et al., 2020; Sato
et al., 2020; Uehara et al., 2020).

Interestingly, in pre-treatment samples we found no influenza A
(H1IN1)pdmO09 viruses carrying PA/I38T. This may be attributed to the
lower emergence of PA/I38X in A (H1N1)pdmO9 compared to that of A
(H3N2) viruses after BXM treatment (Hirotsu et al., 2020; Ikematsu
et al., 2020; Sato et al., 2020; Uehara et al., 2020). It has been reported
that PA/138T viruses in influenza A (H1N1)pdmO09 and A (H3N2) tend to
retain a significant level of viral replication in vitro with retained fitness
in animal models (Checkmahomed et al., 2020; Imai et al., 2020).
However, a recent study showed mild in vitro attenuation of seasonal
viruses carrying PA/I38T in A (HIN1)pdmO09 and A (H3N2), while in a
competitive growth experiment in ferrets inoculated with a mixed
population, the same research group reported that the wild type virus
presented a growth advantage over PA/I38T containing A (H3N2) virus,
although this advantage was limited (Chesnokov et al., 2020). Anyway,
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there is a possibility that the fitness of PA/I38X viruses may differ be-
tween the subtypes of influenza A in humans.

Our study has some limitations. In this study, we used plasmid DNA
to evaluate the limit of detection and linearity for the real-time PCR
instead of RNA. Nakauchi et al. have used cDNA synthesized from in
vitro-transcribed PA gene as RNA controls to evaluate their RNase H2-
dependent PCR (rhPCR), developed for screening of PA/I38T in A
(HIN1)pdmO09 and A (H3N2) viruses from clinical samples (Nakauchi
et al., 2020). It is thus optimal to use cDNA synthesized from in vitro
transcribed PA gene RNA from control DNA plasmids as in their study. In
that sense, our real-time PCR method quantitates cDNA copies but not
RNA copies. However, we used plasmid DNA as controls for routine
examinations due to reasons of stability and ease. We further plan to
verify our results with ¢cDNA using in vitro transcribed PA gene RNA.
Second, the sensitivity of our real-time PCR test against genetic se-
quences of known identity was not 100%. We applied nested PCR to
analyse the sequence of PA gene by Sanger method, which probably
amplified less than 10 copies of the target gene per reaction. Third, our
ROX probe should detect only PA/I38T but it reacted with PA/I38S, this
needs further investigation. Thus, a polymorphism at amino acid posi-
tion 36 or 37 might affect the probe binding and give false results.

In conclusion, the prevalence of the community transmitted influ-
enza A viruses possessing PA/I38T remained low in Japan during the
2018-2019 season and is almost the same as that of influenza A viruses
conferring resistance to oseltamivir and peramivir (National Institute of
Infectious Diseases Japan, 2019). Still there may have been limited
human-to-human transmission cases in Japan; however, this might not
have occurred widely as our study demonstrated a low frequency of
influenza A viruses possessing PA/I38T mutation in the pre-treatment
samples, suggesting that there is a low possibility of these mutant vi-
ruses spreading. Nevertheless, we should continue to monitor influenza
viruses harboring PA/I38T as a surrogate marker for community prev-
alence from a public health standpoint. We are currently developing
cycling probe real-time PCR systems to detect PA/I38T in the influenza B
virus, Yamagata and Victoria lineages. Our cycling-probe PCR will thus
contribute to the rapid surveillance of PA/I38T mutant viruses that may
affect the treatment guidelines for influenza virus infections.

Funding

This study was funded by Shionogi & Co., Ltd. and the Japan
Initiative for Global Research Network on Infectious Disease (J-GRID) of
AMED (Japan Agency for Medical Research and Development)
(15fm0108009h0001-19fm0108009h0005), and Grant-in-Aid by the
Ministry of Health, Labor and Welfare, Japan (H30-Shinkogyousei-Shi-
tei-002 and H30-Shinkogyousei-Shitei-004). The funders had no role in
the study design, data collection, or interpretation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank Ms. Akemi Watanabe for technical assistance with all our
experimental work. We are also grateful to Mrs. Takeshi Noshi, Takao
Shishiodo, Masakazu Notohara, Yutaka Saisho, Kenji Tsuchiya, and Ms.
Kanae Hara, as well as to Shionogi & Co., Ltd. for supporting this study
through funding. This study was supported by Shionogi & Co., Ltd, the
Japan Initiative for Global Research Network on Infectious Disease (J-
GRID) of AMED (Japan Agency for Medical Research and Development)
(15fm0108009h0001-19fm0108009h0005), and Grant-in-Aid by the
Ministry of Health, Labor, and Welfare, and Sciences, Japan (H30-
Shinkogyousei-Shitei-002 and H30-Shinkogyousei-Shitei-004). The

Antiviral Research 188 (2021) 105036

funders had no role in the study design, data collection, or interpreta-
tion. We would like to thank Editage (www.editage.com) for English
language editing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.antiviral.2021.105036.

