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Influenza viruses are a major threat to human health globally. In addition to further
improving vaccine prophylaxis, disease management through antiviral therapeutics
constitutes an important component of the current intervention strategy to prevent
advance to complicated disease and reduce case-fatality rates. Standard-of-care is
treatment with neuraminidase inhibitors that prevent viral dissemination. In 2018, the first
mechanistically new influenza drug class for the treatment of uncomplicated seasonal
influenza in 2 decades was approved for human use. Targeting the PA endonuclease
subunit of the viral polymerase complex, this class suppresses viral replication. However,
the genetic barrier against viral resistance to both drug classes is low, pre-existing resis-
tance is observed in circulating strains, and resistant viruses are pathogenic and transmit
efficiently. Addressing the resistance problem has emerged as an important objective
for the development of next-generation influenza virus therapeutics. This review will dis-
cuss the status of influenza therapeutics including the endonuclease inhibitor baloxavir
marboxil after its first year of clinical use and evaluate a subset of direct-acting antiviral
candidates in different stages of preclinical and clinical development. (Translational
Research 2020; 220:33�42)
Abbreviations: RBC = red blood cells; PK = pharmacokinetics; CDC = centers for disease con-
trol and prevention; IAV = influenza A virus; IBV = influenza B virus; RdRP = RNA-dependent RNA
polymerase
INTRODUCTION

Influenza virus affects approximately 10% of the

population during every season. In most healthy indi-

viduals, these infections predominantly result in rela-

tively mild, self-limiting disease that remains restricted

to the upper respiratory tract and does not require ther-

apeutic intervention. Reflecting the overall high disease
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prevalence, however, the World Health Organization

estimates that 3�5 million infections lead to severe

disease that advances to the lower respiratory tract and

viral pneumonia, resulting in up to 650,000 deaths

annually.1 High-risk groups for severe influenza infec-

tion include older adults, the immunocompromized,

pregnant women, people with underlying pulmonary

conditions, and, to a lesser degree, the very young.

Yearly vaccination is recommended for everyone older

than 6 months of age, but vaccine efficacy varies sub-

stantially based on how well circulating viruses and

vaccine strains are matched, patient age and patient

influenza history. In the 2017/18 influenza season, for

instance, vaccine efficacy against the predominant

H3N2 strain was only 25%, leading to the highest mor-

tality rate since the 2009 H1N1 pandemic.2 Although

disease burden was particularly high in that season,

vaccination efficacy was on average below 50% also in
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the preceding years also.3,4 Moreover, effectiveness of

the influenza vaccine is particularly low in older adults,

leaving one of the primary at-risk groups poorly pro-

tected (reviewed in5). Due to these limitations to vaccine

prophylaxis combined with continued high disease bur-

den caused by seasonal influenza viruses, the threat of

spill-over of highly pathogenic avian influenza viruses

into the human population and a low barrier to viral

escape of standard-of-care therapeutics (discussed in

detail below), effective novel antiviral therapeutics are

urgently needed for improved disease management espe-

cially in high risk patients and for heightened prepared-

ness against the risk of future global pandemics.
THERAPEUTIC WINDOW FOR TARGETING OF
INFLUENZA VIRUS REPLICATION

