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Background.  We assessed the safety and effectiveness of baloxavir marboxil administration in Japanese children with influenza.
Methods.  This open-label study administered 1 weight-adjusted dose of baloxavir to 107 children aged 1–11  years with 

laboratory-confirmed, febrile influenza virus infection of ≤48 hours duration.
Results.  Adverse events (AEs) were reported in 34.6% of patients, most commonly vomiting (7.5%); no serious AEs or AEs 

causing discontinuation occurred. The median time to alleviation of influenza illness was 44.6 hours (95% confidence interval, 38.9–
62.5 hours), to resolution of fever was 21.4 hours, and to sustained cessation of infectious viral shedding was 24.0 hours. However, 
viruses with amino acid substitutions in the viral polymerase acidic protein at position I38 (PA/I38T/M) emerged in 18 of 77 (23.4%) 
patients. Emergence was associated with longer infectious virus detectability (median time, 180.0 hours) and time to illness allevia-
tion (median, 79.6 vs 42.8 hours in patients without PA/I38T/M-substituted viruses). Among patients with PA/I38T/M-substituted 
virus emergence, those with baseline hemagglutinin inhibition (HAI) antibody titer <40 experienced delay in time to illness allevia-
tion (median, 85.4 vs 56.0 hours in patients with higher baseline HAI antibody titer).

Conclusions.  A single, oral dose of baloxavir marboxil was well tolerated and rapidly reduced viral titers, but the common emer-
gence of PA/I38T/M-substituted viruses warrants consideration of alternative dosing regimens in young children.

Clinical Trials Registration.  Japan Pharmaceutical Information Center Clinical Trials Information (Japic CTI-163417).
Keywords.  antiviral; baloxavir marboxil; influenza; children; Japan.

Influenza is a well-recognized cause of acute respiratory illness 
in children. Infants and young children, especially those below 
the age of 2, are at highest risk of complications and hospital-
izations [1, 2]. Pediatric mortality due to influenza is relatively 
uncommon but occurs in those with underlying conditions and 
those who were previously healthy [3]. One assessment esti-
mated that 13–32 million cases of influenza-associated acute 
lower respiratory illness and 28 000 to 111 500 associated deaths 
occurred worldwide in children aged under 5 years in 2008 [4]. 
Children aged 5 to 17 years had the highest rate of influenza 
infection during the 2009 A(H1N1) pandemic [5]. In addition, 
school-aged children are also important in transmission of 

influenza viruses, including those resistant to antivirals [6], to 
one another and to their household contacts.

Annual immunization is the primary means for protection 
against influenza, and children aged 6–59  months are one of 
the World Health Organization priority groups for vaccine 
[1]. However, the effectiveness of vaccination is often subop-
timal, and vaccination is often unavailable or underutilized [7]. 
Treatment with an anti-influenza drug, particularly oseltamivir, 
is recommended for children in many countries. However, 
oseltamivir shows less clinical benefit in children with influ-
enza B compared with influenza A  virus infections [8–10], 
and depending on age and virus type/subtype about 4–12% of 
oseltamivir-treated children with uncomplicated influenza in-
fection have had oseltamivir-resistant variants detected [11, 12]. 
Highly oseltamivir-resistant seasonal A(H1N1) viruses, due to 
an H275Y substitution in the viral neuraminidase, circulated 
worldwide in 2008–2009, and community-level transmission of 
oseltamivir-resistant A(H1N1)pdm09 virus has been reported 
[13, 14]. Therefore, there remains an unmet need to develop an-
tiviral drugs with new mechanisms of action.

Baloxavir marboxil (formerly S-033188, hereafter baloxavir) is 
an oral prodrug that is metabolized rapidly to baloxavir acid (BXA), 
an inhibitor of the polymerase acidic protein (PA) cap-dependent 
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endonuclease [15, 16]. In a phase 3 study in adults and adolescents 
with uncomplicated influenza, single-dose baloxavir significantly 
improved time to alleviation of influenza symptoms compared 
with placebo and reduced viral titers compared with placebo and 
oseltamivir [17]. However, baloxavir treatment–emergent viruses 
with reduced susceptibility due to amino acid substitution of iso-
leucine at position 38 of PA (PA/I38X) were detected in 2.2–9.7% 
of baloxavir-treated patients [17] in association with prolongation 
of infectious virus detectability, transient rises in viral titers, and 
initial delay in illness alleviation [18].

The present study is the first to assess the safety, pharma-
cokinetics, and clinical and virologic outcomes of baloxavir 
treatment including the effects of PA/I38X-substituted virus 
emergence in children aged 1–11 years with influenza virus in-
fection. The plasma concentrations of BXA at 24 hours postdose 
(C24) in this study [19] were within the range observed in 
influenza-infected adults with confirmed baloxavir safety and 
efficacy [20] and exceeded the target concentration (6.85  ng/
mL) [21, 22] for efficacy estimated by nonclinical studies.