References

Checkmahomed, L., M’hamdi, Z., Carbonneau, J., Venable, M.C., Baz, M., Abed, Y.,
Boivin, G., 2020. Impact of the baloxavir-resistant polymerase acid I38T substitution
on the fitness of contemporary influenza A(H1IN1)pdmO09 and A(H3NZ2) strains.

J. Infect. Dis. 221, 63-70. https://doi.org/10.1093/infdis/jiz418.

Chesnokov, A., Patel, M.C., Mishin, V.P., De La Cruz, J.A., Lollis, L., Nguyen, H.T.,
Dugan, V., Wentworth, D.E., Gubareva, L.V., 2020. Replicative fitness of seasonal
influenza A viruses with decreased susceptibility to baloxavir. J. Infect. Dis. 221,
367-371. https://doi.org/10.1093/infdis/jiz472.

Chon, L., Saito, R., Hibino, A., Yagami, R., Dapat, C., Odagiri, T., Kondo, H., Sato, I.,
Kimura, S., Kawashima, T., Kodo, N., Masaki, H., Asoh, N., Tsuchihashi, Y.,
Zaraket, H., Shobugawa, Y., 2019. Effectiveness of the quadrivalent inactivated
influenza vaccine in Japan during the 2015-2016 season: a test-negative case-control
study comparing the results by real time PCR, virus isolation. Vaccine X 1, 100011.
https://doi.org/10.1016/j.jvacx.2019.100011.

Cloney, L., Marlowe, C., Wong, A., Chow, R., Bryan, R., 1999. Rapid detection of mecA in
methicillin resistant Staphylococcus aureus using Cycling Probe Technology. Mol.
Cell. Probes 13, 191-197. https://doi.org/10.1006/mcpr.1999.0235.

Dapat, C., Kondo, H., Dapat, 1.C., Baranovich, T., Suzuki, Y., Shobugawa, Y., Saito, K.,
Saito, R., Suzuki, H., 2013a. Neuraminidase inhibitor susceptibility profile of
pandemic and seasonal influenza viruses during the 2009-2010 and 2010-2011
influenza seasons in Japan. Antivir. Res. 99, 261-269. https://doi.org/10.1016/].
antiviral.2013.06.003.

Dapat, C., Saito, R., Kyaw, Y., Myint, Y.Y., Oo, H.N., Oo, K.Y., Naito, M., Hasegawa, G.,
Dapat, 1.C., Suzuki, H., 2013b. Delayed emergence of oseltamivir-resistant seasonal
influenza A (H1N1) and pandemic influenza A(H1N1)pdmO09 viruses in Myanmar.
Influenza Other Respir Viruses 7, 766-771. https://doi.org/10.1111/irv.12030.

Dapat, C., Saito, R., Kyaw, Y., Naito, M., Hasegawa, G., Suzuki, Y., Dapat, I.C.,
Zaraket, H., Cho, T.M., Li, D., Oguma, T., Baranovich, T., Suzuki, H., 2009.
Epidemiology of human influenza A and B viruses in Myanmar from 2005 to 2007.
Intervirology 52, 310-320. https://doi.org/10.1159/000237738.

Dapat, C., Suzuki, Y., Saito, R., Kyaw, Y., Myint, Y.Y., Lin, N., Oo, H.N., Oo, K.Y., Win, N.,
Naito, M., Hasegawa, G., Dapat, I.C., Zaraket, H., Baranovich, T., Nishikawa, M.,
Saito, T., Suzuki, H., 2010. Rare influenza A (H3N2) variants with reduced
sensitivity to antiviral drugs. Emerg. Infect. Dis. 16, 493-496. https://doi.org/
10.3201/eid1603.091321.

Dapat, I.C., Dapat, C., Baranovich, T., Suzuki, Y., Kondo, H., Shobugawa, Y., Saito, R.,
Suzuki, H., 2012. Genetic characterization of human influenza viruses in the
pandemic (2009-2010) and post-pandemic (2010-2011) periods in Japan. PloS One
7, €36455. https://doi.org/10.1371/journal.pone.0036455.

Gubareva, L.V., Mishin, V.P., Patel, M.C., Chesnokov, A., Nguyen, H.T., De La Cruz, J.,
Spencer, S., Campbell, A.P., Sinner, M., Reid, H., Garten, R., Katz, J.M., Fry, A.M.,
Barnes, J., Wentworth, D.E., 2019. Assessing baloxavir susceptibility of influenza
viruses circulating in the United States during the 2016,/17 and 2017/18 seasons.
Euro Surveill. 24, 1800666. https://doi.org/10.2807/1560-7917.
ES.2019.24.3.1800666.

