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Purpose of review

We review antivirals inhibiting subunits of the influenza polymerase complex that are advancing in clinical
development.

Recent findings

Favipiravir, pimodivir, and baloxavir are inhibitory in preclinical models for influenza A viruses, including
pandemic threat viruses and those resistant to currently approved antivirals, and two (favipiravir and
baloxavir) also inhibit influenza B viruses. All are orally administered, although the dosing regimens vary. The
polymerase basic protein 1 transcriptase inhibitor favipiravir has shown inconsistent clinical effects in
uncomplicated influenza, and is teratogenic effects in multiple species, contraindicating its use in pregnancy.
The polymerase basic protein 2 cap-binding inhibitor pimodivir displays antiviral effects alone and in
combination with oseltamivir in uncomplicated influenza, although variants with reduced susceptibility emerge
frequently during monotherapy. Single doses of the polymerase acidic protein cap-dependent endonuclease
inhibitor baloxavir are effective in alleviating symptoms and rapidly inhibiting viral replication in otherwise
healthy and higher risk patients with acute influenza, although variants with reduced susceptibility emerge
frequently during monotherapy. Combinations of newer polymerase inhibitors with neuraminidase inhibitors
show synergy in preclinical models and are currently undergoing clinical testing in hospitalized patients.

Summary

These new polymerase inhibitors promise to add to the clinical management options and overall control
strategies for influenza virus infections.
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INTRODUCTION

Influenza causes serious health, economic, and soci-
etal impacts despite existing vaccines and antivirals.
Currently, widespread resistance to adamantanes is
present in circulating viruses, and neuraminidase
inhibitors (NAIs) are the only effective antivirals
available in most countries. However, global circu-
lation of oseltamivir-resistant seasonal A(H1N1)
virus occurred in 2008–2009 and NAI resistance
remains a threat. Development and clinical applica-
tion of new antivirals with different mechanism of
action are therefore critically important. Recent
progress in understanding the structure and func-
tions of the influenza polymerase complex has facil-
itated the identification of several novel antivirals
targeting individual components of the complex
[1,2

&

]. The polymerase heterotrimer is composed
of three protein subunits that are highly conserved,
interact closely, and are essential for efficient viral
replication and associated virulence [3–6]. The poly-
merase basic protein 2 (PB2) subunit binds the 5’ cap
(m7-GTP) of host pre-mRNAs and positions them for
cleavage through the cap-dependent endonuclease
located in the N-terminal domain of polymerase
acidic protein (PA) subunit. This ‘cap-snatching’
process provides a RNA primer for transcription of
viral mRNA by the RNA-dependent RNA polymerase
function of polymerase basic protein1 (PB1). The
transcriptase activity of this subunit is responsible
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KEY POINTS

� Three antivirals (favipiravir, pimodivir, baloxavir
marboxil) targeting different protein subunits (PB1, PB2,
and PA, respectively) of the influenza polymerase
complex are inhibitory for influenza A viruses, including
those resistant to adamantanes and NAIs, and two
(favipiravir and baloxavir) inhibit influenza B viruses.

� All are orally administered but have marked differences
in pharmacokinetic profiles with the prolonged plasma
half-life of one (baloxavir marboxil) enabling single-
dose administration in uncomplicated influenza.

� Both baloxavir marboxil and pimodivir monotherapy
are associated with high frequencies of emergence of
variants showing reduced susceptibility because of
amino acid substitutions in the target protein, but
combinations of pimodivir and oseltamivir reduce
this risk.

� All show synergistic interactions with NAIs in preclinical
models of influenza A virus infection, and combinations
of oseltamivir and these agents are advancing in
clinical testing in hospitalized influenza patients.

Influenza virus polymerase inhibitors Hayden and Shindo
for generating messenger, complementary, and
virion RNAs.