METHODS

Study Design

This was a prospective, open-label, multicenter study in 
Japanese pediatric outpatients during the 2016–17 season. All 
patients received a single oral dose of baloxavir (Shionogi & Co, 
Ltd) on day 1 without regard to food intake. The dose depended 
on the weight of the patient (Supplementary Table 1) was based 
on the modeling of BXA pharmacokinetics in children [19].

The study was conducted in accordance with the princi-
ples of the Declaration of Helsinki and Good Clinical Practice 
guidelines and was approved by the institutional review board 
or ethics committee at each center. Parents/legal guardians 
of participating patients provided written informed consent; 
participating children gave oral or written informed assent 
according to their capabilities. The study was registered at 
the Japan Pharmaceutical Information Center Clinical Trials 
Information (Japic CTI-163417).

Study Population

Patients enrolled were aged 1 to less than 12 years, with a body 
weight of 5 or more kg, a diagnosis of influenza illness confirmed 
by fever 38°C or higher, and by a positive rapid influenza virus 
test and ability to swallow tablets. Patients aged 7 or more years 
were enrolled if they had at least 1 respiratory symptom (cough 
or nasal discharge/congestion) of moderate or greater severity. 
The time between onset of symptoms (when body temperature 
first exceeded 37.5°C) and screening was 48 hours or less.

Safety Assessments

Safety measures included incidence and severity of adverse 
events (AEs), treatment-related AEs, vital signs, and clinical 
laboratory tests (see Supplementary Methods). Adverse events 

were classified by system organ class and preferred term using 
the Medical Dictionary for Regulatory Activities (MedDRA 
version 19.1).

Clinical and Virologic Assessments

The following outcome measures were assessed by the patient 
or the parent/guardian and recorded in an electronic diary: ax-
illary temperature (4 times daily until day 3 and then morning 
and evening, days 4 to 14), assessment of severity of cough and 
nasal discharge/nasal congestion (morning and evening, days 1 
to 9, and then each evening, days 10 to 14) on a 4-point scale 
(0 = absent, 1 = mild, 2 = moderate, 3 = severe).

Nasopharyngeal swab samples were collected on days 1, 
2, 3, and/or 4, 6, and 9 for virologic studies (Supplementary 
Materials). Serum for hemagglutinin inhibition (HAI) antibody 
testing was obtained on days 1 and 15.

The primary clinical endpoint was the time to illness allevia-
tion (TTIA), defined as the time from baloxavir administration 
until the following criteria were reached and sustained for at 
least 21.5 hours: cough and nasal discharge/nasal congestion, 
both assessed as 0 (absent) or 1 (mild), and axillary temperature 
less than 37.5°C.

Table 1.  Demographics and Baseline Characteristics in the Intention-to-
Treat Infected Population

Characteristics
Baloxavir Marboxil 

(N = 104)

Age, years 7.4 ± 2.6

  Median, years 8.0

  Range, years 1–11

  <6 years, n (%) 25 (24.0)

  ≥6 to <9 years, n (%) 36 (34.6)

  ≥9 to ≤12 years, n (%) 43 (41.3)

Male, n (%) 53 (51.0)

Body temperature, °C 38.78 ± 0.60

Time to treatment from influenza onset, n (%)  

  ≥0 to ≤12 hours 47 (45.2)

  >12 to ≤24 hours 41 (39.4)

  >24 to ≤36 hours 14 (13.5)

  >36 to ≤48 hours 2 (1.9)

Influenza virus type/subtype based on  
rapid influenza diagnostic test, n (%)

 

  A 95 (91.3)

  B 9 (8.7)

  Negative 0

Influenza virus subtype based on RT-PCR, n (%)  

  A(H1N1)pdm 2 (1.9)

  A(H3N2) 87 (83.7)

  B 8 (7.7)

  Mixed infection 4 (3.8)

  Othera 3 (2.9)

Influenza vaccination given in the  
last 6 months, n (%)

28 (26.9)

Data are presented as mean ± SD unless otherwise indicated.
Abbreviations: RT-PCR, reverse transcription–polymerase chain reaction; SD, standard 
deviation.
aThe patients whose subtype was unknown were treated as “Other.”
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The secondary endpoints included times to first cessation 
(prespecified) and sustained cessation (post hoc analysis) of in-
fectious virus detection, time to resolution of fever, recurrence 
of fever (post hoc analysis), and the incidence of influenza-
related complications (Supplementary Materials).

Sanger sequencing of the PA gene was conducted on paired 
pre- and last post-treatment swab samples to detect PA/I38X-
substituted viruses (Supplementary Materials).

Statistical Analysis

The sample size (N  =  100) was selected to provide sufficient 
numbers for an initial assessment of safety and pharmacoki-
netics and was not based on power.