Hayden, F.G., Sugaya, N., Hirotsu, N., Lee, N., de Jong, M.D., Hurt, A.C., Ishida, T.,
Sekino, H., Yamada, K., Portsmouth, S., Kawaguchi, K., Shishido, T., Arai, M.,
Tsuchiya, K., Uehara, T., Watanabe, A., Baloxavir Marboxil Investigators, G, 2018.
Baloxavir marboxil for uncomplicated influenza in adults and adolescents. N. Engl. J.
Med. 379, 913-923. https://doi.org/10.1056/NEJMoal716197.

Hibino, A., Kondo, H., Masaki, H., Tanabe, Y., Sato, 1., Takemae, N., Saito, T.,

Zaraket, H., Saito, R., 2016. Community- and hospital-acquired infections with
oseltamivir- and peramivir-resistant influenza A(HIN1)pdmO9 viruses during the
2015-2016 season in Japan. Virus Gene. 53, 89-94. https://doi.org/10.1007/
$11262-016-1396-9.

Hirotsu, N., Sakaguchi, H., Sato, C., Ishibashi, T., Baba, K., Omoto, S., Shishido, T.,
Tsuchiya, K., Hayden, F.G., Uehara, T., Watanabe, A., 2020. Baloxavir marboxil in
Japanese pediatric patients with influenza: safety and clinical and virologic
outcomes. Clin. Infect. Dis. 71, 971-981. https://doi.org/10.1093/cid/ciz908.

Hoffmann, E., Stech, J., Guan, Y., Webster, R.G., Perez, D.R., 2001. Universal primer set
for the full-length amplification of all influenza A viruses. Arch. Virol. 146,
2275-2289. https://doi.org/10.1007/5007050170002.

Htwe, K.T.Z., Dapat, C., Shobugawa, Y., Odagiri, T., Hibino, A., Kondo, H., Yagami, R.,
Saito, T., Takemae, N., Tamura, T., Watanabe, H., Kyaw, Y., Lin, N., Myint, Y.Y.,
Tin, H.H., Thein, W., Kyaw, L.L., Soe, P.E., Naito, M., Zaraket, H., Suzuki, H., Abe, T.,
Saito, R., 2019. Phylogeographic analysis of human influenza A and B viruses in
Myanmar, 2010-2015. PLoS One 14, e0210550. https://doi.org/10.1371/journal.
pone.0210550.

Ikematsu, H., Kawai, N., Tani, N., Chong, Y., Iwaki, N., Bando, T., Tanaka, O.,
Matsuura, S., Maeda, T., Doniwa, K., 2020. Duration of fever and PA/I38X-
substituted virus emergence in patients treated with baloxavir in the 2018-2019


http://www.editage.com
https://doi.org/10.1016/j.antiviral.2021.105036
https://doi.org/10.1016/j.antiviral.2021.105036
https://doi.org/10.1093/infdis/jiz418
https://doi.org/10.1093/infdis/jiz472
https://doi.org/10.1016/j.jvacx.2019.100011
https://doi.org/10.1006/mcpr.1999.0235
https://doi.org/10.1016/j.antiviral.2013.06.003
https://doi.org/10.1016/j.antiviral.2013.06.003
https://doi.org/10.1111/irv.12030
https://doi.org/10.1159/000237738
https://doi.org/10.3201/eid1603.091321
https://doi.org/10.3201/eid1603.091321
https://doi.org/10.1371/journal.pone.0036455
https://doi.org/10.2807/1560-7917.ES.2019.24.3.1800666
https://doi.org/10.2807/1560-7917.ES.2019.24.3.1800666
https://doi.org/10.1056/NEJMoa1716197
https://doi.org/10.1007/s11262-016-1396-9
https://doi.org/10.1007/s11262-016-1396-9
https://doi.org/10.1093/cid/ciz908
https://doi.org/10.1007/s007050170002
https://doi.org/10.1371/journal.pone.0210550
https://doi.org/10.1371/journal.pone.0210550

H. Osada et al.

influenza season. J. Infect. Chemother. 26, 400-402. https://doi.org/10.1016/j.
jiac.2019.12.002.

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, T.J.S., 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., 2020. Influenza A variants with reduced susceptibility
to baloxavir isolated from Japanese patients are fit and transmit through respiratory
droplets. Nat Microbiol 5, 27-33. https://doi.org/10.1038/541564-019-0609-0.

Ince, W.L., Smith, F.B., O’Rear, J.J., Thomson, M., 2020. Treatment-emergent influenza
virus PA substitutions independent of those at 138 associated with reduced baloxavir
susceptibility and virus rebound in trials of baloxavir marboxil. J. Infect. Dis.
https://doi.org/10.1093/infdis/jiaal64.