This article provides a brief overview of the
current development status of the most promising
agents targeting the influenza virus polymerase
Table 1. Overview of polymerase inhibitors approved or in adva

Feature
Favipiravira

(T-705)

Influenza polymerase
target

PB1

Influenza virus-type
spectrum

A, B, C

Inhibition of M2I and NAI-
resistant viruses

Yes

In-vitro potency mM

Synergy with NAIs for
influenza A viruses

Yes

Route of dosing Oral (intravenous under
development)

Antiviral efficacy in
uncomplicated influenza

Yes

Clinical efficacy in
uncomplicated influenza

Variable

Emergence of variants with
decreased in-vitro
susceptibility during
monotherapy

Not to date

PA, polymerase acidic protein; PB, polymerase basic protein; NAI, neuraminidase i
aApproved for novel strains unresponsive to current antivirals in Japan in 2014 (trad
bApproved for influenza treatment in 2018 in Japan and United States (trade name,

0951-7375 Copyright � 2019 The Author(s). Published by Wolters Kluwe
complex (Table 1). There are many knowledge gaps
for most of these agents, but all of them are inhibi-
tory for influenza A viruses resistant to adamantanes
and NAIs, so that the wider availability of one or
more polymerase inhibitors would provide impor-
tant therapeutic options. Furthermore, several of
these agents show enhanced antiviral action when
combined with NAIs and sometimes with one
another in preclinical studies, so that combination
therapy should increase antiviral potency and
reduce the risk of antiviral resistance emergence.
RIBAVIRIN

The older PB1 transcriptase inhibitor ribavirin has
been administered orally, by aerosol, or intrave-
nously in past influenza studies, but these have
not shown convincing clinical efficacy [7]. One
recent double-blinded randomized, controlled trial
(RCT) tested a combination (termed Triple Combi-
nation Antiviral Drug or TCAD) of oral amantadine,
ribavirin, and oseltamivir that had shown greater
effectiveness than single agents or dual combina-
tions in preclinical models including those employ-
ing viruses resistant to amantadine. Outpatients at
higher risk for influenza complications who pre-
sented within 5 days of symptom onset were ran-
domized to TCAD (oral oseltamivir 75 mg,
amantadine 100 mg, and ribavirin 600 mg) twice
daily (BID) or oseltamivir [8

&&

]. Among the 394 with
nced clinical development

Pimodivir
(JNJ-63623872)

Baloxavirb

(S-033188)

PB2 PA

A A, B

Yes Yes

nM nM

Yes Yes

Oral (intravenous under
development)

Oral

Yes Yes

Not formally tested Yes

Yes, common Yes, common

nhibitor. M2I, M2 ion channel inhibitor.
e name, Avigan).
Xofluza).

r Health, Inc. www.co-infectiousdiseases.com 177



Special commentary
proven influenza virus infection, TCAD was associ-
ated with significantly greater antiviral effects than
oseltamivir monotherapy (40.0% of TCAD versus
50.0% of oseltamivir recipients had detectable viral
RNA on day 3) but somewhat less rapid resolution of
several illness measures, probably related to the side-
effects of the TCAD regimen [8

&&

]. More serious
adverse events and hospitalizations occurred in
the TCAD group. Thus, this triple drug regimen
failed to improve clinical outcomes compared to
oseltamivir alone in an outpatient cohort at
increased risk for influenza complications.
FAVIPIRAVIR (T-705)

Favipiravir is a substituted pyrazine derivative that
inhibits the replication of many RNA viruses includ-
ing influenza A, B, and C viruses. It was approved in
Japan in 2014 with an indication limited to treatment
of novel or reemerging influenza virus infections
unresponsive or insufficiently responsive to current
agentsbut remains investigational inother countries.
PRECLINICAL STUDIES

Once ribosylated and phosphorylated intracellularly,
favipiravir triphosphate acts as a purine nucleoside
analogue that functions as a competitive substrate
inhibitor of the viral RNA-dependent RNA polymer-
ase [9

&

]. A key mechanism of antiviral action is
thought to be lethal mutagenesis related to an
increased guanosine to adenine mutation frequency
causing nonviable progeny during replication [10].

