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ABSTRACT

Current influenza antivirals have limitations with regard to their effectiveness and the potential emergence of resistance. Encouragingly, several new compounds
which inhibit the polymerase of influenza viruses have recently been shown to have enhanced pre-clinical and clinical effectiveness compared to the neuraminidase
inhibitors, the mainstay of influenza antiviral therapy over the last two decades. In this review we focus on four compounds which inhibit polymerase function,
baloxavir marboxil, favipiravir, pimodivir and AL-794 and discuss their clinical and virological effectiveness, their propensity to select for resistance and their
potential for future combination therapy with the most commonly used neuraminidase inhibitor, oseltamivir.

1. Introduction

Antivirals play an important role in the treatment of influenza, but
they also have limitations with regards to the time-dependent magni-
tude of their clinical effectiveness and the emergence of antiviral re-
sistant viruses. In Japan, antivirals are used to treat large numbers of
uncomplicated influenza cases (Sugaya, 2011), whereas in other parts
of the world, they are used primarily for the treatment of high-risk
outpatients or hospitalised influenza patients (Nguyen-Van-Tam et al.,
2015). In addition, influenza antivirals are stockpiled by many coun-
tries for use in the event of an influenza pandemic or major outbreak of
a novel strain for which vaccines are not available (Patel et al., 2017).
Virus-specific vaccines are unlikely to be available until many months
after the start of a pandemic, making antivirals the first line of defence
in treating infected individuals and preventing infection amongst
healthcare workers, first line responders, and others with a high risk of
exposure.

Two classes of antivirals have been available in many countries for
the treatment or prophylaxis of influenza over the last two decades, the
adamantanes and the neuraminidase inhibitors (NAIs). However, new
compounds targeting the influenza virus polymerase complex have re-
cently progressed to or through late phase clinical trials. Two poly-
merase inhibitors (favipiravir, baloxavir marboxil) have been licensed
in Japan and one (baloxavir) in the United States. In this review we
examine the clinical and virological effectiveness data available for
baloxavir, favipiravir, pimodivir and AL-794 and discuss their pro-
pensity to select for resistance, the consequences of resistance emer-
gence, and the potential for combination therapy with NAIs.

2. Adamantanes and NA inhibitors
2.1. Adamantanes

Amantadine and rimantadine, which target the M2 ion channel of
influenza A viruses, were the first anti-influenza compounds licensed.
However these compounds have a high propensity to select for single
amino acid substitutions in residues 26, 27, 30, 31 or 34 of the M2
protein resulting in reduced susceptibility or resistance (Deyde et al.,
2007). In randomised controlled trials of non-hospitalised (outpatients)
with influenza, treatment-emergent resistant variants were detected at
high frequencies in both treated children (27%; 10/37) (Hall et al.,
1987) and adults (39.4%; 26/66) (Hayden et al., 1989, Table 1). In
hospitalised children under the age of 15, 80% (12/15) shed amanta-
dine-resistant viruses following treatment (Goto et al., 2003). Im-
portantly, the resistant variants showed no reductions in replicative
fitness and transmissibility (Hay et al., 1991; Hayden et al., 1991).
Younger children who shed amantadine-resistant viruses, experienced
prolonged illness and secondary spikes of fever on either day 4 or 5
post-infection (Shobugawa et al., 2008). In household-based trials, the
transmission of adamantane-resistant variants was associated with the
failure of post-exposure rimantadine prophylaxis (Hayden et al., 1989).
Adamantane-resistant A(H3N2) viruses possessing a S31N substitution
in the M2 protein spread globally during the 2000's, and because of
resistance in currently circulating A(H3N2) and A(H1N1)pdmO09
viruses, these drugs are no longer recommended for clinical use.
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2.2. Neuraminidase inhibitors

The NAIs, the first rationally designed influenza antivirals to be
developed, prevent the budding of influenza viruses from the host cell
by inhibiting the enzymatic action of the neuraminidase (NA), which
facilitates the release of viral progeny and spread from cell to cell
(Moscona, 2005; Democratis et al., 2006; McKimm-Breschkin, 2013).
There are four different NAIs that are licensed in various countries:
oseltamivir, zanamivir, laninamivir, and peramivir. Oseltamivir, which
was licensed in most countries in 2000, is the most commonly pre-
scribed NAI globally and is considered the standard of care for the
treatment of hospitalised influenza cases in many countries (Uyeki
et al., 2018; World Health Organisation, 2018). If treatment is initiated
within 36 h of symptom onset, randomised controlled trials demon-
strated that oseltamivir is effective at reducing the time to alleviation of
symptoms (TTAS) in uncomplicated cases of influenza by approxi-
mately 24 h. It is also effective in reducing lower respiratory tract
complications leading to antibiotic use and all-cause hospitalisations
(Treanor et al., 2000; Okoli et al., 2014; Dobson et al., 2015). However,
data on the effectiveness of oseltamivir in severely ill or hospitalised
influenza patients is limited to observational studies, and therefore
potentially subject to bias and confounding. However, observational
studies indicate that treatment with oseltamivir reduces the risk of
pneumonia and mortality in severely ill or hospitalised influenza pa-
tients (Muthuri et al., 2014; Dobson et al., 2015; Venkatesan et al.,
2017). In all settings, the greatest benefit is seen when oseltamivir is
delivered as early as possible following symptom onset (Allen et al.,
2006; Adisasmito et al., 2010; Muthuri et al., 2014).