Ison, M.G., Portsmouth, S., Yoshida, Y., Shishido, T., Mitchener, M., Tsuchiya, K.,
Uehara, T., Hayden, F.G., 2020. Early treatment with baloxavir marboxil in high-risk
adolescent and adult outpatients with uncomplicated influenza (CAPSTONE-2): a
randomised, placebo-controlled, phase 3 trial. Lancet Infect. Dis. 20, 1204-1214.
https://doi.org/10.1016,/51473-3099(20)30004-9.

Iuliano, A.D., Roguski, K.M., Chang, H.H., Muscatello, D.J., Palekar, R., Tempia, S.,
Cohen, C., Gran, J.M., Schanzer, D., Cowling, B.J., Wu, P., Kyncl, J., Ang, L.W.,
Park, M., Redlberger-Fritz, M., Yu, H., Espenhain, L., Krishnan, A., Emukule, G., van
Asten, L., Pereira da Silva, S., Aungkulanon, S., Buchholz, U., Widdowson, M.-A.,
Bresee, J.S., Azziz-Baumgartner, E., Cheng, P.-Y., Dawood, F., Foppa, I., Olsen, S.,
Haber, M., Jeffers, C., Maclntyre, C.R., Newall, A.T., Wood, J.G., Kundi, M., Popow-
Kraupp, T., Ahmed, M., Rahman, M., Marinho, F., Sotomayor Proschle, C.V., Vergara
Mallegas, N., Luzhao, F., Sa, L., Barbosa-Ramirez, J., Sanchez, D.M., Gomez, L.A.,
Vargas, X.B., Acosta Herrera, a., Llanés, M.J., Fischer, T.K., Krause, T.G., Mglbak, K.,
Nielsen, J., Trebbien, R., Bruno, A., Ojeda, J., Ramos, H., an der Heiden, M., del
Carmen Castillo Signor, L., Serrano, C.E., Bhardwaj, R., Chadha, M., Narayan, V.,
Kosen, S., Bromberg, M., Glatman-Freedman, A., Kaufman, Z., Arima, Y., Oishi, K.,
Chaves, S., Nyawanda, B., Al-Jarallah, R.A., Kuri-Morales, P.A., Matus, C.R.,
Corona, M.E.J., Burmaa, A., Darmaa, O., Obtel, M., Cherkaoui, L., van den
Wijngaard, C.C., van der Hoek, W., Baker, M., Bandaranayake, D., Bissielo, A.,
Huang, S., Lopez, L., Newbern, C., Flem, E., Grgneng, G.M., Hauge, S., de Cosio, F.G.,
de Molto, Y., Castillo, L.M., Cabello, M.A., von Horoch, M., Medina Osis, J.,
Machado, A., Nunes, B., Rodrigues, A.P., Rodrigues, E., Calomfirescu, C.,
Lupulescu, E., Popescu, R., Popovici, O., Bogdanovic, D., Kostic, M., Lazarevic, K.,
Milosevic, Z., Tiodorovic, B., Chen, M., Cutter, J., Lee, V., Lin, R., Ma, S., Cohen, A.L.,
Treurnicht, F., Kim, W.J., Delgado-Sanz, C., de mateo Ontanén, S., Larrauri, A.,
Leén, LL., Vallejo, F., Born, R., Junker, C., Koch, D., Chuang, J.-H., Huang, W.-T.,
Kuo, H.-W., Tsai, Y.-C., Bundhamcharoen, K., Chittaganpitch, M., Green, H.K.,
Pebody, R., Goni, N., Chiparelli, H., Brammer, L., Mustaquim, D., 2018. Estimates of
global seasonal influenza-associated respiratory mortality: a modelling study. Lancet
391, 1285-1300. https://doi.org/10.1016/50140-6736(17)33293-2.

Kamigaki, T., Oshitani, H., 2009. Epidemiological characteristics and low case fatality
rate of pandemic (HIN1) 2009 in Japan. PLoS Curr 1, Rrn1139. https://doi.org/
10.1371/currents. RRN1139.

Kondo, H., Shobugawa, Y., Hibino, A., Yagami, R., Dapat, C., Okazaki, M., Otsuka, T.,
Fujii, K., Hassan, M.R., Saito, R., 2016. Influenza virus shedding in laninamivir-
treated children upon returning to school. Tohoku J. Exp. Med. 238, 113-121.
https://doi.org/10.1620/tjem.238.113.

Koszalka, P., Farrukee, R., Mifsud, E., Vijaykrishna, D., Hurt, A.C., 2020. A rapid
pyrosequencing assay for the molecular detection of influenza viruses with reduced
baloxavir susceptibility due to PA/I38X amino acid substitutions. Influenza Other
Respir Viruses 14, 460-464. https://doi.org/10.1111/irv.12725.