Favipiravir inhibits replication of seasonal influ-
enza A and B viruses, including those resistant to
adamantanes and NAIs, and avian A(H5N1),
A(H7N9), viruses, at 50% effective inhibitory concen-
trations (EC50s) of 0.03–0.94 mg/ml, 0.09–0.83 mg/ml,
and 0.06–3.53 mg/ml, respectively [9

&

]. Favipiravir
shows dose-dependent reductions in mortality and
lung viral titers in murine models of influenza includ-
ing infectionsbyA(H5N1)andA(H7N9)viruses [11,12]
with enhanced antiviral efficacy when combined with
NAIs [9

&

]. Combined treatment with oseltamivir and
favipiravir resulted in 100% survival in mice infected
with an A(H5N1) virus and extended the treatment
window to 96h postinfection [13]. In a highly immu-
nocompromised nude mouse model, prolonged ther-
apy with favipiravir was more effective than NAIs in
extending survival, but combination therapy with an
NAI variably reduced lung viral titers and did not
prevent the emergence of NAI-resistant variants [14].

Most studies have found either no or only modest
reductions in susceptibility during in-vitro passage in
the presence of favipiravir [10,15,16]. Recently,
a A(H1N1)pdm09 variant with 30-fold reduced
178 www.co-infectiousdiseases.com
susceptibility and substitutions in PB1 and polymer-
ase acidic protein has been generated [17

&

].
Favipiravir is associated with reversible histo-

pathological changes in the testis and abnormal
sperm in animals. Early embryonic deaths in rats
and teratogenicity in multiple species have been
observed with exposure levels similar to or lower
than those in humans [18]. In juvenile animals,
favipiravir causes abnormalities in musculature
and mortality during prolonged dosing.
Clinical studies

Favipiravir has complex, nonlinear, time and dose-
dependent pharmacokinetics that are affected by
weight [18,19]. Because favipiravir is both metabo-
lized by and inhibits aldehyde oxidase, initial oral
loading is required to obtain adequate blood levels.
Although the plasma T1/2elim of favipiravir is approx-
imately 4 h (Table 2), human data on intracellular
concentrations of the triphosphate in the respira-
tory tract are lacking. Furthermore, the lower than
predicted blood levels observed in Ebola virus dis-
ease and severe influenza patients raise concerns
about bioavailability and/or altered metabolism in
seriously ill persons [20,21]. Favipiravir or its metab-
olites have been detected in semen and breast milk.

Favipiravir does not show pharmacokinetic
interactions with oseltamivir [18,19]. Higher plasma
maximum concentration (Cmax) and area under the
concentration–time curve (AUC) levels of favipira-
vir occur in patients with increasing degrees of
hepatic function impairment, but guidelines for
dose adjustment are not currently available. Favipir-
avir has multiple potential drug–drug interactions
(Table 2) [18]. In healthy volunteers co-administra-
tion of acetaminophen and favipiravir significantly
increased (by about 20%) overall exposure to acet-
aminophen (Table 2) [22].

Multiple unpublished clinical studies with vary-
ing dose regimens have been conducted in adults
with acute, uncomplicated influenza. One dose-
ranging RCT in uncomplicated influenza
(NCT01728753) found that a BID dosing regimen
(1800 mg BID on day 1 and 800 mg BID on days 2–5)
gave better antiviral and clinical effects than a three
times daily (TID) dosing regimen. The favipiravir
1800 mg/800 mg BID group also demonstrated sig-
nificantly faster time to alleviation of influenza
symptoms (median, 82.3 versus 97.3 h) and viral
load reductions compared with the placebo group
[23]. Two international placebo-controlled, phase 3
RCTs of favipiravir have been completed in adults
with uncomplicated influenza (NCT02008344;
NCT02026349). These RCTs tested a favipiravir regi-
men that consisted of two 1800 mg loading doses on
Volume 32 � Number 2 � April 2019



Table 2. Summary of human pharmacokinetic features for oral influenza polymerase inhibitors approved or in advanced

clinical development

Feature Favipiravir Pimodivir Baloxavir marboxil

Usual dose regimen in
adults with
uncomplicated influenzaa

1800mg BID on day 1 followed
by 800 mg BID on days 2–4a

600 mg BID for 5 days Single dose of 40 mg for weight
<80 kg, 80 mg for weight
�80 kg

Oral bioavailability
(estimated)

High (>95%) �46% (tablet) High. Baloxavir marboxil is
rapidly hydrolyzed by esterases
in the small intestine, blood,
and the liver