The frequency of treatment emergent oseltamivir-resistant viruses is
lower than that seen with the adamantanes (Table 1). In outpatients
receiving oseltamivir, the frequency of resistant influenza A viruses in
young children < 5 years of age (11.9%; 30/253) is higher than in older
children and adults (1.4%; 13/909) (Kiso et al., 2004; Whitley et al.,
2013; Lina et al., 2018). However, factors such as the virus type/sub-
type, immune status of the patient, and severity of illness can affect the
frequency of resistance, with higher rates often observed in hospitalised
children (Kiso et al., 2004), and particularly those who are im-
munocompromised and in whom virus replication is prolonged (Memoli
et al., 2010; Zheng et al., 2010). This emphasizes the need to evaluate
the potential benefits of combination therapy in reducing the rates of
resistance. Currently, the frequency of oseltamivir resistance amongst
circulating strains is currently quite low < 1% overall (Lackenby et al.,
2018), although in some years the frequency of resistance amongst
circulating A(H1IN1)pdmO9 viruses has exceeded 3% (Takashita et al.,
2015). The most striking example of widespread oseltamivir resistance
occurred in 2008 when seasonal A(H1N1) viruses with the H275Y NA
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amino acid substitution spread globally in the absence of selective drug
pressure and replaced the oseltamivir-sensitive viruses of that subtype
(Hurt et al., 2009). The fitness of H275Y variant viruses is attributed to
two permissive mutations (R222Q and V234M) which occurred shortly
before the wide-spread emergence viruses with the single H275Y sub-
stitution have reduced NA proteins on the cell surface. However, the
addition of R222Q and V234M counteracted the detrimental fitness
effect of the H275Y substitution (Bloom et al., 2010). In vitro, the
H275Y variant viruses had a > 1000-fold decrease in oseltamivir sen-
sitivity compared to the wildtype virus, and were clinically resistant to
oseltamivir in observational studies from Japan (Kawamura et al.,
2009; Saito et al., 2010). Many NA substitutions conferring reduced or
highly reduced susceptibility to oseltamivir and sometimes other NAIs
have been described (Hurt et al., 2016; Lackenby et al., 2018). But to
date only influenza A(H1N1) viruses harbouring the H275Y substitu-
tion, which confers reduced susceptibility to both oseltamivir and
peramivir, have circulated widely at the community level.

A small number of influenza A and B viruses with reduced per-
amivir, zanamivir and laninamivir sensitivity have been identified with
different NA amino acid substitutions (e.g. S110F, D199G, N329K,
D151G/D/N and S331R for influenza A viruses and 1221V, T42A,
P124T, P76S, H134Y/H, D197N, A200T, S246P, K125T, R150K and
D197N for influenza B viruses), but these are rarely detected and some
are cell culture derived substitutions (Lackenby et al., 2018).

3. Influenza polymerase inhibitors

The polymerase complex of influenza viruses is a heterotrimer
composed of three protein subunits: polymerase basic protein 1 (PB1),
polymerase basic protein 2 (PB2) and polymerase acidic protein (PA).
Transcription and replication of the VRNA occurs in the nucleus of the
infected cell, with the former initiated by a ‘cap-snatching’ process
where the PB2 subunit binds the cap structure (7 mG) of a capped host
RNA and the PA subunit subsequently cleaves the capped host RNA
10-15 nucleotides from the cap (Krug et al., 1979; Fodor et al., 1994).
The resultant capped-oligonucleotides act as primers to copy the virus
template (Krug et al., 1979). The RNA-dependent RNA polymerase,
PB1, is responsible for RNA elongation (Lamb and Choppin, 1983; Su
et al., 2010; Stevaert and Naesens, 2016; Krammer et al., 2018). Viral
RNAs are imported to the nucleus where they are transcribed to mRNA.
Replication occurs via a positive-sense complementary ribonucleopro-
tein cRNP intermediate. Transcription ceases when the polymerase
complex reaches an oligo-U tract located upstream of the 5’ terminus of
the un-transcribed vRNA resulting in a polyadenylation signal (Poon
et al.,, 1999). The influenza polymerase complex is highly conserved
and plays a pivotal role in the replication of the virus (Stevaert and

Table 1
Comparison of frequency of resistance following treatment of outpatients with different influenza antivirals.
Antiviral compound Age group Predominant influenza virus Frequency of mutation Amino acid substitutions Reference
Rimantadine 1-15 years Influenza A virus 27% (10/37) M2/S31N Hall et al. (1987)
17-75-years Influenza A virus 39.3% (26/66) M2/S31IN Hayden et al. (1989)
Oseltamivir 1-5-years A(HIN1)pdm09 16.1% (20/124) NA/H275Y Lina et al. (2018)
A(H3N2) 7.7% (10/129) NA/R292K Lina et al. (2018)
Influenza Bvirus 0% (0/40) Whitley et al. (2013)
> 5-years A(HIN1)pdmO09 1.7% (7/403) NA/H275Y Lina et al. (2018)
A(H3N2) 1.2% (6/506) NA/R292K Lina et al. (2018)
Influenza B virus 0% (0/178) Whitley et al. (2013)
Baloxavir < 12-years A(HIN1)pdmO09 0% (0/2) Omoto et al. (2018)
A(H3N2) 19.5% (15/77) PA/I38T, PA/I38M Omoto et al. (2018)
Influenza B virus 0% (0/6) Omoto et al. (2018)
> 12-years A(HIN1)pdmO09 3.6% (4/112) PA/I38T, PA/I38F Uehara et al. (2019)
A(H3N2) 10.9% (36/330) PA/138T Uehara et al. (2019)
Influenza B virus 0.8% (1/131) PA/138T Uehara et al. (2019)
Pimodivir 18-65-years Influenza A virus 6.4% (11/172) PB2/S324 K/N/R, PB2/F325L, PB2/S337P Finberg et al. (2018)