The safety analysis population consisted of all patients who 
received the study drug. For analysis of clinical and virology 
endpoints, the intention-to-treat infected (ITTI) population 
consisted of all patients who received the study drug and had 

Table 2.  Type and Duration of Adverse Events

System Organ Class 
Preferred Term

Baloxavir Marboxil (N = 107)

Any Grade Grade 2

n (%)
Number of Events  

[Duration of AE: Min, Max]a n (%)
Number of Events  

[Duration of AE: Min, Max]a

Patients with any AE 37 (34.6) 49 [1, NR] 19 (17.8) 22 [3, NR]

Infections and infestations 14 (13.1) 15 [3, 16] 14 (13.1) 15 [3, 16]

  Pharyngitis 3 (2.8) 3 [9, 12] 3 (2.8) 3 [9, 12]

  Bronchitis 2 (1.9) 2 [8, 12] 2 (1.9) 2 [8, 12]

  Sinusitis 2 (1.9) 2 [8, 16] 2 (1.9) 2 [8,16]

  Oral herpes 2 (1.9) 2 [6, 8] 2 (1.9) 2 [6, 8]

  Gastroenteritis 1 (0.9) 1 [3] 1 (0.9) 1 [3]

  Influenza 1 (0.9) 1 [7] 1 (0.9) 1 [7]

  Nasopharyngitis 1 (0.9) 1 [6] 1 (0.9) 1 [6]

  Varicella 1 (0.9) 1 [12] 1 (0.9) 1 [12]

  Bacterial infection 1 (0.9) 1 [5] 1 (0.9) 1 [5]

  Bacterial rhinitis 1 (0.9) 1 [11] 1 (0.9) 1 [11]

Metabolism and nutrition disorders 1 (0.9) 1 [3] 1 (0.9) 1 [3]

Dehydration 1 (0.9) 1 [3] 1 (0.9) 1 [3]

Psychiatric disorders 1 (0.9) 1 [1] 0 0

  Nightmare 1 (0.9) 1 [1] 0 0

  Nervous system disorders 2 (1.9) 2 [1, 2] 0 0

  Headache 2 (1.9) 2 [1, 2] 0 0

Respiratory, thoracic, and mediastinal disorders 4 (3.7) 5 [4, 46] 3 (2.8) 4 [6, 46]

  Upper respiratory tract inflammation 2 (1.9) 3 [6, 14] 2 (1.9) 3 [6, 14]

  Epistaxis 1 (0.9) 1 [4] 0 0

  Rhinitis allergic 1 (0.9) 1 [46] 1 (0.9) 1 [46]

Gastrointestinal disorders 16 (15.0) 16 [1, NR] 0 0

  Vomiting 8 (7.5) 8 [1, 3] 0 0

  Diarrhea 3 (2.8) 3 [1, 2] 0 0

  Constipation 2 (1.9) 2 [3, 3] 0 0

  Dental caries 1 (0.9) 1 [NR] 0 0

  Acetonaemic vomiting 1 (0.9) 1 [1] 0 0

  Feces, soft 1 (0.9) 1 [1] 0 0

Skin and subcutaneous tissue disorders 2 (1.9) 2 [3, NR] 1 (0.9) 1 [3]

  Dry skin 1 (0.9) 1 [NR] 0 0

  Urticaria 1 (0.9) 1 [3] 1 (0.9) 1 [3]

Musculoskeletal and connective tissue disorders 2 (1.9) 2 [2, 8] 0 0

  Back pain 1 (0.9) 1 [2] 0 0

  Myalgia 1 (0.9) 1 [8] 0 0

Investigations 2 (1.9) 3 [5, 11] 0 0

  Alanine aminotransferase increased 1 (0.9) 1 [11] 0 0

  Aspartate aminotransferase increased 1 (0.9) 1 [10] 0 0

  Blood urine present 1 (0.9) 1 [5] 0 0

Injury, poisoning, and procedural complications 2 (1.9) 2 [6, NR] 1 (0.9) 1 [NR]

  Ligament sprain 2 (1.9) 2 [6, NR] 1 (0.9) 1 [NR]

All AEs were classified as grade 1 or grade 2. Most AEs (26 patients) occurred in the first 7 days, although 3 patients reported AEs on day 22 or later (nasopharyngitis, ligament sprain, oral 
herpes; none were considered to be study drug related).
Abbreviations: AE, adverse event; Max, maximum; Min, minimum; NR, not recorded.
aDuration of AE (days) = (date of outcome) − (date of onset) + 1. If the AE did not resolve or was not resolving until the day of outcome assessment, duration of the AE is defined as NR.
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laboratory-confirmed influenza by reverse transcriptase–poly-
merase chain reaction (RT-PCR).

For the TTIA, a survival curve and the median time (with 
95% confidence intervals [CIs]) was estimated by the Kaplan–
Meier method as the prespecified analysis with censoring of 
those not experiencing illness alleviation by the last observa-
tion timepoint.