Koszalka, P., Tilmanis, D., Roe, M., Vijaykrishna, D., Hurt, A.C., 2019. Baloxavir
marboxil susceptibility of influenza viruses from the Asia-Pacific, 2012-2018.
Antivir. Res. 164, 91-96. https://doi.org/10.1016/j.antiviral.2019.02.007.

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. Mega X: molecular
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35,
1547-1549. https://doi.org/10.1093/molbev/msy096.

Kyaw Win, S.M., Saito, R., Win, N.C., Lasham, D.J., Kyaw, Y., Lin, N., Thein, K.N.,
Chon, I., Odagiri, T., Thein, W., Kyaw, L.L., Tin, O.S., Saitoh, A., Tamura, T.,
Hirokawa, C., Uchida, Y., Saito, T., Watanabe, S., Odagiri, T., Kamata, K., Osada, H.,
Dapat, C., Watanabe, H., Tin, H.H., 2020. Epidemic of influenza A(HIN1)pdm09
analyzed by full genome sequences and the first case of oseltamivir-resistant strain in
Myanmar 2017. PloS One 15, €0229601. https://doi.org/10.1371/journal.
pone.0229601.

Mawatari, M., Saito, R., Hibino, A., Kondo, H., Yagami, R., Odagiri, T., Tanabe, I.,
Shobugawa, Y., Japanese Influenza Collaborative Study, G, 2019. Effectiveness of
four types of neuraminidase inhibitors approved in Japan for the treatment of
influenza. PloS One 14, e0224683. https://doi.org/10.1371/journal.pone.0224683.

Nakauchi, M., Takashita, E., Fujisaki, S., Shirakura, M., Ogawa, R., Morita, H., Miura, H.,
Saito, S., Watanabe, S., Odagiri, T., Kageyama, T., 2020. Rapid detection of an I38T
amino acid substitution in influenza polymerase acidic subunit associated with
reduced susceptibility to baloxavir marboxil. Influenza Other Respir Viruses 14,
436-443. https://doi.org/10.1111/irv.12728.

National Institute of Infectious Diseases Japan, 2019. Detection of antiviral drug-
resistant viruses in Japan during the 2018/2019 influenza season (as of December
27, 2019). https://www.niid.go.jp/niid/images/flu/resistance/20191227/dr18-1
9e20191227-1.pdf. (Accessed 24 November 2020).

Noshi, T., Kitano, M., Taniguchi, K., Yamamoto, A., Omoto, S., Baba, K., Hashimoto, T.,
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.,
2018. In vitro characterization of baloxavir acid, a first-in-class cap-dependent

Antiviral Research 188 (2021) 105036

endonuclease inhibitor of the influenza virus polymerase PA subunit. Antivir. Res.
160, 109-117. https://doi.org/10.1016/j.antiviral.2018.10.008.

Oguma, T., Saito, R., Masaki, H., Hoshino, K., Zaraket, H., Suzuki, Y., Caperig-Dapat, .,
Dapat, C., Baranovich, T., Kuroki, R., Makimoto, Y., Shirahige, Y., Asoh, N.,
Degawa, S., Ishikawa, H., Kageura, H., Hosoi, M., Suzuki, H., 2011. Molecular
characteristics of outbreaks of nosocomial infection with influenza A/H3N2 virus
variants. Infect. Control Hosp. Epidemiol. 32, 267-275. https://doi.org/10.1086/
658671.

Omoto, S., Speranzini, V., Hashimoto, T., Noshi, T., Yamaguchi, H., Kawai, M.,
Kawaguchi, K., Uehara, T., Shishido, T., Naito, A., Cusack, S., 2018. Characterization
of influenza virus variants induced by treatment with the endonuclease inhibitor
baloxavir marboxil. Sci. Rep. 8, 9633. https://doi.org/10.1038/541598-018-27890-
4.

Patel, M.C., Mishin, V.P., De La Cruz, J.A., Chesnokov, A., Nguyen, H.T., Wilson, M.M.,
Barnes, J., Kondor, R.J.G., Wentworth, D.E., Gubareva, L.V., 2020. Detection of
baloxavir resistant influenza A viruses using next generation sequencing and
pyrosequencing methods. Antivir. Res. 182, 104906. https://doi.org/10.1016/j.
antiviral.2020.104906.

Saito, R., Akinobu, H., Shaker, R.A., Akel, L.S., Assaf-Casals, A., Lteif, M., Odagiri, T.,
Inaba, R., Soudani, N., Khafaja, S., Ghanem, S.T., Rajab, M., Shobugawa, Y.,
Dbaibo, G.S., Zaraket, H., 2016. Characterization of influenza outbreaks in Lebanon
during the 2013/14 and 2014/15 seasons. East. Mediterr. Health J. 22, 547-551.