Time to maximum
concentration (Cmax)

0.5–3.0 h 0.5–6 h 1.5–3.5h

Plasma concentrations
in adults

Cmax of �35–50 mg/ml
from Day 2a

Mean Cmax and Cmin of
1,590ng/ml and
345 ng/ml, respectively,
at steady state

Mean (CV%) Cmax of baloxavir
acid 96.4 ng/ml (45.9%) and
at 40mg dose (weight<80 kg)
and 107 ng/ml (47.2%) at
80 mg dose (weight �80kg)

Effect of food No important effect No effect on AUC but
�50% higher Cmax

Decrease in Cmax and AUC0-inf of
baloxavir acid by �48% and
�38%, respectively

Plasma protein binding 54% 99% 93%

Plasma elimination half-life
(T1/2elim)

�2–5.5 h 13–28 h 49–91 h (baloxavir acid)

Primary route of elimination Renal clearance of metabolites Feces (�95%) �80% feces and 18% in urine

Metabolism Hydroxylation by aldehyde
oxidase and xanthine oxidase.
Glucuronidated metabolite also
found

Metabolized (<10% in
humans) by cytochrome
P450 (CYP) 3A and
aldehyde oxidase
followed by
glucuronidation

Baloxavir acid is primarily
metabolized by uridine
diphosphate glucuronosyl
transferase 1A3 with minor
contribution from CYP3A4

Dose reductions in renal
insufficiency

No reductions currently
recommended by manufacturer

ND No, but ND for severe impairment

Dose reductions in hepatic
impairment

Yes, with with severe hepatic
impairment (Child-Pugh class C)

ND ND for severe impairment. No
need with moderate hepatic
impairment (Child–Pugh
class B)

Cytochrome P450 and
other interactions

Inhibits aldehyde oxidase and
CYP2C8, but does not induce
CYP enzymes

Substrate of P-glycoprotein
and both a substrate and
inhibitor of the organic
anion transporting
polypeptide 1B1

Baloxavir marboxil inhibits
CYP2B6, CYP2C8, and
CYP3A4 activities, and
baloxavir acid CYP2B6 and
CYP3A4 activities but no
clinically relevant interactions
currently recognized

Potential drug interactions
of concern

Acetaminophen – dosing of
acetaminophen should be no
more than 3000mg/day (or
less in patients with hepatic
insufficiency). Theophylline
coadministration increases
favipiravir Cmax and AUC by
about 30%. Other precautions
include co-administration with
pyrazinamide, repaglinide, and
famciclovir

Not reported to date Coadministration with dairy
products, calcium-fortified
beverages, polyvalent cation-
containing laxatives, antacids
or oral supplements (e.g.,
calcium, iron, magnesium,
selenium, or zinc) may
decrease plasma levels and
should be avoided

AUC, area under the concentration-time curve; CV, coefficient of variation; ND, not determined.
aDose regimen tested in phase 3 RCTs in uncomplicated influenza. Approved favipiravir dose regimen in Japan is 1,600 mg BID on day 1, followed by 600 mg
BID on days 2–5. Estimated concentrations are based on doses of 800 mg BID on days 2–5 in healthy subjects.
Adapted from [18,19,21,30,38,39].

Influenza virus polymerase inhibitors Hayden and Shindo
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Special commentary
day 1 followed by 800 mg BID on days 2–5. Among
influenza-infected study participants, one study
(N¼594) found a significant difference of 14.2 h
in median time to alleviation of symptoms (TTAS)
and faster reductions in nasal virus titers in the
favipiravir recipients compared with placebo, but
the other study (N¼668) found only a 6.1 h differ-
ence in time to illness alleviation [18,24]. No studies
in seriously ill or hospitalized influenza patients or
in children have been reported to date. However, an
open-label, dose-escalating study of favipiravir phar-
macokinetics has been initiated in hospitalized
influenza patients treated with oseltamivir in China
(NCT03394209). Further studies at higher doses and
in combination with NAIs are needed to determine
its safety and efficacy in high-risk and seriously ill
influenza patients.