In post hoc analyses, the baseline factors associated with emer-
gence of viruses with PA/I38T/M substitutions were identified 
using a logistic regression model for patients with A(H3N2) 
virus, because such variants were only detected in those with 
A(H3N2) infection. The factors assessed included sex, body 
weight, baseline symptom score, axillary temperature, HAI an-
tibody titer, infectious virus titer, and time-to-treatment from 
illness onset. Age and influenza vaccination status were ex-
cluded because they had statistically significant associations with  
baseline HAI antibody titer (Supplementary Tables 2 and 3). 
Meal after baloxavir administration was excluded because almost 
all patients had eaten a meal after administration. We also evalu-
ated the relationship of baseline HAI antibody titer to TTIA.

All analyses and tabulations were performed using SAS soft-
ware version 9.2 or higher (SAS Institute, Cary, North Carolina) 
and WinNonlin version 6.2.1.

RESULTS

Patient Characteristics

The study enrolled 108 patients, of whom 107 received the study 
drug (safety population). Three patients were excluded from 
the ITTI population because of negative RT-PCR for influenza 
virus. In the ITTI population (Table 1), the median age of pa-
tients in the study was 8.0 years; 83.7% of patients had influenza 
A(H3N2) virus, and 84.6% of patients had a time-to-treatment 
from onset of influenza illness of 24 hours or less.

Safety

There were no serious AEs or AEs leading to discontinuation 
reported. Forty-nine AEs were reported in 37 (34.6%) patients 
(Table 2). The most common category was gastrointestinal dis-
orders (15.0%) with vomiting (all grade 1) reported in 8 patients 
(7.5%). Two instances occurred within 1 hour (15 and 52 min-
utes), 3 between 1.6 to 10.5 hours, and 2 instances over 12 hours 
after administration (1 case unspecified). Treatment-related 
AEs were reported in 4 (3.7%) patients; all were judged grade 1 
and resolved spontaneously (Supplementary Table 4).

Clinical Measures

The median TTIA was 44.6 hours (95% CI, 38.9–62.5 hours) 
(Table 3), with 81.6% of patients being alleviated by 120 hours 
after treatment (Supplementary Figure 1). The TTIA for pa-
tients with influenza B was similar to that in patients with influ-
enza A(H3N2) (Table 3). The median time to resolution of fever 
was 21.4 hours (95% CI, 19.8–25.8 hours) (Table 3). Recurrence 

of fever after day 3 and day 4 in patients who had become 
afebrile was observed in 11.1% (11/99) and 10.7% (11/103), 
respectively. Two patients developed influenza-related compli-
cations: both were grade 2 bronchitis occurring on days 1–8 or 
4–15 before resolving.

Virologic Measures

Infectious virus titers rapidly declined within 1  day after 
baloxavir treatment, and the average titer remained low there-
after (Figure 1, Table 4). The median time to sustained cessation 
of infectious viral detection was 24.0 hours (Table 3). The time 
was shorter for patients with influenza A(H3N2) (median, 24.0 
hours) than influenza B (median, 144.0 hours) (Table 3).

The frequency of HAI antibody seroconversions (≥4-fold in-
crease) was 83.9% (73/87) in patients with A(H3N2) and 37.5% 
(3/8) in patients with B/Yamagata (Supplementary Table 5).

Amino Acid Substitutions at PA/I38

In the ITTI population, 77 had post-treatment and baseline sam-
ples available for sequencing. No PA/I38-substituted viruses were 
detected pretreatment. PA/I38T/M-substituted viruses were de-
tected in 18 patients (23.4%), and their first detection was at days 
3 (n = 1), 6 (n = 12) or 9 (n = 5). All were infected with A(H3N2) 
virus; variants included PA/I38T (n  =  10), PA/I38T/I mixture 
(n = 5), PA/I38M (n = 2) and PA/I38I/M mixture (n = 1).

The median time to sustained cessation of viral shedding in 
patients with PA/I38T/M-substituted viruses was 180.0 hours 
(95% CI, 144.0–216.0 hours) compared with 24.0 hours (95% 
CI, 24.0–48.0 hours) in those without (Supplementary Table 
6). By day 2 the mean change in virus titer from baseline was 
comparable in those with (4.75 log10 50% tissue culture infec-
tive dose [TCID50]/mL) or without (4.78 log10TCID50/mL) PA/
I38T/M-substituted viruses. However, those with substitu-
tions showed increased titers to a mean of 2.14 log10TCID50/

Table 3.  Efficacy Time-to-Event Outcomes in the Intention-to-Treat 
Infected Population

Baloxavir Marboxil (N = 104)
Time-to-Event Outcomes 

(Hours)

Time to alleviation of influenza illness (n = 103) 44.6 (38.9–62.5)