PB2/K376 N/R, PB2/T378S,
PB2/N510T
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Naesens, 2016) and therefore was identified as an attractive target for
the development of new antiviral compounds. For example, in silico
screens have identified a range of small molecules that can inhibit PA-
PB1 interactions in HEK-293 T-cells, which were effective against both
influenza A and B viruses (Muratore et al., 2012). The development and
action of these pre-clinical compounds are beyond the scope of this
review but are extensively described in Massari et al., (2015), Makau
et al., (2017) and reviewed in Stevaert and Naesens (2016).

Below we discuss the clinical and virological effectiveness of ba-
loxavir marboxil, favipiravir, pimodivir and AL-794 (Fig. 1) and ela-
borate on their propensity to select for resistance and potential for
combination therapy with NAIs (Table 2). The in vitro susceptibility
profiles, pharmacokinetics, tolerability, and clinical efficacy of favi-
piravir, pimodivir, and baloxavir marboxil and are described in
(Hayden and Shindo, 2019).

3.1. Baloxavir marboxil

Baloxavir marboxil (hereafter referred to as baloxavir) is a pro-drug
that is metabolised into baloxavir acid, which directly inhibits the cap-
dependent endonuclease activity of the PA protein of influenza A and B

Antiviral inhibition of viral polymerase
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Fig. 1. Inhibition of the polymerase complex by in-
fluenza antivirals. Transcription of viral mRNA in
cells infected with the influenza virus occurs in the
nucleus. Capped 5 host mRNA is bound to the PB2
protein, the first 10-20 nucleotides of host mRNA are
subsequently cleaved by the PA protein and used as a
viral template for VRNA elongation performed by
PB1. Pimodivir inhibits the binding of host mRNA to
PB2, whereas baloxavir and AL-794 prevent cap-
snatching by the PA endonuclease, thereby impeding
VRNA synthesis. Favipiravir acts as a purine nucleo-
side and is recognised as an alternate substrate
leading to inaccurate VRNA synthesis. Image was
created using BioRender.

Favipiravir

VRNA

Inhibition of
correct mMRNA
elongation

viruses, thereby inhibiting the cleavage of mRNA during the ‘cap-
snatching’ process (Uehara et al., 2016). In 2018, oral baloxavir was the
first polymerase inhibitor to be licensed for the treatment of un-
complicated influenza in Japan and the United States of America
(Shionogi, 2018; US Food and Drug Administration, 2018). In Japan,
baloxavir is licensed for use in both children and adults, with dosage
dependent on age and weight. Individuals aged less than 12 years re-
ceive a single dose of up to 20 mg, whereas, individuals aged 12 years
and over are administered a single dose of up to 80 mg depending on
weight (Ministry of Health, 2018). In the US, where baloxavir is not
licensed for use in children < 12 years of age, the current treatment
regimen for adolescents and adults is a single, weight-based dose of
either 40 or 80 mg (US Food and Drug Administration, 2018). Baloxavir
acid has a long plasma retention time (half-life of 49-91 h) meaning
that the drug can be delivered as a single dose in patients with un-
complicated influenza (Koshimichi et al., 2018), thereby avoiding
compliance issues which can occur with antivirals like oseltamivir and
inhaled zanamivir, which are administered twice daily for 5 days.

3.1.1. Safety and tolerability
In a phase I clinical trial, dose escalation from 6 mg to 80 mg of the

Table 2
Summary of polymerase inhibitor antivirals.
Baloxavir Favipiravir Pimodivir AL-794
Polymerase target PA PB1 PB2 PA
Influenza specificity A, B, &C A,B&C A A&B
Inhibitory for non-influenza viruses No Yes No No
Approved for influenza use Japan, USA Japan (but restricted) No No longer in development
Dosing route Oral Oral Oral Oral
Tested in combination with oseltamivir in clinical efficacy In progress In progress Yes No
trials
Inhibitory for NAI resistant influenza A viruses Yes Yes Yes NA*
Antiviral-resistant variants identified in vitro Yes Yes Yes NA
Antiviral-resistant strains identified in clinical trials Yes No Yes NA
Most commonly identified amino acid substitutions in PA-I38 T/F/M, PB1-K229R PB2-S324 K/N/R/I, F325L, S337P, N/A
antiviral-resistant viruses E23K/G, A37T K376 N/R, T378S,
E119G N510T
M4311

@ NA- Not applicable as the drug is no longer in development and experiments have not been performed.



E.J. Mifsud, et al.