The in-vitro favipiravir susceptibility of
A(H1N1)pdm09 and A(H3N2) viruses isolated
before or 1–2 days after favipiravir treatment
showed no significant changes [25

&

]. However, some
posttreatment isolates had amino acid substitutions
in PB1, PB2, and/or PA, the significance of which
remains to be determined.

Warnings in the Avigan labeling [18] include
that favipiravir is contraindicated in women who
might be or are pregnant and in lactating women
because of its association with embryonic deaths
and teratogenicity in animal studies (above) and
that men should use the most effective contracep-
tive methods including condoms in sexual inter-
course and not to have sexual intercourse with
pregnant women during treatment and for 7 days
afterwards. Favipiravir has been reasonably well tol-
erated in clinical studies, although it is associated
with dose-related, asymptomatic increases in serum
uric acid levels and should be used with care in
patients with gout or a history of gout and in those
with hyperuricemia. Other adverse events may
include mild to moderate diarrhea, asymptomatic
increase of transaminases, and uncommonly
decreased neutrophil counts [19].
PIMODIVIR (JNJ-63623872, FORMERLY
VX-787)

Pimodivir is a novel, cyclohexyl carboxylic acid
analogue inhibitor of the PB2 cap-binding subunit
of influenza A viruses that has advanced to phase 3
testing in hospitalized patients and high-risk out-
patients with influenza A virus infections (Table 3).
Preclinical studies

Pimodivir targets the PB2 subunit of influenza A
virus polymerase complex [26]. Single-cycle studies
180 www.co-infectiousdiseases.com
in cell culture indicate that delayed pimodivir addi-
tion at 6 h rapidly stops viral mRNA production and
prevents cell death, unlike NAIs tested under the
same conditions.

Pimodivir inhibits a wide range of influenza A
viruses including NAI and adamantane-resistant iso-
lates [26,27

&

], but has little or no activity for influ-
enza B viruses. Depending on the strain and assay
method, EC50 values range from 0.13 to 22.9 nM in
cell culture. Low pimodivir doses also provide
enhanced survival compared with oseltamivir in
murine models [28]. In a lethal murine model of
A/Vietnam/1203/2004(H5N1) virus infection,
pimodivir treatment showed dose-related reduc-
tions in mortality up to 120 h after viral challenge,
whereas oseltamivir had little mortality benefit
started at 24 h [27

&

]. In-vitro pimodivir demon-
strates synergy with oseltamivir, zanamivir, and
favipiravir [27

&

].
In-vitro passage of influenza A virus in presence

of pimodivir selects for substitutions in PB2. One
variant detected in experimentally infected volun-
teers (M431I in PB2) shows reduced replication effi-
ciency in vitro [29]. The possible effects of other
substitutions on viral fitness have not been
reported.

No data are currently in the public domain
regarding preclinical safety or maternal–fetal and
juvenile toxicology.
Clinical studies

Formulations in development include tablets for
oral administration and a solution for intravenous
administration (NCT02659735). Oral pimodivir
demonstrates dose proportional pharmacokinetics
(Table 2) with a mean terminal plasma T1/2elim of
about 24 h [24,30], such that steady-state levels are
reached between days 3–4 of dosing [31

&&

]. It is
metabolized by CYP 3A4, but has no effect on cyto-
chrome P450 activity. The low renal elimination
(�5%) suggests that pimodivir does not require dose
adjustments for renal insufficiency. No meaningful
pharmacokinetic differences were found in hospi-
talized influenza patients between younger (aged
18–64 years) and elderly (65–85 years) adults [32].
In a drug–drug interaction study, oseltamivir
increased pimodivir Cmax by 31% with no change
in Cmin or AUC12 h; pimodivir had no effect on
oseltamivir [24,30].