  Subgroup of influenza A(H3N2) (n = 86) 45.2 (38.2–62.5)

  Subgroup of influenza B (n = 8) 44.7 (18.3–133.8)

Time to first cessation of viral shedding  
by virus titer (n = 101)

24.0 (ND–ND)

  Subgroup of influenza A(H3N2) (n = 87) 24.0 (ND–ND)

  Subgroup of influenza B (n = 8) 96.0 (24.0–168.0)

Time to sustained cessation of infectious virus 
detection (n = 101)

24.0 (24.0–48.0)

  Subgroup of influenza A(H3N2) (n = 87) 24.0 (24.0–48.0)

  Subgroup of influenza B (n = 8) 144.0 (24.0–168.0)

Time to resolution of fever (n = 103) 21.4 (19.8–25.8)

Time to resumption of normal activity (n = 103) 126.3 (99.4–130.7)

Data are presented as median (95% confidence interval). All patients whose outcome was 
not missing were included in this analysis.
Abbreviation: ND, not able to be determined.
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mL (range, <0.7 (detection limit) to 4.30) at day 6 (Figure 1B). 
Increases in viral titer (>0.7) at day 3 or later were observed 

in 72.2% of patients with emergence of PA/I38T/M-substituted 
viruses compared with 13.6% of those without such viruses.

The median TTIA and fever resolution in patients with PA/
I38T/M-substituted viruses were 79.6 and 29.5 hours, respec-
tively, compared with 42.8 and 20.8 hours, respectively, in those 
without PA/I38T/M-substituted viruses (Figure 2, Supplementary 
Table 6). Transient fever and symptom recurrence after 72 hours 
postdose were observed in 23.5% and 37.5% of patients, respec-
tively, with PA/I38T/M-substituted viruses compared with 8.5% 
and 20.5%, respectively, in those without (Supplementary Table 
7); transient symptom score increases were also observed at 72 
hours postdose (Supplementary Figure 2). Symptom recurrences 
resolved (score of 1 or 0) within 48 hours, with the exception of 2 
patients without PA/I38T/M-substituted viruses.

Next-Generation-Sequencing Analysis

To assess time course of emergence of PA/I38T/M-substituted 
viruses, next-generation sequencing (NGS) was used for the 
analysis on swab samples from 10 selected patients with I38T-
substituted viruses (Supplementary Figure 3). No detectable 
PA/I38 substitutions were confirmed in the viruses pretreat-
ment (Figure 3A). In the post-treatment samples, PA/I38T sub-
stitutions were found to have emerged as early as 48 hours in 2 
patients, and variant viruses emerged by 120 hours in 8 patients 
(Figure 3A). The PA/I38T viruses became dominant in most 

Table 4.  Median of Virus Titer (log10TCID50/mL) by Study Day

Study Daya
Baloxavir Marboxil 

(N = 101)b

Day 1  

  n 
  Median

101 
5.20

Day 2  

  n 
  Median

101 
0.70

Day 3  

  n 
  Median

61 
0.70

Day 4  

  n 
  Median

52 
0.70

Day 6  

  n 
  Median

101 
0.70

Day 9  

  n 
  Median

101 
0.70

Detection limit of virus titer: 0.7 log10TCID50/mL.
Abbreviation: TCID50, 50% tissue culture infective dose.
aOptional visit: day 3 and day 4.
bThe patients with positive virus titer at day 1 were included in this analysis.
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illness was composed of cough, nasal discharge/congestion, and body temperature. The median TTIA was 79.6 hours in patients with PA/I38T/M-substituted viruses (n = 18) 
and was 42.8 hours in patients without PA/I38T/M-substituted viruses (n = 59). Abbreviations: PA/I38T, isoleucine substituted by threonine at position 38 of virus polymerase 
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of the patients after 120 hours, except for 2 patients who had 
undetectable levels of viral RNAs. The emergence of PA/I38T-
substituted viruses corresponded temporally with an increase 
in viral titers, which, in most cases, had been below the quan-
tification limit for at least 1  day prior to PA/I38T-substituted 
virus emergence (Figure 3B). PA/I38T-substituted viruses were 
first detected when the plasma BXA concentration ranged from 
8.34 to 23.5 ng/mL (Figure 3A, C).

Factors Associated With Emergence of PA/I38T/M-Substituted Viruses

Post hoc analyses identified differences in age distribution, 
body weight, and baseline HAI antibody between patients with 
and without PA/I38T/M-substituted viruses (Table 5). A higher 
frequency of emergence of PA/I38T/M-substituted viruses oc-
curred in patients with baseline A(H3N2) HAI antibody titer 
of less than 40 (42.3% [11/26]) than in those with titers of 40 or 
greater (17.1% [7/41]) (P = .0467; Table 6). Also, a higher fre-
quency of PA/I38T/M-substituted virus detection was found in 
H3N2-infected children aged 5 years or younger (6/10) than in 
older children (12/57) (Table 5).