Table 3
Ongoing clinical trials studying polymerase inhibitor effectiveness.
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Antiviral Current status Future and ongoing clinical trials Masking Clinical trial reference number
Baloxavir Licensed for use in uncomplicated outpatients in Japan Phase III: Double blind ~ NCT03684044
and USA ® Hospitalised patients

® Pediatric patients between 1 and 12 years of age  Double blind  NCT03629184

® Pediatric patients less than 1 year old Double blind  NCT03653364

® Post-exposure prophylaxis Open labelled  JapicCTI-184180
Favipiravir ~ Limited licensure in Japan for use only in pandemics Phase II: Open labelled NCT03394209

® (Critically ill patients receiving current standard of

care

Pimodivir Phase IIb Phase III: Double blind  NCT03381196

® High risk patients

® Hospitalised patients Double blind  NCT03376321
AL-794 Phase 1 Discontinued

drug was well tolerated in healthy adults, with no serious adverse
events (SAEs) reported (Koshimichi et al., 2018). A total of 8 of 55
baloxavir-exposed individuals reported treatment-emergent adverse
events (TEAE), which included headache, increased alanine amino-
transferase, elevated eosinophil count and white blood cell count
(Koshimichi et al., 2018). In phase II and III trials enrolling outpatients
with uncomplicated influenza-like illness, baloxavir has been shown to
be well tolerated in adults, adolescents, and in high risk patients with
co-morbidities such as asthma and chronic lung disease (Hayden et al.,
2018; Ison et al., 2018; Koshimichi et al., 2018). The proportions of
baloxavir recipients experiencing TEAEs were similar to that of placebo
recipients, although a recent update to baloxavir precautions in Japan,
now states that bloody stool, epitaxis, hematuria, or other forms of
bleeding may occur (Ministry of Health, 2019). An open-label phase II
clinical study in influenza-infected children (aged between 6 months
and 12 years of age) did not identify tolerance problems. Emesis was
the most common TEAE noted (7.5%), although it typically occurred
well after drug administration and at the age-related frequency re-
ported in placebo-treated, influenza-infected children in earlier oselta-
mivir randomised controlled trials (Whitley et al., 2001; Silvennoinen
et al., 2010; Fry et al., 2014).

3.1.2. Clinical and virological efficacy

Studies to date have examined the clinical and antiviral efficacy of
baloxavir in comparison to placebo and oseltamivir treatment in out-
patients with uncomplicated influenza. In a phase II clinical trial,
treatment with 10, 20 or 40 mg of baloxavir reduced TTAS in pre-
dominantly A(H1N1)pdmO09 infected patients by 23.5, 26.7 and 28.2 h,
respectively when compared to placebo (Hayden et al., 2018). Similar
results were observed in a phase III clinical study (CAPSTONE 1) in-
volving predominantly A(H3N2) infected patients; baloxavir reduced
TTAS by 26.5h compared to placebo, but no significant difference in
the TTAS was observed between oseltamivir and baloxavir (Hayden
et al., 2018). A phase III clinical trial conducted in outpatients who
were at increased risk of influenza complications due to co-morbidities
(CAPSTONE 2), found that treatment with baloxavir significantly re-
duced time to improvement of influenza symptoms (TTIIS) by 29.1 h
compared to placebo treatment (Ison et al., 2018). TTIIS with baloxavir
treatment was 7.8 h faster than with oseltamivir treatment, although
the difference was not statistically significant (Ison et al., 2018). An
additional finding from the CAPSTONE 2 study was that for patients
infected with influenza B viruses, baloxavir reduced TTIIS by 25.8 and
27.0h faster than placebo and oseltamivir, respectively (Ison et al.,
2018). The findings with oseltamivir treatment align with Japanese
observational studies which reported lower efficacy of oseltamivir
against influenza B compared to A virus infections (Kawai et al., 2006),
and highlights a clear clinical benefit in the use of baloxavir over
oseltamivir for treatment of type B influenza. The comparable clinical
benefit of baloxavir for both influenza A and B viruses is observed even
though the baloxavir half maximal effective concentration (ECsg)

values of influenza B viruses are approximately 5-fold higher than that
of influenza A viruses (Omoto et al., 2018). In CAPSTONE-2, the use of
antibiotics and the incidence of influenza-related complications in high
risk patients treated with baloxavir were significantly lower than in
placebo-treated patients (4.1% and 7.6% respectively) (Ison et al.,
2018).

In the clinical trials discussed above, viral shedding was quantitated
either by detection of infectious virus in cell culture (TCIDs) or viral
RNA using real-time RT-PCR. In the CAPSTONE-1 trial, baloxavir re-
sulted in a 1000 fold-reduction in viral titers compared to placebo at
24 h post-treatment. In addition, a 100 fold-reduction at 24 h and a 48 h
faster median time to infectious virus negativity were observed in ba-
loxavir-treated patients compared to those treated with oseltamivir,
even though a difference in the TTAS was not observed between these
groups (Hayden et al., 2018). The median time for sustained cessation
of viral shedding was 48h post-treatment in the baloxavir group,
compared to 72h and 96h in the oseltamivir and placebo groups
(Hayden et al., 2018).