In experimentally infected volunteers, pimodi-
vir regimens (100 mg daily, 400 mg daily, 900 mg
once followed by 600 mg daily, or 1200 mg once
followed by 600 mg daily) for total of 5 days were
associated with reductions in nasal infectious virus
titers compared with placebo (median AUC, 1.3, 0.7,
Volume 32 � Number 2 � April 2019
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3.2, 0.4, and 5.9 log10 TCID50/ml�day, respectively).
The highest dose group also experienced signifi-
cantly lower and more rapid resolution of influ-
enza-like symptoms compared with placebo [29].
In a phase 2b dose-ranging study in uncomplicated
seasonal influenza, pimodivir 600 mg BID for 5 days
resulted in a significantly greater decrease in nasal
viral RNA loads (AUC from day 1–8) compared with
placebo and a somewhat greater reduction than the
300 mg BID dose regimen [31

&&

]. Pimodivir 600 mg
combined with oseltamivir 75 mg BID resulted in a
significantly lower viral RNA load AUC compared
with pimodivir 600 mg alone. Both treatment
groups appeared to have reduced risk of complica-
tions and nonsignificant acceleration of symptom
resolution. A phase 2b trial (NCT02532283) compar-
ing pimodivir 600 mg BID and oseltamivir to osel-
tamivir monotherapy in hospitalized adults found
no significant overall differences in recovery, but a
lower incidence of influenza-related complications
was observed with the combination (5/63, 8%) com-
pared with oseltamivir alone (5/32, 16%) [32]. In the
subgroup enrolled within 72 h of symptom onset,
the combination showed trends toward shorter
durations of virus detection and illness. Pivotal
phase 3 placebo-controlled RCTs of pimodivir com-
bined with standard of care (SOC) (expected to
include an NAI) in hospitalized adolescents and
adults (NCT03376321) and in higher risk outpa-
tients (NCT03381196) were initiated in the 2017–
2018 influenza season (Table 3).

PB2 substitutions conferring reduced pimodivir
susceptibility were observed in�10% experimentally
infected, pimodivir-treated volunteers [29]. These
were noted in the subset of study participants with
high viral titers and high drug levels, which suggest
that the substitutions resulted in a lack of inhibition
in vivo. The PB2 M431I variant, which confers a 57-
fold reduction in pimodivir susceptibility in cell
culture, was the most common but other substitu-
tions occurred. A similar overall frequency (10 of 58
study participants with available data) of detecting
PB2 substitutions (S324K/N/R, F325L, S337P,
K376N/R, T378S, and N510K) was found with pimo-
divir monotherapy in outpatients with uncompli-
cated influenza, but the combination with
oseltamivir greatly reduced this risk (1 of 17 study
participants) [31

&&

]. In the hospital-based study, no
PB2 substitutions at relevant positions were
observed in the combined pimodivir and oseltami-
vir group [32].

Among those administered a single dose up to
3200 mg, and patients given multiple doses of
600 mg, the most common adverse event has been
dose-related diarrhea, usually characterized as ‘loose
stools’ and mild in severity [24]. The self-limited
0951-7375 Copyright � 2019 The Author(s). Published by Wolters Kluwe
diarrhea has occurred in 27% of outpatients dosed
at 600 mg BID. The mechanism remains to be deter-
mined. Other adverse events possibly related to
pimodivir include nausea, emesis, elevations in
transaminases, and decreased neutrophil counts
[31

&&

].
BALOXAVIR MARBOXIL (S-033188)

Baloxavir marboxil is an oral prodrug that is rapidly
converted to its active form baloxavir acid (formerly
S-033447), a potent inhibitor of influenza cap-
dependent endonuclease function. Baloxavir
(XofluzaTM, Genentech USA, Inc., South San Fran-
cisco, CA; Shionogi & Co., Ltd., Osaka, Japan) was
approved for treatment of uncomplicated influenza
A and B virus infections in 2018 in Japan (for those
weighing �10 kg) and the United States (for those
aged 12 years and older).
Preclinical studies

Baloxavir acid selectively inhibits the cap-depen-
dent endonuclease activity of the polymerase acidic
protein subunit required for transcription of influ-
enza A and B viruses through binding with divalent
cations in the active enzyme site [33,34

&

]. In cell
culture, baloxavir acid inhibits replication of repre-
sentative influenza A viruses, including strains resis-
tant to NAIs and adamantanes, at �0.5–1.6 nM and
influenza B viruses at 2.2–6.5 nM concentrations
[33]. The median EC50 values for clinical isolates
range from 1.3 to 1.6 nM (0.63–0.77 ng/ml) for
A(H1N1)pdm09, 0.74–1.4 nM (0.36–0.68 ng/ml)
for A(H3N2), and 5.6–8.5 nM (2.7–4.1 ng/ml) for
type B viruses [33,34