The mean plasma C24 in patients with PA/I38T/M-substituted 
viruses (58.4  ng/mL) was similar to that in patients without 
such viruses (58.0 ng/mL). However, the mean C96 was 42–53% 
lower with 10  mg compared with higher doses and 46–57% 
lower than that in adults [20] (see Supplementary Materials).

Among those with emergence of PA/I38T/M-substituted 
viruses, the median TTIA was 29.4 hours longer in those with 
baseline HAI antibody titer of less than 40 than in those with a 

higher HAI antibody titer (Figure 4). The time to sustained ces-
sation of infectious viral shedding in patients with PA/I38T/M-
substituted viruses was considerably longer than that in those 
without, regardless of baseline HAI antibody titer (Figure 5).

DISCUSSION

This is the first study to examine the safety, pharmacokinetics 
[19], and clinical and virological outcomes of oral baloxavir 
in pediatric patients with influenza virus infection. A  single 
weight-based dose, targeted to provide C24 levels in children 
similar to those in adults receiving a 40-mg dose [20], was gen-
erally well tolerated in our patients, and all baloxavir recipi-
ents completed the study. In comparison, placebo-controlled 
of oseltamivir reported that 1.8–5.4% of patients discontinued 
studies due to adverse events, particularly gastrointestinal 
events such as vomiting [23, 24]. The frequency of emesis in 
our study (7.5%) was within the age-related range in placebo 
recipients (3.2%, 8.5%, and 18.6%) and generally lower than 
that in oseltamivir recipients (5.9%, 14.7%, and 29.2%) re-
ported in 3 earlier double-blinded randomized controlled trials 
of oseltamivir treatment in children [23–25]. The C24 values of 
3 patients who vomited at 0.25, 1.57, and 0.87 hours after ad-
ministration were 46.6, 84.5, and 65.5 ng/mL, respectively, and 
were comparable to levels in those without emesis. The emesis 
occurring within 1 hour of administration did not appear to re-
duce baloxavir levels, suggesting rapid onset of absorption [21].

Because we lacked a control group, we are limited to com-
paring our findings with previous neuraminidase inhibitor 

Figure 3.  Comparison between proportion (A) of PA/I38T/M-substituted viruses with viral titer (B) and plasma BXA concentration (C). A, Time courses of % proportion of PA/
I38 T/M-substituted viruses in the swabs and B, viral titer (log10TCID50/mL) in the swabs were represented. C, BXA concentration in plasma (ng/mL) was plotted by a meas-
ured value at 24 hours and simulated value at 48, 72, and 96 hours, which were calculated by Bayesian inference with measured values. The individual patient numbers are 
shown on top. A threshold frequency of >1% was adopted for calling variant viruses in NGS analysis, and the LLoQ of viral titer was set at 0.7 log10TCID50/mL. Abbreviations: 
BXA, baloxavir acid; LLoQ, lower limit of quantification; NA, not applicable; ND, below detection limit of 2.05 log10 RNA copies/mL, or no PCR amplification observed, or no 
variant profiles obtained due to low coverage (<100); NGS, next-generation sequencing; PA/I38T, isoleucine substituted by threonine at position 38 of virus polymerase acidic 
protein; PA/I38M, isoleucine substituted by methionine at position 38 of virus polymerase acidic protein; WT, wild-type virus.
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(NAI) studies in children. In open-label studies in Japanese 
children, the median TTIA in this study was longer than the 
time to illness alleviation reported with single-dose intravenous 
peramivir (29.1 hours) in outpatients aged 28 days–15 years [26] 
but similar to that of inhaled laninamivir (56 hours) in children 
aged 3–9 years old [12]. The median time to resolution of fever 
(medians, 41–48 hours) and of illness (medians, 72–103) were 
longer in oseltamivir recipients from placebo-controlled studies 
in non-Japanese pediatric patients [23–25].

Recurrence of fever after initial resolution was noted in ap-
proximately 11% of baloxavir-treated children in our study. The 
proportions of NAI-treated children experiencing recurrent 
fever have ranged widely from 1.8% to 20% in previous studies 
in Japan [27–29]. However, those studies enrolled children with 
different types/subtypes of influenza virus infections, used dif-
ferent definitions of recurrence of fever, and had different age 
distributions of subjects. In addition, it is unclear how often re-
current fever was related to influenza illness or complications 
in these studies. Consequently, no definitive conclusions can 
be reached with regard to the relative frequencies of recurrent 
fever in baloxavir- or NAI-treated children at present. In this 
regard, a head-to-head comparison of single-dose baloxavir 
and a 5-day regimen of oseltamivir in outpatient children aged 
1–12 years has been completed recently (NCT03629184).