Whereas influenza virus infection causes direct cell

damage in the airway epithelium, severe tissue damage

during complicated disease is largely a consequence of

immunopathogenesis and peaks after the acute infection

has been cleared. Influenza virus load in the upper respi-

ratory tract is highest approximately 2�3 days after infec-

tion, which coincides with peak fever and most

pronounced respiratory clinical signs. After the third day

of infection, virus replication is increasingly immune con-

trolled and virus load drops rapidly.6 Rapid disease pro-

gression and, in the case of uncomplicated disease,

immune control of virus replication outline a narrow ther-

apeutic window for influenza drugs. Ideally, treatment

should be initiated within 24�36 hours of infection. In

fact, clinical studies assessing the impact of neuramini-

dase inhibitors (NAIs) have revealed a benefit for the

patient when treatment was initiated within 48 hours of

the onset of influenza symptoms,7,8 and therapeutic

impact was greatest when antiviral drugs were adminis-

tered within 24 hours of disease manifestation.9-11

Accordingly, public disease awareness, proactive patient

behavior, and access to rapid diagnostics are paramount

for therapeutic success. Several diagnostic methods are

currently used in the clinic that shorten the time to treat-

ment, recently comparatively reviewed in.12

In an attempt to pre-empt the challenges arising from

a narrow therapeutic window, chemoprophylaxis has

been explored. Whereas several studies support that pro-

phylactic administration of NAIs lowered the risk of

developing disease,8,13 the CDC recommends reserving

chemoprophylaxis for people in high risk groups and for

outbreak control among high risk individuals in institu-

tional settings.14 In contrast, general chemoprophylaxis

is not recommended due to the unclear risk-benefit for

otherwise healthy patients and concerns of promoting

the development of viral resistance.
INFLUENZA VIRUS RESISTANCE TO ANTIVIRALS

All currently approved influenza drugs interfere with

viral protein function and therefore belong to the group

of direct-acting antivirals (DAAs). In comparison with

indirectly acting host-directed experimental antivirals,

drugs of the DAA group have a lower tendency for

undesirable side effects. However, rapid development of

viral resistance has emerged as the predominant liability

of DAAs, especially when directed against RNA viruses

with error prone polymerases such as respiratory syncy-

tial virus (RSV)15,16 or the influenza viruses.17

Exemplifying the scope of the problem, the adaman-

tanes, amantadine and, subsequently, rimantadine, were

the first drugs approved for the treatment of influenza A

virus (IAV) infections. These inhibitors target the viral

M2 ion channel, preventing dissociation of the viral ribo-

nucleoprotein (RNP) genome from the matrix protein by

blocking M2-mediated diffusion of protons into virions

located in maturing endosomes.18,19 For some IAV strains,

they can also affect virion assembly by disturbing

M2-mediated pH-equilibration of the late Golgi.18,20 How-

ever, the administration of the adamantes has been dis-

couraged by the CDC for more than a decade due to

widespread pre-existing viral resistance.21-23 In the 2019

influenza season, for instance, >99% of circulating H3N2

and H1N1 strains carried resistance mutations to amanta-

dine.14 This high prevalence of resistance to the adaman-

tanes is thought to directly reflect their extensive use in

the poultry industry,24 which also increased the risk of

prolonged exposure of human viruses to the drug, since

the adamantanes were detectable in agricultural animals

for up to 13 days after treatment.25 In addition to seasonal

influenza virus strains, signature amantadine resistance

mutations were detected in highly pathogenic avian H5N1

strains.26,27 To lower the risk of triggering the emergence

of resistance against other influenza drug classes in circu-

lating viruses, many countries including the United States

and China have banned their use in agriculture.

In the past 2 decades, major research efforts have

been directed towards the discovery of host-directed

antiviral drugs, lured by the prospect of a high barrier

of these therapeutics against the development of resis-

tance. Mechanistically unique is the host-directed

viral entry inhibitor DAS181, a recombinant sialidase

fusion protein, which targets cellular sialic acid resi-

dues required for influenza virus infection. In contrast

to this extracellular host target, the majority of experi-

mental host-directed antivirals aim to modulate host

immune responses or have been developed against

intracellular processes that are critical for successful

virus replication (reviewed in28). The challenge, how-

ever, is the identification of a druggable intracellular

target that has a major impact on virus replication but
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Table 1. Influenza therapeutics currently approved for clinical use