Four additional phase III clinical trials will be conducted in 2019 to
evaluate the efficacy of baloxavir treatment in children less than 1 year
of age, children between 1 and 12 years of age, hospitalised patients
with influenza and a Japanese study to evaluate the prophylactic ben-
efits of baloxavir in a household setting (Table 3).

3.1.3. Antiviral resistance

To evaluate the frequency of reduced baloxavir susceptibility
amongst circulating viruses, and to determine the amino acid sub-
stitutions that may be responsible for such changes, clinical specimens
from patients enrolled in the clinical trials were analysed before and
after treatment. The most prevalent substitutions resulting in > 10-fold
reductions in baloxavir sensitivity were at position 38 of the PA protein
and involved changes from isoleucine (I) in the wildtype viruses to ei-
ther threonine (T), phenylalanine (F) or methionine (M). In addition, a
naturally occurring substitution from I to leucine (L) at position 38 was
detected in an A(H1N1)pdmO09 virus through routine surveillance and
was shown to confer an ~8 fold reduction in baloxavir susceptibility
(Gubareva et al., 2019). In adolescents and adults, the frequency of
treatment-emergent influenza B PA/I38X variant viruses was relatively
low (0.8%; 1/131 Table 1) (Omoto et al., 2018), but was higher in
A(HIN1)pdmO09 viruses (3.6%, 4/112), and substantially higher in
A(H3N2) viruses (10.9%, 36/330) (Hayden et al., 2018; Uehara et al.,
2019; Omoto et al., 2018) (Table 1). Most concerning was data from a
pediatric study, in which A(H3N2) viruses were predominant, that re-
ported 19.5% (15/77) of children aged < 12 years of age shed viruses
with PA/I38X substitutions following baloxavir treatment (Omoto
et al., 2018). Other PA amino acid substitutions, including E23 K/G,
A37T and E119G, have been identified to reduce baloxavir suscept-
ibility, although they have been detected only at low frequencies and
reduce baloxavir sensitivity by < 3-fold.

Although transient increases in viral titers were observed in adult/
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adolescent patients with PA/I38X variants, there was only a short (12 h)
increase in the duration of symptoms compared with baloxavir-treated
patients shedding sensitive viruses, and the TTAS remained shorter than
observed in the placebo-treated patients (Uehara et al., 2019). In the
pediatric cohort the emergence of 138X variants was associated with a
rebound in viral replication, with titers increasing from day 3 to day 6
post-treatment, and resulting in the prolongation of viral shedding,
which was also observed in adults and adolescents (Uehara et al.,
2019). A clinical effect was observed in children shedding 138X var-
iants, with the median TTAS in baloxavir-treated patients with 138X
variants extended to 79.6h compared to 42.8h in baloxavir-treated
patients without variants (Uehara et al., 2019). Furthermore, the
median duration of fever was longer in children shedding viruses with
an 138X substitution (29.5 h) compared with those shedding baloxavir-
sensitive viruses (20.7 h) (Uehara et al., 2019). However, since there
was no placebo or oseltamivir control group for comparison, it is not
possible to determine whether children with variant emergence had
prolonged illness relative to these interventions. Viruses with the I38X
substitutions were more likely to emerge in children with low antibody
titer (i.e. those not previously vaccinated or infected), suggesting that
the lack of pre-existing immunity may lead to more prolonged viral
replication and higher viral loads that increase the risk of variant
emergence (Uehara et al., 2019).

In vitro analysis examining the viral fitness of different PA/I38X
variant viruses has shown slightly reduced endonuclease activity and
impaired replicative fitness in vitro (Omoto et al., 2018). A(H3N2)
viruses containing the PA/I38T substitution are the most commonly
detected variant. This substitution confers the largest decrease in ba-
loxavir susceptibility, but these viruses also appear to be the fittest of
the different 138X variants based on in vitro assays (Jones, 2018).
During the first influenza season in Japan in which baloxavir has been
licensed (2018-19), one A(HIN1)pdmO09 virus with mixed PA/I38 T/F
substitutions and five A(H3N2) viruses with either PA/I38T or PA/
138 T/M mixed substitutions were detected in children treated with
baloxavir (Takashita et al., 2019a). As of March 18, 2019, 1.6% (2/125)
A(HIN1)pdmO09 viruses, 22.1% (25/113) of A(H3N2) viruses and 0%
(0/6) influenza B viruses were found to have reduced susceptibility to
baloxavir, although the treatment status and age of patients from which
these viruses were collected is not described (National Institute of
Infectious Diseases, 2019). In addition a small number of untreated
close contacts acquired infections with A(H3N2) viruses containing the
PA/I38T substitution (Takashita et al., 2019b). In other regions of the
Asia Pacific, no viruses with reduced baloxavir susceptibility were de-
tected between 2012 and 2018 (Koszalka et al., 2019).