Saito, R., Osada, H., Wagatsuma, K., Chon, 1., Sato, I., Kawashima, T., Saito, T., Kodo, N.,
Ono, Y., Shimada, Y., Phyu, W., Shobugawa, Y., 2020. Duration of fever and
symptoms in children after treatment with baloxavir marboxil and oseltamivir
during the 2018-2019 season and detection of variant influenza A viruses with
polymerase acidic subunit substitutions. Antivir. Res. https://doi.org/10.1016/j.
antiviral.2020.104951, 104951.

Saito, R., Sato, I., Suzuki, Y., Baranovich, T., Matsuda, R., Ishitani, N., Dapat, C., Dapat, I.
C., Zaraket, H., Oguma, T., Suzuki, H., 2010. Reduced effectiveness of oseltamivir in
children infected with oseltamivir-resistant influenza A (H1N1) viruses with
His275Tyr mutation. Pediatr. Infect. Dis. J. 29, 898-904. https://doi.org/10.1097/
INF.0b013e3181de9d24.

Sato, M., Takashita, E., Katayose, M., Nemoto, K., Sakai, N., Hashimoto, K., Hosoya, M.,
2020. Detection of variants with reduced baloxavir marboxil susceptibility after
treatment of children with influenza A during the 2018/2019 influenza season.

J. Infect. Dis. 222, 121-125. https://doi.org/10.1093/infdis/jiaa061.

Shobugawa, Y., Saito, R., Sato, 1., Kawashima, T., Dapat, C., Dapat, I.C., Kondo, H.,
Suzuki, Y., Saito, K., Suzuki, H., 2012. Clinical effectiveness of neuraminidase
inhibitors-oseltamivir, zanamivir, laninamivir, and peramivir-for treatment of
influenza A(H3N2) and A(HIN1)pdmO9 infection: an observational study in the
2010-2011 influenza season in Japan. J. Infect. Chemother. 18, 858-864. https://
doi.org/10.1007/5s10156-012-0428-1.

Sigma-Aldrich, M., 2020. Reverse transcription. A technical guide to PCR technologies.
https://www.sigmaaldrich.com/technical-documents/articles/biology/reverse
-transcription.html.

Sugaya, N., 2011. Widespread use of neuraminidase inhibitors in Japan. J. Infect.
Chemother. 17, 595-601. https://doi.org/10.1007/s10156-011-0288-0.

Suzuki, Y., Saito, R., Sato, 1., Zaraket, H., Nishikawa, M., Tamura, T., Dapat, C., Caperig-
Dapat, 1., Baranovich, T., Suzuki, T., Suzuki, H., 2011. Identification of oseltamivir
resistance among pandemic and seasonal influenza A (H1N1) viruses by an
His275Tyr genotyping assay using the cycling probe method. J. Clin. Microbiol. 49,
125-130. https://doi.org/10.1128/JCM.01401-10.

Suzuki, Y., Saito, R., Zaraket, H., Dapat, C., Caperig-Dapat, 1., Suzuki, H., 2010. Rapid
and specific detection of amantadine-resistant influenza A viruses with a Ser31Asn
mutation by the cycling probe method. J. Clin. Microbiol. 48, 57-63. https://doi.
org/10.1128/JCM.00698-09.

Takashita, E., 2020. Influenza polymerase inhibitors: mechanisms of action and
resistance. Cold Spring Harb Perspect Med. https://doi.org/10.1101/cshperspect.
a038687.

Takashita, E., Daniels, R.S., Fujisaki, S., Gregory, V., Gubareva, L.V., Huang, W., Hurt, A.
C., Lackenby, A., Nguyen, H.T., Pereyaslov, D., Roe, M., Samaan, M., Subbarao, K.,
Tse, H., Wang, D., Yen, H.L., Zhang, W., Meijer, A., 2020. Global update on the
susceptibilities of human influenza viruses to neuraminidase inhibitors and the cap-
dependent endonuclease inhibitor baloxavir, 2017-2018. Antivir. Res. 175, 104718.
https://doi.org/10.1016/j.antiviral.2020.104718.

Takashita, E., Ichikawa, M., Morita, H., Ogawa, R., Fujisaki, S., Shirakura, M., Miura, H.,
Nakamura, K., Kishida, N., Kuwahara, T., Sugawara, H., Sato, A., Akimoto, M.,
Mitamura, K., Abe, T., Yamazaki, M., Watanabe, S., Hasegawa, H., Odagiri, T.,
2019a. Human-to-human transmission of influenza A(H3N2) virus with reduced
susceptibility to baloxavir. Emerg. Infect. Dis. 25, 2108-2111. https://doi.org/
10.3201/eid2511.190757. Japan, February 2019.