Drug Target protein Route of administration Patient age group Target virus

Baloxavir marboxil PA oral (PO) � 12 years IAV and IBV
Oseltamivir NA oral (PO) � 1 year IAV and IBV
Peramivir NA intravenous � 2 years IAV and IBV
Zanamivir NA inhalation � 5 years IAV and IBV
Amantadine* M2 oral (PO) � 1 year IAV
Rimantadine* M2 oral (PO) � 1 year IAV
Favipiraviry RdRP oral (PO) adults IAV and IBV

Abbreviations: IAV, influenza A virus; IBV, influenza B virus; RdRP, RNA-dependent RNA polymerase.
*not recommended for antiviral treatment against currently circulating influenza virus strains due to high level of preexisting resistance
yconditionally approved in Japan against emerging influenza viruses resistant to other antivirals
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is dispensable for host function. Reflecting the conun-

drum that antiviral efficacy and undesirable adverse

effects of host-directed antivirals follow in most cases

the same structure-activity relationship, no intracellu-

larly acting host-directed candidate has been approved

yet for clinical use against influenza viruses29,30 or

other respiratory RNA viruses of the myxo- and pneu-

movirus families.
CLINICALLY USED DRUGS AND SELECTED DAA
CANDIDATES IN ADVANCED STAGES OF
DEVELOPMENT

Table 1 shows influenza drugs currently approved

and recommended for clinical use.

Neuraminidase inhibitors. Of the NAIs in clinical use,

oseltamivir (Fig 1), peramivir, and zanamivir, oseltami-

vir carboxylate is the most frequently prescribed and

considered standard-of-care for influenza management

since essentially all circulating influenza viruses have

acquired resistance to the adamantanes. Mechanistically,

NAIs competitively inhibits the enzymatic activity of

IAV and influenza B virus (IBV) neuraminidases, pre-

venting cleavage of the terminal sialic acid residues

from glycoproteins and carbohydrates displayed on the

surface of mammalian cells and influenza virus particles.

Binding of virions to uncleaved sialic acid then impairs

virion release and dissemination.31

Oseltamivir is orally bioavailable and well-tolerated.

Reflecting this excellent safety profile, the drug has
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Fig 1. Chemical structures of oseltamivir carboxylate, baloxa
been approved for use also in pregnant women, pediatric

patients, and neonates.29,32 As discussed above, clinical

trials have shown that NAIs provide benefit when started

early after infection.9,33 However, meta-analyses of clin-

ical data revealed little effect on reducing influenza-

associated complications or hospitalization,34-37 and

some data suggested that late treatment with NAIs could

have enhanced the risk of progression to severe disease

in the 2009/2010 pandemic.38

Resistance to oseltamivir can develop rapidly in both

experimental settings and the clinic, and typically origi-

nates from substitutions at signature resistance sites in

the viral NA protein such as H274Y and I223R (predom-

inant in H1N1 and H5N1 viruses), and E119V, R292K,

or N294S (predominant in H3N2 viruses).39,40 Major

resistance mutations to zanamivir are NA substitutions

Q136K and I223R (H1N1 viruses) and Q136K (H3N2

viruses), respectively.41 Whereas resistance to the NAIs

is relatively rare in currently endemic influenza virus

strains,42,43 the prevalence of escape mutations increased

rapidly in the 2007/2008 influenza season44 and approxi-

mately 90% of strains circulating during the 2008/2009

season were resistant to NAIs,45-47 generating concern

that this drug class could also be lost to resistance in the

future.48

Neutralizing antibodies. Although no biologics have

been approved for influenza therapy so far, neutralizing

antibodies (nAbs) in particular have been extensively

tested. Substantiated by the precedent established, for

instance, by nAbs used clinically against RSV49 and
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Ebola virus infection,50 antibody-based therapeutics