3.1.4. Combination therapy of baloxavir marboxil with NAIs

Drug-drug interactions between baloxavir and oseltamivir were
examined in healthy subjects, where 4 of 18 patients receiving both
drugs reported TEAE with nausea being the most common symptom
(Kawaguchi et al., 2018). No differences in the plasma concentrations
of either active metabolite (oseltamivir carboxylate and baloxavir acid)
were identified between subjects receiving either monotherapy or
combination therapy suggesting that there was no significant drug-drug
interactions in healthy subjects (Kawaguchi et al., 2018). Studies in-
vestigating the effectiveness of oseltamivir and baloxavir combination
therapy have not yet been completed in humans. However, in mice, the
combination of oseltamivir and baloxavir delivered four days post-in-
fection was able to reduce the mortality rate associated with A/PR/8
(H1IN1) infection compared to either oseltamivir or baloxavir mono-
therapy (Fukao et al., 2019). Combination therapy was also associated
with lower pro-inflammatory cytokine (IL-6 and MCP-1) levels and lung
pathology when compared to either monotherapy (Fukao et al., 2019).
A placebo-controlled study investigating the effectiveness of baloxavir
therapy together with standard of care (which typically involves the use
of a NAI) compared with standard of care alone has recently been in-
itiated in hospitalised patients (Table 3). Further research to determine
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if the frequency of baloxavir-induced 138X variant viruses can be re-
duced by combination therapy is of significant interest.

3.2. Favipiravir

Favipiravir, formerly known as T-705, is a pyrazinecarboxamide
derivative, which acts as a purine nucleoside and therefore is re-
cognized as an alternative substrate by the viral polymerase resulting in
errors during viral RNA synthesis (Furuta et al., 2005). A recent study
has demonstrated that favipiravir causes mutations by primarily acting
as a guanine analogue and secondarily as an adenine analogue leading
to transition mutations (Goldhill et al., 2018a). Currently, favipiravir
has conditional marketing approval in Japan with strict regulations for
its production and clinical use, that limit its use to the treatment of
novel influenza viruses (i.e. non-seasonal influenza viruses) that are
resistant to other available antivirals (Furuta et al., 2017). The re-
stricted licensure was due to concerns that favipiravir has a risk for
teratogenicity and embryotoxicity (Furuta et al., 2017). Early em-
bryonic deaths in rats and teratogenicity in monkeys, mice, rats and
rabbits has been observed in animals with exposure levels similar to
clinical studies (Toyama Chemical, 2018).

Favipiravir has broad-spectrum activity against other RNA viruses
including West Nile virus, poliovirus, Ebola virus and norovirus (Rocha-
Pereira et al., 2012; Smither et al., 2014).

3.2.1. Safety and tolerability

In a phase I clinical study, doses ranging from 30 to 1600 mg/kg
were well tolerated, and no serious adverse incidents were reported
(Kobayashi et al., 2008). Despite being well tolerated in the afore-
mentioned clinical study, favipiravir treatment can result in ter-
atogenicity and/or embryotoxicity (Furuta et al., 2017). Less severe
adverse events associated with favipiravir treatment include diarrhea
(6.3%), nausea (0.8%), vomiting (0.5%) and elevated uric acid levels in
the blood (5.6%) (Ministry of Health, 2018).

3.2.2. Clinical and virological efficacy

The efficacy of favipiravir to reduce the TTAS has been variable
across trials in patients with uncomplicated influenza. Using a dose
regimen of 1800 mg BID on day 1 and 800 mg BID on days 2-5 in a
phase II and two phase III trials, the median TTAS in patients was only
15.0, 14.2 and 6.1 h shorter than in placebo-treated patients (Epstein,
2017; Hayden and Shindo, 2019). Virological burden, measured by
TCIDs, was approximately 10-fold lower in favipiravir-treated patients
on days 2 and 3 of the study than in placebo-treated patients (Epstein,
2017). Based on the modest effect on TTAS and the teratogenicity
concerns, it appears unlikely that favipiravir will be further developed
for use in uncomplicated influenza patients. However, a phase II clinical
trial investigating the pharmacokinetics and efficacy of favipiravir in
critically ill influenza patients who are concurrently receiving standard-
of-care NAI therapy is currently being conducted in China (Table 3).

3.2.3. Antiviral resistance

Viruses isolated from patients before and after treatment enrolled in
clinical trials were examined for favipiravir susceptibility and amino
acid substitutions which may confer reduced susceptibility. Despite the
occurrence of a number of substitutions in proteins of the polymerase
complex of post-treatment viruses, none had significant reductions in
favipiravir susceptibility, although one PA substitution (L666F) was
found to reduce polymerase activity (Takashita et al., 2016). Serial
passage of influenza viruses in increasing concentrations of favipiravir
has been performed in a small number of studies. One study found that
favipiravir did not select for specific resistance mutations, but rather
induced transversion mutations (G-A and C-T) in the NP gene resulting
in non-viable viruses (Baranovich et al., 2013). Another study found
that serial passage of an A(H1N1)pdmO9 virus in the presence of in-
creasing favipiravir concentrations selected for a K229R substitution in



E.J. Mifsud, et al.

the PB1 that conferred a 30-fold reduction in favipiravir susceptibility.
Although the K229R substitution significantly reduced viral fitness, the
addition of a P653L substitution in the PA gene was found to increase
polymerase activity and reversed the detrimental fitness effect (Goldhill
et al., 2018b). The K229R substitution was also shown to alter favi-
piravir susceptibility when introduced into A(H3N2) and A(H7N9)
viruses demonstrating its effect across multiple subtypes (Goldhill et al.,
2018Db).