An important finding in this study was the detection of 
treatment-emergent PA/I38T/M-substituted viruses in 23.4% 
of patients with paired-sequence data, a frequency over 2-fold 
higher than in baloxavir-treated adults with A(H3N2) infec-
tions [17]. Depending on the assay method, clinical isolates of 
A(H3N2) virus harboring I38T showed 65- to 155-fold reduced 

Table 5.  Baseline Characteristics in Patients Infected by A(H3N2) Virus 
With and Without PA/I38T/M-Substituted Viruses

Characteristic

Patients With  
PA/I38T/M-
Substituted  

Viruses 
(n = 18)

Patients Without  
PA/I38T/M-
Substituted  

Viruses 
(n = 49)

Total 
(N = 67)a

Age, years    

  Median (range), years 7.0 (2–11) 9.0 (3–11) 8.0 (2–11)

  <5 years, n (%) 6 (33.3) 4 (8.2) 10 (14.9)

  ≥5 years, n (%) 12 (66.7) 45 (91.8) 57 (85.1)

Body weight, kg    

  Mean (SD) 22.81 (9.69) 27.03 (8.59) 25.89 (9.02)

  <20 kg, n (%) 8 (44.4) 10 (20.4) 18 (26.9)

  ≥20 kg, n (%) 10 (55.6) 39 (79.6) 49 (73.1)

BMI, kg/m2    

  Mean (SD) 15.96 (1.50) 16.20 (2.44) 16.13 (2.22)

Sex, n (%)    

  Male 8 (44.4) 30 (61.2) 38 (56.7)

Sum of 2 symptom  
scores at baseline

   

  Mean (SD) 2.9 (1.0) 3.3 (1.1) 3.2 (1.0)

Body temperature at  
baseline, °C

   

  Mean (SD) 38.8 (0.5) 38.8 (0.7) 38.8 (0.6)

Infectious virus titer at  
baseline, log10TCID50/mL 

   

  Mean (SD) 5.64 (1.37) 5.80 (1.57) 5.75 (1.51)

Time to treatment from  
symptom onset, n (%)

   

  ≥0 to ≤12 hours 13 (72.2) 22 (44.9) 35 (52.2)

  >12 to ≤24 hours 4 (22.2) 18 (36.7) 22 (32.8)

  >24 to ≤36 hours 1 (5.6) 8 (16.3) 9 (13.4)

  >36 to ≤48 hours 0 1 (2.0) 1 (1.5)

Influenza vaccination, n (%)    

  Yes 7 (38.9) 11 (22.4) 18 (26.9)

  No 11 (61.1) 38 (77.6) 49 (73.1)

HAI antibody titer, n (%)    

  <40 11 (61.1) 15 (30.6) 26 (38.8)

  ≥40 7 (38.9) 34 (69.4) 41 (61.2)

Meal before administration    

  Yes 12 (66.7) 28 (57.1) 40 (59.7)

  No 6 (33.3) 21 (42.9) 27 (40.3)

Duration between meal  
before administration, 
n (%)

   

  <2 hours 2 (16.7) 2 (7.1)  4 (10.0)

  ≥2 to ≤4 hours 4 (33.3)  9 (32.1) 13 (32.5)

  >4 hours 6 (50.0) 17 (60.7) 23 (57.5)

Meal after administration, 
n (%)

   

  Yes 14 (77.8) 47 (95.9) 61 (91.0)

  No 4 (22.2) 2 (4.1) 6 (9.0)

Duration between meal  
after administration, n (%)

   

  <2 hours 5 (35.7) 22 (46.8)  27 (44.3)

  ≥2 to ≤4 hours 3 (21.4)  16 (34.0) 19 (31.1)

  >4 hours 6 (42.9)  9 (19.2) 15 (24.6)

Abbreviations: HAI, hemaggulutinin inhibition; PA/I38T, isoleucine substituted by threonine 
at position 38 of virus polymerase acidic protein; PA/I38M, isoleucine substituted by me-
thionine at position 38 of virus polymerase acidic protein; SD, standard deviation; TCID50, 
50% tissue culture infective dose.
aIntention-to-treat infected population with A(H3N2) virus infection and with available paired 
sequencing at baseline and post-treatment.

Table 6.  Identification of Prognostic Factors for Emergence of PA/I38T/M-
Substituted Viruses by Logistic Regression Analysis

Parameter
Odds 
Ratio 95% CI P Value

Sex (male to female) 0.474 .122–1.838 .2804

Baseline body weight (by 1 kg) 0.970 .899–1.046 .4299

Baseline sum of symptom scores (by 
1 score)

0.765 .405–1.445 .4095

Baseline body temperature (by 1°C) 0.927 .323–2.662 .8886

Baseline virus-specific HAI antibody 
titer (≥40 to <40)

0.276 .078–0.982 .0467

Baseline influenza virus titer (by 1.0 
log10TCID50/mL)