Takashita, E., Kawakami, C., Morita, H., Ogawa, R., Fujisaki, S., Shirakura, M., Miura, H.,
Nakamura, K., Kishida, N., Kuwahara, T., Mitamura, K., Abe, T., Ichikawa, M.,
Yamazaki, M., Watanabe, S., Odagiri, T., 2019b. On Behalf Of The Influenza Virus
Surveillance Group Of, J. Detection of Influenza A(H3N2) Viruses Exhibiting
Reduced Susceptibility to the Novel Cap-dependent Endonuclease Inhibitor
Baloxavir in Japan, December 2018, vol. 24. Euro Surveill, p. 1800698. https://doi.
org/10.2807/1560-7917.ES.2019.24.3.1800698, 3.

Takashita, E., Kawakami, C., Ogawa, R., Morita, H., Fujisaki, S., Shirakura, M., Miura, H.,
Nakamura, K., Kishida, N., Kuwahara, T., Ota, A., Togashi, H., Saito, A.,
Mitamura, K., Abe, T., Ichikawa, M., Yamazaki, M., Watanabe, S., Odagiri, T., 2019c.
Influenza A(H3N2) Virus Exhibiting Reduced Susceptibility to Baloxavir Due to a
Polymerase Acidic Subunit I38T Substitution Detected from a Hospitalised Child
without Prior Baloxavir Treatment, Japan, January 2019, vol. 24. Euro Surveill,

p. 1900170. https://doi.org/10.2807/1560-7917.ES.2019.24.12.1900170.


https://doi.org/10.1016/j.jiac.2019.12.002
https://doi.org/10.1016/j.jiac.2019.12.002
https://doi.org/10.1038/s41564-019-0609-0
https://doi.org/10.1093/infdis/jiaa164
https://doi.org/10.1016/S1473-3099(20)30004-9
https://doi.org/10.1016/S0140-6736(17)33293-2
https://doi.org/10.1371/currents.RRN1139
https://doi.org/10.1371/currents.RRN1139
https://doi.org/10.1620/tjem.238.113
https://doi.org/10.1111/irv.12725
https://doi.org/10.1016/j.antiviral.2019.02.007
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1371/journal.pone.0229601
https://doi.org/10.1371/journal.pone.0229601
https://doi.org/10.1371/journal.pone.0224683
https://doi.org/10.1111/irv.12728
https://www.niid.go.jp/niid/images/flu/resistance/20191227/dr18-19e20191227-1.pdf
https://www.niid.go.jp/niid/images/flu/resistance/20191227/dr18-19e20191227-1.pdf
https://doi.org/10.1016/j.antiviral.2018.10.008
https://doi.org/10.1086/658671
https://doi.org/10.1086/658671
https://doi.org/10.1038/s41598-018-27890-4
https://doi.org/10.1038/s41598-018-27890-4
https://doi.org/10.1016/j.antiviral.2020.104906
https://doi.org/10.1016/j.antiviral.2020.104906
http://refhub.elsevier.com/S0166-3542(21)00026-7/sref34
http://refhub.elsevier.com/S0166-3542(21)00026-7/sref34
http://refhub.elsevier.com/S0166-3542(21)00026-7/sref34
http://refhub.elsevier.com/S0166-3542(21)00026-7/sref34
https://doi.org/10.1016/j.antiviral.2020.104951
https://doi.org/10.1016/j.antiviral.2020.104951
https://doi.org/10.1097/INF.0b013e3181de9d24
https://doi.org/10.1097/INF.0b013e3181de9d24
https://doi.org/10.1093/infdis/jiaa061
https://doi.org/10.1007/s10156-012-0428-1
https://doi.org/10.1007/s10156-012-0428-1
https://www.sigmaaldrich.com/technical-documents/articles/biology/reverse-transcription.html
https://www.sigmaaldrich.com/technical-documents/articles/biology/reverse-transcription.html
https://doi.org/10.1007/s10156-011-0288-0
https://doi.org/10.1128/JCM.01401-10
https://doi.org/10.1128/JCM.00698-09
https://doi.org/10.1128/JCM.00698-09
https://doi.org/10.1101/cshperspect.a038687
https://doi.org/10.1101/cshperspect.a038687
https://doi.org/10.1016/j.antiviral.2020.104718
https://doi.org/10.3201/eid2511.190757
https://doi.org/10.3201/eid2511.190757
https://doi.org/10.2807/1560-7917.ES.2019.24.3.1800698
https://doi.org/10.2807/1560-7917.ES.2019.24.3.1800698
https://doi.org/10.2807/1560-7917.ES.2019.24.12.1900170

H. Osada et al.

Uehara, T., Hayden, F.G., Kawaguchi, K., Omoto, S., Hurt, A.C., De Jong, M.D.,
Hirotsu, N., Sugaya, N., Lee, N., Baba, K., Shishido, T., Tsuchiya, K., Portsmouth, S.,
Kida, H., 2020. Treatment-emergent influenza variant viruses with reduced
baloxavir susceptibility: impact on clinical and virologic outcomes in uncomplicated
influenza. J. Infect. Dis. 221, 346-355. https://doi.org/10.1093/infdis/jiz244.