3.2.4. Combination therapy of favipiravir with oseltamivir

Several studies conducted in mice, have demonstrated the sy-
nergistic relationship between oseltamivir and favipiravir, highlighting
the potential application of these compounds in combination. For ex-
ample, the co-administration of oseltamivir (20 mg/kg/day) and favi-
piravir (50 mg/kg/day) to mice, 96 h after infection with a lethal dose
of A(H5N1) virus, protected all animals from death, whereas either
favipiravir or oseltamivir monotherapy protected only 40% (4/10) of
animals (Marathe et al., 2016). Using an immunocompromised mouse
model with A(H1N1)pdmO09 virus infection, oseltamivir and favipiravir
combination therapy significantly delayed mortality, reduced lung viral
burden and significantly reduced levels of IL-10, IL-12(p70), MIP-1a
and TNF-a compared to untreated mice or mice treated with oselta-
mivir monotherapy (Baz et al., 2018). Due to prolonged shedding of the
virus in immunocompromised mice, viruses developed oseltamivir-re-
sistance via a H275Y NA mutation, but the viruses remained sensitive to
favipiravir (Baz et al., 2018). A similar study by Kiso et al., also found
that in immunocompromised mice, favipiravir together with either
oseltamivir or laninamivir, increased survival time compared with
monotherapy, but combination therapy did not suppress the emergence
of oseltamivir-resistant variants (Kiso et al., 2017).

3.3. Pimodivir

Pimodivir (JNJ-63623872; formerly VX-787) is a compound that
targets the PB2 subunit and prevents the polymerase from binding the
7-methyl GTP cap structures on the host capped RNA (Clark et al.,
2014) thus inhibiting viral gene transcription. Due to structural dif-
ferences in the PB2 cap-binding pocket, pimodivir is only effective
against influenza A viruses but not influenza B viruses (Clark et al.,
2014).

3.3.1. Safety and tolerability

In a phase IIa clinical study, volunteers were experimentally in-
fected with an A(H3N2) influenza virus and a total of 4 groups were
treated with either 100 mg or 400 mg of pimodivir or they received a
loading dose of 1200 mg or 900 mg followed by once daily doses of
600 mg for a total of 5 days (Trevejo et al., 2017). In the Phase IIb
TOPAZ trial, which investigated antiviral efficacy in otherwise healthy
patients, dose-related diarrhea (16.9%, 25/148) was the most com-
monly reported TEAE, with nausea (4.0%, 6/148) and vomiting (2.7%,
4/148) reported less frequently (Finberg et al., 2018).

3.3.2. Clinical and virological efficacy

In individuals experimentally infected with an A(H3N2) influenza
virus, clinical symptoms were reduced by 43.0 h (1.8 days) in the 1200/
600 mg group of pimodivir-treated individuals compared to placebo-
treated individuals (Trevejo et al., 2017). In the TOPAZ trial there were
trends for accelerated TTAS with pimodivir treatment, but there was no
statistically significant differences between placebo and either 300 mg
or 600 mg doses of pimodivir (Finberg et al., 2018). In both TOPAZ and
another phase IIb trial OPAL, which investigated antiviral efficacy in
hospitalised patients, the combination of oseltamivir and pimodivir was
also examined (see below).

In the human challenge study, significant reductions in viral shed-
ding area under the curve (AUC) and peak viral load were observed in
pimodivir-treated individuals (1200/600 mg) compared with placebo,
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following both TCIDso or real-time RT-PCR analysis (Trevejo et al.,
2017). In the TOPAZ study, treatment with 600 mg or 300 mg pimo-
divir BID led to dose-dependant viral AUC reductions of —4.5
day X log10 copies/mL and — 3.6 day x logl0 copies/mL respectively,
compared to placebo, and reduced time to virus negativity by18% and
13% for viral RNA and by 28% and 29% for infectious virus, respec-
tively (Finberg et al., 2018).

Two phase III clinical studies investigating the effects of pimodivir
in high risk (DIAMOND) or hospitalised patients (SAPPHIRE) are cur-
rently underway (Table 3). In both trials, 600 mg of pimodivir will be
administered twice daily for a total of 5 days together with standard of
care (which typically involves an NAI), compared to placebo with
standard of care (Table 3). The primary outcomes of these trials will
determine if pimodivir alters the time to resolution of influenza related
symptoms or the participant's clinical status as assessed by a hospital
recovery scale.

Delayed pimodivir treatment (3 or 10 mg/kg) in mice 24-96 h fol-
lowing infection with A/Vietnam/1203/2004 (H5N1) virus was shown
to be effective at protecting from death when compared to OST, which
failed to protect the animals (Byrn et al., 2015). The results from Bryn
et al. suggest that delayed pimodivir treatment can potentially be uti-
lised to combat novel or highly pathogenic influenza virus infections
(Byrn et al., 2015).