are typically well-tolerated and show favorable phar-

macokinetic profiles. The influenza virus HA head

domain containing the receptor binding sites (RBCs) is

highly immunogenic and thus a primary target for

nAbs. However, these head-directed anti-influenza

nAbs typically show a very narrow indication spec-

trum, hampering their clinical development. Although

some nAbs directed against the more conserved RBC

have been identified,51-53 alternative targeting of the

less variable stalk domain of the HA trimer has

attracted major attention in recent years, due to cross-

reactivity with multiple HA subtypes.54-59

Three influenza virus HA stalk-targeting broadly neu-

tralizing Abs (bnAbs), MHAA4548A, MEDI8852, and

VIS410, have advanced to phase 2 clinical trials and

demonstrated some antiviral efficacy when dosed thera-

peutically, accelerating symptom resolution and reduc-

ing virus replication.60-62 A half-life of approximately 3

weeks in humans61 makes therapeutic antibodies com-

patible with attractive single-dose administration.

Whereas no resistant viruses emerged in these clinical

trials, 2 viral escape pathways from HA stalk-directed

antibodies have been identified experimentally63: after

viral adaptation in cell culture, resistant variants either

carried a point mutation in the stalk epitope preventing

antibody binding, or harbored substitutions that

enhanced HA fusion activity and therefore allowed viral

entry in the presence of antibody. These experimental

resistance mutations affected viral fitness, however,

reducing viral replication in cell culture.

Major concerns for the use of broadly reactive Abs

against uncomplicated seasonal influenza are the target

restriction to IAVs, the lack of oral bioavailability, a

necessity for high-dose injections as a consequence of

poor distribution from blood to the upper airways, and

the high manufacturing costs of biologics. Since both

IAVs and IBVs are human pathogens and clinically rele-

vant,64 efficacy against pathogens of both genera should

constitute a developmental objective of next-generation

drugs. This target breadths cannot be achieved with tradi-

tional bnAbs. However, engineering of multidomain

antibodies has been explored experimentally and proof-

of-concept efficacy against both IAVs and IBVs has

been demonstrated in mice,65 potentially illuminating a

path to overcome this limitation. Furthermore, better

compliance from the large patient group of nonhospital-

ized adults suffering from uncomplicated disease is

expected when the drug is orally bioavailable and ame-

nable to cost-effective manufacture. bnAbs appear there-

fore best suited for use in high risk groups or

hospitalized patients with complicated disease.

Inhibitors of the viral polymerase complex. In the last

decade, the viral RNA-dependent RNA polymerase
(RdRP) complex has emerged as an important target

for novel small-molecule therapeutics that have pro-

gressed to advanced development and/or clinical test-

ing. Influenza virus RdRP is comprised of 3 subunits,

the PB1, PB2, and PA proteins, that are responsible for

both replication and transcription of the 8 genome seg-

ments. The segments do not exist as naked RNA but

are encapsidated by viral NP proteins, forming RNP

complexes. Whereas replication requires the generation

of complementary positive polarity RNA intermediates

(cRNA) that are then copied into progeny negative

polarity segments (vRNPs), viral message is directly

synthesized from vRNPs. Since the influenza virus

RdRP lacks enzymatic activity to form 50 mRNA cap

structures, endonuclease activity of the PA subunit is

instrumental for the generation of bioactive viral

mRNAs through transfer of 50-capped RNA primers

derived from host mRNAs in a cap-snatching mecha-

nism. PB2 is involved in binding of the capped primers,

whereas the PB1 subunit harbors enzymatic activity for

phosphodiester bond formation.66-69 The overall repli-

cation strategy and RdRP organization is highly con-

served across all IAV subtypes and among IAVs and

IBVs, increasing the likelihood that therapeutic target-

ing of the polymerase complex will result in the devel-

opment of broad-spectrum influenza virus inhibitors.