Zaraket, H., Dapat, C., Ghanem, S., Ali, Z., Lteif, M., Kondo, H., Dapat, 1.C., Saito, K.,
Kayali, G., Suzuki, H., Dbaibo, G., Saito, R., 2014. Characterization of human
Influenza Viruses in Lebanon during 2010-2011 and 2011-2012 post-pandemic
seasons. Intervirology 57, 344-352. https://doi.org/10.1159/000365758.

Zaraket, H., Kondo, H., Hibino, A., Yagami, R., Odagiri, T., Takemae, N., Tsunekuni, R.,
Saito, T., Myint, Y.Y., Kyaw, Y., Oo, K.Y., Tin, H.H., Lin, N., Anh, N.P., Hang Nle, K.,
Mai le, Q., Hassan, M.R., Shobugawa, Y., Tang, J., Dbaibo, G., Saito, R., 2016. Full
genome characterization of human influenza A/H3N2 isolates from asian countries
reveals a rare amantadine resistance-conferring mutation and novel PB1-F2
polymorphisms. Front. Microbiol. 7, 262. https://doi.org/10.3389/
fmicb.2016.00262.

Zaraket, H., Kondo, H., Tabet, C., Hanna-Wakim, R., Suzuki, Y., Dbaibo, G.S., Saito, R.,
Suzuki, H., 2011. Genetic diversity and antiviral drug resistance of pandemic HIN1

Antiviral Research 188 (2021) 105036

2009 in Lebanon. J. Clin. Virol. 51, 170-174. https://doi.org/10.1016/].
jcv.2011.04.001.

Zaraket, H., Saito, R., 2016. Japanese surveillance systems and treatment for influenza.
Curr. Treat. Options Infect. Dis. 8, 311-328. https://doi.org/10.1007/s40506-016-
0085-5.

Zaraket, H., Saito, R., Suzuki, Y., Baranovich, T., Dapat, C., Caperig-Dapat, 1., Suzuki, H.,
2010a. Genetic makeup of amantadine-resistant and oseltamivir-resistant human
influenza A/H1N1 viruses. J. Clin. Microbiol. 48, 1085-1092. https://doi.org/
10.1128/JCM.01532-09.

Zaraket, H., Saito, R., Suzuki, Y., Suzuki, Y., Caperig-Dapat, 1., Dapat, C., Shabana II,
Baranovich, T., Suzuki, H., 2010b. Genomic events contributing to the high
prevalence of amantadine-resistant influenza A/H3N2. Antivir. Ther. 15, 307-319.
https://doi.org/10.3851/IMP1538.

Zaraket, H., Saito, R., Wakim, R., Tabet, C., Medlej, F., Reda, M., Baranovich, T.,
Suzuki, Y., Dapat, C., Caperig-Dapat, 1., Dbaibo, G.S., Suzuki, H., 2010c. Antiviral
drug susceptibilities of seasonal human influenza viruses in Lebanon, 2008-09
season. J. Med. Virol. 82, 1224-1228. https://doi.org/10.1002/jmv.21795.


https://doi.org/10.1093/infdis/jiz244
https://doi.org/10.1159/000365758
https://doi.org/10.3389/fmicb.2016.00262
https://doi.org/10.3389/fmicb.2016.00262
https://doi.org/10.1016/j.jcv.2011.04.001
https://doi.org/10.1016/j.jcv.2011.04.001
https://doi.org/10.1007/s40506-016-0085-5
https://doi.org/10.1007/s40506-016-0085-5
https://doi.org/10.1128/JCM.01532-09
https://doi.org/10.1128/JCM.01532-09
https://doi.org/10.3851/IMP1538
https://doi.org/10.1002/jmv.21795

	Development of cycling probe based real-time PCR methodology for influenza A viruses possessing the PA/I38T amino acid subs ...
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and clinical records of patients
	2.2 RNA extraction and reverse transcription
	2.3 Cycling probe real-time PCR assay to screen PA/I38T substitution
	2.4 Control plasmids
	2.5 Sequence analysis of PA gene
	2.6 Real-time PCR for generic influenza A
	2.7 Data availability

	3 Results
	3.1 Establishment of cycling probe real-time PCR
	3.2 Assessment of the PA/I38T detection level in mixture conditions
	3.3 Frequency of PA/I38T substitutions in pre-treatment samples
	3.4 Clinical background of patients harboring the virus with PA/I38T substitution in pre-treatment samples
	3.5 Clinical timeline of case no. 2 and family

	4 Discussion
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