3.3.3. Antiviral resistance

Following serial in vitro passage of A(H3N2) and A(H1N1)pdm09
viruses in the presence of increasing pimodivir concentrations, PB2
substitutions S3241/N/R and N510T were detected and found to reduce
susceptibility (Clark et al., 2014; Byrn et al., 2015). In the experimental
infection study, 9.7% (7/72) of volunteers shed viruses with reduced
pimodivir susceptibility. Viruses with a PB2/M4311 substitution were
detected in four patients conferring a 57-fold decrease in drug sensi-
tivity (Trevejo et al., 2017). Further in vitro examination of the variant
virus revealed a reduction in replication compared to a wildtype virus
(Trevejo et al., 2017). In the phase IIb TOPAZ clinical trial, the fre-
quency of patients shedding viruses with PB2 amino acid substitutions
(including S324 K/N/R, F325L, S337P, K376 N/R, T378S and N510T)
which reduced pimodivir susceptibility was 6.9% (4/58) and 10.5% (6/
57) in the 300mg and 600 mg pimodivir dose groups respectively
(Finberg et al., 2018).

3.3.4. Combination therapy of pimodivir with oseltamivir

Pimodivir was the first compound which inhibits the polymerase
complex to be tested in combination with oseltamivir in a randomised
control trial. The combination of pimodivir (600 mg) and oseltamivir
(75mg) in healthy volunteers demonstrated no clinical drug-drug in-
teractions and the drug combinations resulted in no serious adverse
incidents reported in otherwise healthy and hospitalised patients (Deleu
et al., 2018; Finberg et al., 2018; Leopold, 2018). The most common
TEAE in both studies was diarrhea (Deleu et al., 2018; Finberg et al.,
2018; Leopold, 2018).

In otherwise healthy patients in the TOPAZ trial, treatment with
both pimodivir (600 mg) and oseltamivir (75 mg) nonsignificantly re-
duced the TTAS by 17% when compared to placebo (Finberg et al.,
2018; McKimm-Breschkin, Jiang et al., 2018). Hospitalised patients
enrolled in the OPAL trial, treated with both pimodivir (600 mg) and
oseltamivir (75 mg) did not show any significant differences in time to
recovery when compared to those receiving oseltamivir monotherapy
(Leopold, 2018). However, in a subset of patients enrolled in the same
study, treatment with oseltamivir and pimodivir, within 72h of
symptom onset, led to faster viral clearance, resolution of symptoms,
return to usual activities and return to usual health when compared to
oseltamivir monotherapy (Leopold, 2018). Compared to patients who
received placebo or pimodivir 600 mg BID monotherapy, combination
therapy resulted in 8.6 day X logjpocopies/ml and 4.1
day x logjocopies/ml reductions in AUC viral RNA loads, and 31% and
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16% faster reductions in time to virus negativity, respectively (Finberg
et al., 2018). In hospitalised patients, combination therapy did not re-
duce viral burden or the duration of hospital stay when compared to
oseltamivir monotherapy alone (Leopold, 2018). However, in the subset
of patients treated within 3 days of symptom onset, combination
therapy showed trends towards improved clinical and virologic out-
comes compared to oseltamivir monotherapy. Only one of the 57 out-
patients (1.8%) receiving both pimodivir and oseltamivir developed an
amino acid substitution altering pimodivir susceptibility (Finberg et al.,
2018). No such variants were observed in hospitalised patients re-
ceiving the combination, suggesting that combination therapy may
reduce the frequency of viruses with reduced pimodivir sensitivity
compared to pimodivir monotherapy.

3.4. AL-794

AL-794, also known as ALS-033794/JNJ-6415580, is an ester pro-
drug of ALS-033719, which selectively binds to the endonuclease do-
main of the PA, inhibiting endonuclease activity of both influenza A
and B viruses (Jekle et al., 2016). In a human challenge study, healthy
individuals were infected with an A(H3N2) virus and 12h later were
treated orally with either 50 mg or 150 mg of AL-794 twice daily for 5
days or placebo (Yogaratnam et al., 2019).

AL-974 was tolerated by individuals with no serious adverse events
noted. The most frequent TEAE reported were headaches and light
headedness.

When compared to placebo, those taking AL-794 displayed a dose-
dependent effect with 150 mg regimen reducing peak viral burden by
approximately 10 fold, resulting in 58% decrease in viral RNA titer
AUGC, 35h reduction in time to influenza RNA negativity and mean
symptom scores (Yogaratnam et al., 2019). Pharmacokinetic analysis
found that exposure levels of AL-794 varied significantly based on prior
food consumption and gender, and because a single dose which was
both well-tolerated and effective against influenza virus infection could
not be established, the development of the drug has been discontinued
(Witek, 2018).

4. Conclusion

The polymerase complex plays an essential role in the influenza
virus replication cycle and as such is a major target for the development
of small molecule inhibitors. It is hoped that the current generation of
polymerase inhibitors, particularly when used in combination with
NAIs, may enhance our repertoire of antiviral options including more
effective treatment for severely ill or hospitalised patients. Compounds
that remain effective when administered later in the illness course
(i.e. > 48h post-symptom onset) and have a low propensity for re-
sistance would be ideal. When used as monotherapy, both pimodivir
and baloxavir are associated with the frequent emergence of variants
with reduced susceptibility, although preliminary data for pimodivir
and oseltamivir suggest that combination therapy with a NAI reduces
the frequency of variant emergence. The use of a combination of anti-
viral compounds that could rapidly reduce viral replication and limit
the emergence of antiviral resistant strains remains an attractive ap-
proach. Future studies with a combination of baloxavir and oseltamivir
will not only provide insights into variant emergence but will hopefully
provide a potent virological effect and improved clinical outcomes for
the treatment of hospitalised or severely ill patients.
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