0.917 .589–1.429 .7017

Time to treatment from influenza 
onset (by 12 hours)a

0.428 .145–1.265 .1249

Meal before administration on day of 
dosing (yes to no)

1.109 .276–4.450 .8838

Patients with A(H3N2) virus who had paired-sequencing data available and had base-
line characteristic data for potential risk factor were included in this analysis (N  =  67). 
Abbreviations: CI, confidence interval; HAI, hemaggulutinin inhibition; PA/I38T, isoleucine 
substituted by threonine at position 38 of virus polymerase acidic protein; PA/I38M, isoleu-
cine substituted by methionine at position 38 of virus polymerase acidic protein; TCID50, 
50% tissue culture infective dose.
aTreated as ordered category of 4 levels.
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susceptibility in vitro [18, 30]. Emergence of these variants was 
associated with transient rises in viral titers and prolongation of 
virus detectability and sometimes illness (Supplementary Table 
6 and Figure 1B). Such findings also raise concern about the 
potential risk of variant transmission to close contacts, an im-
portant public health issue [31]. One published case [32] and 
2 additional cases of detecting PA/I38T-substituted viruses in 
non–baloxavir-treated patients have been reported recently in 
Japan [33]. Because these instances likely represent transmis-
sion from baloxavir-treated patients, monitoring and surveil-
lance to determine the extent of transmission are ongoing.

Next-generation sequencing revealed that PA/I38T-
substituted viruses emerged after 48 hours (day 3)  post-
treatment of baloxavir in association with decreasing plasma 
BXA concentrations, consistent with the previous report 
in adult and adolescent patients with influenza [18]. PA/
I38T-substituted viruses emerged when plasma BXA con-
centrations declined to levels that inhibit viral replication of 
wild-type virus but not I38T-substituted viruses in vitro. Of 
note, children aged 1–5  years were more likely to have var-
iant virus emergence and also to have received a drug dose 

that resulted in lower baloxavir concentrations by 96 hours. 
Consequently, a follow-up pediatric study was conducted 
during the 2018–2019 season to assess whether a higher dose 
(2  mg/kg) might reduce PA/I38X-substituted virus emer-
gence (JapicCTI-194577). Also, our observations would sup-
port studies of alternative treatment regimens, such as repeat 
baloxavir dosing or combination with NAI, to reduce the risk 
of variant virus emergence.

Acquired immunity may also be involved in the selection of 
variants during the baloxavir treatment, in that we found that 
low baseline HAI antibody titers were significantly associated 
with higher risk of variant emergence. Of note, a clear pro-
longation of TTIA was only seen in patients with PA/I38T/M-
substituted viruses with low baseline antibody titer. We speculate 
that despite subinhibitory baloxavir concentration for PA/I38X-
substituted viruses, patients with higher baseline antibody titers 
were better able to control replication and reduce the risk of var-
iant emergence. Low baseline HAI titers were associated with 
lack of vaccination and younger age (Supplementary Table 3).  
The possibility that the association between the emergence of 
PA/I38X variants and prolongation of symptom alleviation 
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Figure 4.  Kaplan–Meier analysis of the alleviation of the symptoms of influenza illness after treatment with baloxavir marboxil in patients with and without PA/I38T/M-
substituted viruses by HAI virus antibody titer at baseline. Patients with A(H3N2) virus who had paired sequencing data available and with any observed diary data were in-
cluded in this analysis. The median TTIA was 85.4 hours (antibody <40 with PA/I38T/M-substituted viruses [n = 11]), 29.9 hours (antibody <40 without PA/I38T/M-substituted 
viruses [n  = 15]), 56.0 hours (antibody ≥40 with PA/I38T/M-substituted viruses [n  = 6]), and 44.7 hours (antibody ≥40 without PA/I38T/M-substituted viruses [n  = 34]). 
Abbreviations: HAI, hemagglutinin inhibition; PA/I38T, isoleucine substituted by threonine at position 38 of virus polymerase acidic protein; PA/I38M, isoleucine substituted 
by methionine at position 38 of virus polymerase acidic protein; TTIA, time to illness alleviation.
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requires additional investigation, including data on innate and 
acquired cellular immune responses before and at the time of 
variant emergence.

In conclusion, we found that a single, weight-adjusted oral 
dose of baloxavir was well tolerated in pediatric patients with 
influenza. Further study is required to assess whether alterna-
tive dose regimens of baloxavir might reduce the frequency of 
PA/I38X variant virus emergence. While oseltamivir is cur-
rently recommended for influenza treatment in children [34], 
our study provides initial evidence for a promising alternative 
antiviral with a novel mechanism of action.
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Figure 5.  Kaplan–Meier analysis of the time to sustained cessation of viral shedding by virus titer after treatment with baloxavir marboxil in patients with and without 
PA/I38T/M-substituted viruses by HAI antibody titer at baseline. Patients with A(H3N2) virus who had paired-sequencing data available were included in this analysis. The 
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