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SUMMARY Influenza poses a significant burden on society and health care systems.
Although antivirals are an integral tool in effective influenza management, the potential
for the emergence of antiviral-resistant viruses can lead to uncertainty and hesitation
among front-line prescribers and policy makers. Here, we provide an overview of influ-
enza antiviral resistance in context, exploring the key concepts underlying its develop-
ment and clinical impact. Due to the acute nature of influenza in immunocompetent
patients, resistant viruses that develop during antiviral treatment of a single patient
(“treatment-emergent resistance”) are usually cleared in a relatively short time, with no
impact on future antiviral efficacy. In addition, although available data are limited by
small numbers of patients, they show that antiviral treatment still provides clinical benefit
to the patient within whom resistance emerges. In contrast, the sustained community
transmission of resistant variants in the absence of treatment (“acquired resistance”) is of

greater concern and can potentially render front-line antivirals ineffective. Importantly, Citation Holmes EC, Hurt AC, Dobbie Z, Clinch

however, resistant viruses are usually associated with reduced fitness such that their B, Oxford JS, Piedra PA. 2021. Understanding
id dt . . |ativel Infl tiviral tial rt of the impact of resistance to influenza antivirals.

widespread transmission is relatively rare. Influenza antivirals are an essential part o Clin Microbiol Rev 34:200224-20. httpsy/doi

effective influenza management due to their ability to reduce the risk of complications .0rg/10.1128/CMR.00224-20.

and death in infected patients. Although antiviral resistance should be taken seriously Copyright © 2021 American Society for

. . . - e e . Microbiology. All Rights Reserved.
and requires continuous careful monitoring, it is not comparable to antibiotic resistance & e
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in bacteria, which can become permanent and widespread, with far-reaching medical edward holmes@sydney.edu.au.
consequences. The benefits of antiviral treatment far outweigh concerns of potential re- Published 10 February 2021
sistance, which in the vast majority of cases does not have a significant clinical impact.
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INTRODUCTION

ach year, seasonal influenza viruses infect approximately 1 billion people globally,

leading to millions of hospitalizations and up to 650,000 excess deaths (1, 2). This
remarkable and ongoing burden of influenza exists despite readily available low-cost
vaccines and effective antivirals and will likely exert an increasingly significant toll on
health care systems with the continued impact of coronavirus disease 2019 (COVID-19)
(over 95 million severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2] infec-
tions and more than 2 million deaths worldwide as of January 2021) (3). Although vac-
cination is undoubtedly the most desirable option for influenza prevention, it is associ-
ated with variable rates of protection due to suboptimal uptake, mismatches with
circulating influenza virus strains, long production times in chicken eggs, and within-
season waning of effectiveness (4-6). It is therefore clear that effective approaches are
needed for influenza treatment. Antivirals target the virus rather than offering only
symptomatic relief and as such are key to the control and management of influenza
and the reduction of morbidity and mortality (7-10). The utility of antivirals becomes
clearer when juxtaposed to the huge societal and economic impact of the current
COVID-19 pandemic, which is to a large extent driven by the lack of vaccine and antivi-
ral options in a highly susceptible human population. Several antivirals are approved
for the treatment of influenza; these are summarized in Table 1 along with the popula-
tions and settings where clinical efficacy has been demonstrated in a randomized con-
trolled trial setting.

Although the body of evidence from clinical trials and real-world data demonstrate
that antivirals are an integral tool in influenza clinical management, the possibility of
antiviral resistance can lead to uncertainty and reservations among front-line prescrib-
ers and policy makers, which may in turn contribute to the huge morbidity and mortal-
ity burden of influenza (5). To help understand the risks and impact of antiviral resist-
ance for patients and populations, we present the underlying concepts of antiviral
resistance in influenza, place them in the context of antibiotic resistance in bacteria,
and discuss what these core ideas mean for both prescribers and patients.

THE EVOLUTION OF DRUG RESISTANCE
Natural Selection at Play

The emergence and spread of drug resistance among viruses (as well as bacteria,
fungi, and parasites) are governed by the long-established rules of Darwinian natural
selection (11-13). Like most RNA viruses, influenza virus is subject to high rates of evo-
lutionary change due to a combination of rapid mutation (approximately 1 error per vi-
rus genome, per replication) and rapid replication (14, 15). Hence, a diverse virus popu-
lation is generated during every individual influenza virus infection (16). Some of the
myriad mutations generated in the viral genome will affect key aspects of the virus
phenotype, including the ability to circumvent preexisting antibodies or confer antivi-
ral resistance, although the vast majority will impact virus function in a detrimental
manner and hence be removed by purifying (i.e., negative) natural selection. However,
if a viral variant arises that confers drug resistance at a time when the virus is exposed
to that drug, this variant will be at a selective advantage and so will have the opportu-
nity to leave more progeny than drug-sensitive strains (17). It is therefore no surprise
that antiviral resistance has been described for all known antiviral treatments (17) and
that this emergence can arise rapidly within individual patients (18). The rate of antivi-
ral resistance can vary between influenza virus types, with lower resistance rates typi-
cally being observed for influenza B viruses than for influenza A virus subtypes (e.g.,
the World Health Organization [WHO] reports a neuraminidase [NA] inhibitor [NAI] re-
sistance rate among currently circulating strains of 0% for influenza B virus, compared
with 0.80% for A/HIN1pdm09 [19]). The reasons for this are not fully understood but
may reflect marginally lower antiviral inhibition (oseltamivir and baloxavir 50%
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TABLE 1 Summary of widely approved influenza antivirals?