Baloxavir marboxil � founding member of the PA

endonuclease inhibitor class. Licensed in Japan and the

United States since 2018, baloxavir marboxil (Fig 1) is

the first new influenza drug class approved in 2 decades

for the treatment of uncomplicated influenza infection

in patients older than 12 years of age.70 Taken orally,

baloxavir marboxil is a prodrug that prevents cap-

snatching by blocking PA endonuclease activity when

hydrolyzed to free baloxavir acid. A single dose is typi-

cally sufficient for clinical benefit, and efficacy is simi-

lar to, or better than, current standard-of-care.71,72 In

clinical trials, participants showed significantly lower

viral burden 1 day after initiation of treatment com-

pared to placebo groups, and the time to alleviation of

clinical signs was decreased on average by approxi-

mately 26 hours, which resembled the improvements

that can be achieved with NAIs.72 Quite remarkably,

twice daily experimental treatment of mice infected

with a lethal dose of a highly pathogenic avian IAV

resulted in complete survival of the animals and reduc-

tion of viral load in the respiratory tract. Similarly pro-

found efficacy was observed in immunocompromized

mice.73-75 In addition to activity against IAVs, IBVs

and influenza viruses of the C and D genera are suscep-

tible to baloxavir inhibition, making the drug a truly

broad-spectrum influenza virus inhibitor.71,76,77

Baloxavir marboxil was well tolerated in clinical tri-

als with only mild and transient adverse events that

https://doi.org/10.1016/j.trsl.2020.01.005
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resolved without further intervention. Side effects

included headaches and increased eosinophil and white

blood cell counts. PK properties in pediatric recipients

were similar to those seen in adults, and a trial involv-

ing 107 pediatric patients receiving 1 weight-adjusted

dose of baloxavir marboxil established equivalent effi-

cacy in adults and children against uncomplicated

influenza.78,79 Although efficacy of baloxavir marboxil

and NAIs were comparable, baloxavir marboxil pro-

vides full benefit after a single oral dose, giving the

drug an advantage over current standard-of-care. Con-

sistent with distinct protein targets of baloxavir mar-

boxil and the NAIs, viruses harboring signature NAI

resistance mutations were shown to remain susceptible

to inhibition by baloxavir marboxil.71,80

Despite the exciting safety and efficacy performance of

baloxavir marboxil, resistant viruses emerged in up to

9.7% of adult clinical trial participants and 23.4% of chil-

dren.72,79 In several cases, the emergence of resistance

coincided with a rebounds in shed virus titers and pro-

longed manifestation of clinical signs. Resembling resis-

tance profiles generated for different PA endonuclease

inhibitor chemotypes in cell culture,81 the signature hot-

spot for escape from baloxavir marboxil is PA residue 38,

for which several substitutions (PA I38T/M/F) have been

described. The initial characterization of PA I38 mutant

viruses in cell culture suggested that resistance may carry

a severe fitness penalty.71,82 However, subsequent follow-

up analyses of the fitness of H1N1 and H3N2 strains con-

taining PA I38 mutants in the ferret model revealed that

pathogenesis and transmission success of resistant and the

corresponding sensitive viruses were equivalent.83,84 In

mice and ferrets, both loss of animal body weight and

lung viral loads were identical after infection with resistant

or sensitive viruses, and substitutions at PA I38 remained

stable over 4 passages through mice.85,86 A small percent-

age of influenza viruses circulating in the United States in

the 2016/2017 and 2017/2018 seasons, and thus prior to

approval of baloxavir marboxil, contained mutations at

PA residue 38.80,87,88 Moreover, a resistant H3N2 virus

was detected in a pediatric patient without prior exposure

to baloxavir marboxil, supporting that this mutant strain

spread between humans.89 Even though baloxavir mar-

boxil has not yet been used extensively in the clinic and

long-term field data are scarce, the available evidence

indicates that the genetic barrier against resistance to the

drug is low and that escape comes with little penalty to

viral fitness, pathogenesis, or transmission success.

Accordingly, there is considerable risk that pre-exiting

resistance to baloxavir marboxil could become widespread

with increasing duration of clinical use.