&

]. Baloxavir shows greater anti-
viral and clinical effects in murine models of influ-
enza A and B virus infection than oseltamivir [35],
and in a murine model of A(H7N9), baloxavir
showed dose-related antiviral effects and protection
against mortality to a greater extent than oseltami-
vir [36]. Baloxavir acid demonstrates synergy in
vitro with NAIs, and in mice, suboptimal baloxavir
marboxil and oseltamivir combinations show
enhanced antiviral efficacy [35].

Testing of passaged laboratory strains or clinical
isolates from treated patients has identified isoleu-
cine-to-threonine, methionine, and phenylalanine
substitutions at amino acid position 38 in the poly-
merase acidic protein (PA/I38T/F/M) that confer at
least 10-fold reduced susceptibility to baloxavir acid
in influenza A viruses [33,34

&

]; for influenza
A(H3N2) and A(H1N1) the PA/I38T substitution
confers approximately 60 and 30-fold reductions
in susceptibility, respectively. Influenza a viruses
harboring the PA/I38T substitution show reduced
r Health, Inc. www.co-infectiousdiseases.com 183
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endonuclease activity and impaired replicative fit-
ness in cell culture [34

&

]. Another study found that
the PA/I38T substitution was stably maintained
during cell culture passage without drug pressure
and that variants with only the PA/I38T sub-
stitution maintained high levels of replication
[37]. Replication and transmission fitness studies
with PA/I38X variants are in progress in animal
models.

Monkeys showed elevations in liver function
tests, including alanine aminotransferase, at doses
of 20 mg/kg/day or higher. Baloxavir has not
shown maternal or juvenile toxicity or adverse
effects on reproduction or embryo-fetal develop-
ment in animal models at exposure levels that
exceed those observed with the maximally recom-
mended human dose [38]. No effects on the central
nervous, cardiovascular, and respiratory systems
have been detected in preclinical studies to date
at exposure levels well above those anticipated
in humans.
Clinical studies

Baloxavir marboxil shows nearly dose-proportional
pharmacokinetics [38,39]. The prodrug is quickly
hydrolyzed to baloxavir acid which has a pro-
longed plasma terminal T1/2elim enabling single
dose administration in uncomplicated influenza
(Table 2). Administration with or shortly after food
reduces exposure (Table 2), and absorption in seri-
ously ill patients remains to be determined. Weight-
based dosing is required to achieve similar drug
exposures. The Cmax after a 40 and 80 mg dose
averaged 123 and 253 ng/ml, respectively, in Japa-
nese study participants weighing 50–80 kg [39], but
�35% lower levels are found in non-Asian study
participants. Baloxavir does not show relevant
pharmacokinetic interactions with oseltamivir
[40].

A phase 2 RCT in 400 Japanese adults with
uncomplicated influenza testing single oral doses
of baloxavir (10, 20, or 40 mg) determined that the
median TTAS was reduced by 23.4 to 28.2 h in
baloxavir groups compared with placebo [41

&&

]. Sig-
nificantly greater reductions in nasal viral loads
compared to placebo were seen by one day after
dosing. A phase 3 placebo- and oseltamivir-con-
trolled RCT tested single baloxavir doses (40 mg
for weight 40 to <80 kg; 80 mg for weight �80 kg)
in 1064 uncomplicated influenza patients aged 12–
64 years, 85–88% of whom had influenza A(H3N2)
infection [41