Favipiravir (T-705) � broad-spectrum ribonucleoside

analog inhibitor of RNA viruses. T-705 is a broad-spec-

trum pyrazinecarboxamide (Fig 1) that is converted
intracellularly to a ribonucleoside analog through phos-

phoribosylation, thus competitively targeting the viral

RdRP complex. Anabolism efficiency can vary

between cells of different tissue origin, but has been

shown to be low in disease-relevant primary human air-

way epithelium cells.90 The drug has broad-spectrum

antiviral activity in cell culture, inhibiting RNA viruses

of the arenavirus, bunyavirus, flavivirus, alphavirus,

norovirus, picornavirus, paramyxovirus, and rhabdovi-

rus families, in addition to influenza viruses.91-94

Mechanistically, T-705 is incorporated into newly

synthesized RNA by the viral polymerase in place of

purines but not pyrimidines,95 resulting in increased

frequencies of C-to-U and G-to-A transition mutations

as demonstrated for influenza viruses and hepatitis C

virus both in vitro and in vivo.96-98 Collapse of virus

replication is considered to be a consequence of error

catastrophe or lethal mutagenesis, resulting from the

accumulation of random low-frequency mutations in

the viral genome (Fig 2). The genetic barrier of T-705

against resistance is favorably high,99 although a recent

study has identified a pair of point mutations in the

PB1 (K229R) and PA (P659L) polymerase subunits

that reduce viral sensitivity to the compound by

approximately 30-fold in cell culture.100,101

Safety testing revealed that T-705 is teratogenic and

embryotoxic at concentrations close to the approved

human dose.99,102 Although conditionally licensed in

Japan for the treatment of pathogenic influenza viruses

resistant to other therapeutics, these safety concerns pre-

vent drug administration to some high-risk groups such

as children or pregnant women.103 Activity assessment

against other potential viral targets in animal models fur-

thermore revealed that in vivo efficacy is quite poor and

dependent on extremely high dose concentrations.104,105

These results lower the clinical value of T-705 and

undermine its use against viruses predominantly associ-

ated with pediatric diseases, such as pathogens of the

pneumovirus and paramyxovirus families.

EIDD-2801 � next-generation influenza virus inhibitor

candidate in early development. A search for inhibitors

with broad antirespiratory RNA virus activity yielded

the ribonucleoside analog N4-hydroxycytidine (NHC),

which showed oral efficacy against RSV and both

highly-pathogenic avian and seasonal influenza viruses

in mouse models.90 Mechanistic characterization

revealed that the compound is efficiently anabolized to

the bioactive tri-phosphate form in ex vivo primary

human airway epithelium cultures and in animal tis-

sues, followed by incorporation as cytidine into viral

RNA by influenza virus polymerases.90,106 Tautomeric

interconversions then cause base-pairing of the incor-

porated analog either as cytosine or uracil, resulting in

high-frequency random C-to-U and G-to-A transition

https://doi.org/10.1016/j.trsl.2020.01.005
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mutations in viral RNA replication or transcription

products and thus inhibition through error catastro-

phe.106 Additional studies have expanded the antiviral

target spectrum of NHC to viruses of the flavivirus,

alphavirus, coronavirus, and togavirus families,107-111

demonstrating broad anti-RNA virus activity.

Whereas rodent PK properties of NHC were good,

oral bioavailability of the drug in non-human primates

such as cynomolgus macaques was limited. This liabil-

ity was addressed through the development of the pro-

drug EIDD-2801, a 50-isopropylester (Fig 1) of NHC,

which demonstrated good oral bioavailability in all

species tested including nonhuman primates. Upon

intestinal absorption, EIDD-2801 was efficiently

hydrolyzed to free NHC.106 Oral daily doses of

14 mg/kg EIDD-2801 were reportedly efficacious

against H1N1 and H3N2 IAV strains in the ferret

model, causing significant reduction of viral load in

both the upper and lower respiratory tract and allevia-

tion of clinical signs. The compound showed potent

antiviral activity in disease-relevant well-differentiated

human airway epithelium model cultures, inhibiting

both IAV and IBV strains with active concentrations

around 0.08 mM and selectivity indices >1700.