&&

]. The median TTAS was 53.7 h in
baloxavir recipients compared with 80.2 h in pla-
cebo (P<0.0001) and to 53.8 h in oseltamivir recip-
ients. Baloxavir was associated with significantly
184 www.co-infectiousdiseases.com
greater reductions in infectious virus and viral
RNA titers than placebo or oseltamivir by one day
after dosing. A phase 3 RCT of single-dose baloxavir
treatment in higher-risk outpatients completed
in the 2017–2018 season (Table 3) found that
baloxavir significantly shortened the time to
improvement of influenza symptoms by about
one day, reduced complications and antibiotic
use, and reduced viral titers compared with placebo
[42]. Oseltamivir had similar effects in A(H3N2)
infections, but baloxavir was associated with signif-
icantly greater antiviral and clinical effects in influ-
enza B virus infections compared with oseltamivir.
An open-label pediatric trial in Japan reported clini-
cal and virologic effects in otherwise healthy chil-
dren aged 6 months-12 years [43]. Further trials
in children, including infants from birth
(NCT03653364), are ongoing (Table 3). A RCT of
baloxavir’s efficacy and safety, administered in mul-
tiple doses in combination with a SOC NAI, in
hospitalized influenza patients was launched in
the 2018–2019 season (Table 3).

Emergence of PA/I38T/F/M variants conferring
reduced susceptibility occurred in 2.3% and 9.7% of
baloxavir recipients in the phase 2 [all A(H1N1)] and
phase 3 [all A(H3N2)] RCTs, respectively [41

&&

].
Baloxavir recipients developing such variants
showed transient rebounds in virus titers, prolonged
virus positivity, and compared with recipients with-
out variants, early delay in illness resolution. In a
pediatric study, 23% of baloxavir-treated children
had PA/I38X variants detected at day 6 or 9 [43]. The
possible transmissibility of such variants requires
careful study and monitoring, and household-
based trials examining baloxavir’s effects on trans-
mission of wild-type and variant viruses are
planned. Other non-I38X polymerase acidic pro-
tein substitutions were also noted in the clinical
trials, but their significance remains to be deter-
mined.

No adverse events specifically related to single-
dose baloxavir treatment have been identified to
date. In the two RCTs, adverse events were reported
in 21–27% of baloxavir, 25–29% of placebo, and
25% of oseltamivir recipients. Adverse events asso-
ciated with cessation of study drug occurred in 0.3–
0.4% across groups [41

&&

].
CONCLUSION

Three antivirals that target different protein subu-
nits of the influenza polymerase complex are in
advanced clinical development, with one (baloxa-
vir) already approved in both the United States and
Japan. All are inhibitory for influenza A viruses
resistant to adamantanes and NAIs, show synergistic
Volume 32 � Number 2 � April 2019
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interactions with NAIs in preclinical models, and are
orally administered. Favipiravir’s human pharmaco-
kinetics are complex, requiring high loading doses,
and its teratogenic effects in multiple species
contraindicate its use in pregnancy. Studies in
uncomplicated influenza have shown adequate tol-
erability but inconsistent clinical benefits, and the
possible value of higher dose regimens in serious
influenza remains to be determined. The influenza
A-specific PB2 inhibitor pimodivir has shown signif-
icant antiviral activity in initial clinical studies and
has been generally well tolerated except for diar-
rhea. Variants with reduced susceptibility emerge
readily during pimodivir monotherapy, but combi-
nations of pimodivir and oseltamivir show
enhanced antiviral activity and reduce the fre-
quency of emergence of such variants in both out-
patients and those hospitalized with influenza; two
placebo-controlled, phase 3 RCTs, one comparing
the combination of pimodivir and SOC (predicted
to be largely oseltamivir) to SOC in hospitalized
influenza patients and the other in high-risk
outpatients, are in progress. Baloxavir is a well-
tolerated inhibitor of the PA cap-dependent endo-
nuclease with a favorable human pharmacologic
profile enabling use of single doses in uncompli-
cated influenza. It has demonstrated clinical bene-
fit and potent antiviral activity in otherwise
healthy and at-risk outpatients with acute influ-
enza A and B. Whether this rapid antiviral efficacy
might decrease virus transmission to contacts
requires study. Its therapeutic use is associated
with relatively high frequencies of emergence of
variants with PA substitutions conferring reduced
susceptibility. Baloxavir studies in children and in
combination with SOC NAIs in hospitalized
patients are underway. Combinations of an NAI
and a polymerase inhibitor, or perhaps two poly-
merase inhibitors, offer promise for further
enhancing antiviral potency, reducing resistance
emergence, and potentially extending the treat-
ment window and improving outcomes in key
target populations.
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