EIDD-2801/NHC appears to establish an unusually

high barrier against viral resistance, since several stud-

ies have unsuccessfully tried to induce viral escape

through dose-escalation and sublethal fixed-dose adap-

tation strategies. Next-generation sequencing of the

resulting treatment-experienced virus populations

revealed an elevated number of low-frequency
mutations, but none of these became allele-dominant

or mediated robust resistance to the drug.106,108,109

Although these results are encouraging, adaptation

through serial passaging in vivo will likely be neces-

sary to better predict whether resistance to EIDD-2801/

NHC could ultimately emerge.

Toxicity concerns are a major potential liability of

ribonucleoside analogs as underscored, for instance, by

the compromised safety profile of T-705.99,102 A primary

source for adverse effects is incorporation of the ribonu-

cleoside analogs into host RNAs by nuclear and mito-

chondrial RNA polymerases.112,113 The integrity of

mitochondrial transcripts is particularly at risk due to the

proofreading inability of mitochondrial RNA polymer-

ases in contrast to nuclear RNA Pol II.114 Not surpris-

ingly, NHC was incorporated by human mitochondrial

polymerases in in vitro studies115 and an elevated fre-

quency of NHC-characteristic transition events was noted

after prolonged exposure of primary human airway epi-

thelium cells to the drug. However, the transition muta-

tion frequency in ferret lung tissue was unchanged from

that in controls after extended treatment of animals with

200 mg/kg daily dose and thus over 14-times the effica-

cious dose for influenza therapy.106 Potential adverse

effects of EIDD-2801 on embryo development are

untested at present, and formal 2-species multi-dose tox-

icity studies will be required to establish initial human

doses examined in phase 1 clinical trials.

Pimodivir (VX-787) � PB2 inhibitor in clinical

development. Pimodivir is a cyclohexyl carboxylic acid

analogue (Fig 1) that inhibits influenza virus replication

https://doi.org/10.1016/j.trsl.2020.01.005
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by targeting the polymerase PB2 subunit. The drug out-

performed current standard-of-care in animal infection

models of H3N2 and H1N1 viruses, although potency

was highest against H1N1 strains.116 Also pimodivir

remained active against viruses harboring signature

resistance mutations to the NAIs,117 and is presumably

at low risk of cross-resistance with baloxavir marboxil

as well. The compound was well-tolerated in a phase 2

clinical trial, reduced viral load, and resulted in slightly

faster resolve of clinical signs.118

However, specific resistance mutations to pimodivir

emerged in the PB2 protein of 6.4% of trial participants,

indicating that the genetic barrier to viral escape from

the drug is low. Compared to standard-of-care, baloxavir

marboxil and ribonucleoside analogs in development,

another substantial limitation of pimodivir is a narrowed

antiviral indication spectrum. Exclusively IAVs are sus-

ceptible to the drug,119 restricting its use to only 1 of the

2 clinically-significant influenza virus genera.
CONCLUSIONS

Influenza viruses continue to present a major threat

to human health globally. In the past year, the first new

drug class in over 2 decades was approved for influenza

therapy, providing a much-needed expansion of the

available antiviral arsenal. However, low genetic bar-

riers of both neuraminidase and PA endonuclease

inhibitors against viral escape create an urgent need for

next-generation therapeutics. Of the different develop-

mental candidates currently explored, bnAbs are attrac-

tive for the protection of high-risk groups if treatment

costs can be managed. Competitive ribonucleoside ana-

log inhibitors with high resistance barrier are promising

for use against seasonal and pandemic viruses, pro-

vided the risk of adverse effects is acceptably low or

can be appropriately mitigated.
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