Clinical Microbiology Reviews

Patient population(s)

Yr of first with demonstrated
Influenza Mechanism of Administration Standard adult approval in  efficacy from RCT data
antiviral Approval action route treatment regimen any country (reference[s])
Amantadine  Worldwide (including the EU M2 ion channel Oral Once daily for 1966 Otherwise healthy (72),
and U.S.); note that it is no inhibitor =10days (U.S.) prophylaxis (73)
longer used due to
widespread resistance
Rimantadine Worldwide (excluding the M2 ion channel Oral Twice daily for 7 days 1993 Otherwise healthy (74),
EU); note that it is no inhibitor children (75),
longer used due to prophylaxis (73)
widespread resistance
Zanamivir Worldwide (including the EU  Neuraminidase Inhalation or Twice daily for 5 days 1999 Otherwise healthy (76),
and U.S) inhibitor intravenous (inhalation) or twice- children =5 yrs of
daily infusion for 5- age (77), prophylaxis
10 days (intravenous) (78,79)
Oseltamivir ~ Worldwide (including the EU  Neuraminidase Oral Twice daily for 5 days 1999 Otherwise healthy (78,
and U.S) inhibitor 80), high risk of
complications (53),
children =1yr of age
(51), prophylaxis (81)
Peramivir Worldwide (including the EU  Neuraminidase Intravenous Single infusion over 2014 Otherwise healthy (82)
and U.S) inhibitor infusion 15 min (minimum)
Laninamivir ~ Japan only Neuraminidase Inhalation Single dose 2010 Otherwise healthy (83),
inhibitor children (=9 yrs of
age) (84),
prophylaxis (85)
Baloxavir Worldwide (including the EU  Endonuclease Oral Single dose 2018 Otherwise healthy (49),
and U.S.) inhibitor high risk of
complications (53),
children =1yr of age
(54), prophylaxis (86)
Favipiravir Japan and China (approved =~ RNA-dependent Oral Twice daily for 5 days 2014 Otherwise healthy (87)

for novel pandemic or
multiresistant strains only)

RNA polymerase
inhibitor

9RCT, randomized controlled trial; EU, European Union.

inhibitory concentration [IC,,]/50% effective concentration [ECs,] values are higher for
influenza B viruses than for influenza A viruses) and, therefore, the selection pressures
conferred by the drugs on influenza B viruses (20). As discussed below, however, of
equal importance to how and at what rate influenza antiviral resistance is generated is
whether the resistant variant retains fitness within the host and is transmitted effi-
ciently between individuals in the population at large. This may also differ between
influenza A and B viruses.

Reduced Susceptibility versus Resistance

Although the term “resistance” is typically used to describe influenza viral variants
that are less well inhibited by an antiviral, they are in reality more accurately described
as having “reduced susceptibility.” This is because susceptibility to an antiviral is not bi-
nary: mutations do not normally result in complete antiviral resistance but rather
reduce antiviral susceptibility to various degrees, from a negligible effect through to
“complete” resistance that cannot be overcome clinically (21, 22). Laboratory-based
phenotypic assays typically determine the in vitro drug concentrations needed to in-
hibit influenza virus enzyme activity or viral replication, classifying viruses as having
reduced or highly reduced susceptibility (23). The clinical utility of these assays is lim-
ited, however, as the potential correlation of these values with the clinical impact of
any change on drug effectiveness is not well understood. Although it is possible to
compare average antiviral exposure levels in plasma from patients receiving treatment
with the in vitro ECs, values of a virus with reduced susceptibility to better understand
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the likely inhibitory effect and clinical outcome, this does not take into account all
relevant variables. For example, if the antiviral resistance viruses represent only a
minor component of the viral population (for example, the variant develops late in
infection), the majority of viruses still remain fully antiviral susceptible (see “Clinical
Impact of Resistance,” below). In addition, measurements of drug distribution in the
lung require invasive techniques such as bronchoalveolar lavage (24), making it diffi-
cult to accurately correlate local drug concentrations in respiratory tract cells where
the virus is present with plasma levels or in vitro ECs, values. As such, although the
thresholds used by laboratories to define susceptibility can be a useful reference, they
have an unclear clinical correlation. Genotypic assays are also used to determine the
presence or absence of key amino acid substitutions in the influenza virus genome
that are known to confer reduced or highly reduced susceptibility to antivirals (see
below). For simplicity, and because “resistance” is often used to mean “reduced sus-
ceptibility,” we use the term “resistance” throughout this article; nevertheless, an
appreciation of the points made above remains important whenever the term “resist-
ance” is used.

Mechanisms of Resistance

Amino acid substitutions that confer resistance have been described for all three
classes of influenza antivirals: the M2 ion channel inhibitors (adamantanes), the NAls,
and the polymerase inhibitors. For the M2 ion channel inhibitors, the S31N substitution
(i.e., a serine-to-asparagine substitution at residue 31 in the M2 protein) is the most
common resistance mutation, disrupting drug binding by altering the hydrogen-bond-
ing network in the ion channel pore (25). S31N substitutions are found in virtually all
currently circulating influenza A viruses such that the adamantanes are no longer
appropriate for use to treat influenza (26).

In the case of the NAls, amino acid substitutions that alter the shape of the NA
enzymatic site, in turn reducing antiviral binding to NA, confer resistance and are of-
ten influenza virus type and subtype specific, and the same substitution may have a
differential impact on the binding of different NAls. For example, in A/H1NT1 viruses,
the most common amino acid substitution associated with resistance is H275Y,
which confers reduced susceptibility to oseltamivir and peramivir but does not alter
zanamivir or laninamivir inhibition. In H3N2 viruses, two different substitutions,
E119V and R292K, result in resistance to multiple NAls and are most commonly
detected under NAI pressure (27). For the endonuclease inhibitor baloxavir, the I38T
amino acid substitution in the polymerase acidic (PA) subunit (viral PA protein) is
the most commonly described resistance mutation and occurs predominantly in A/
H3N2 viruses (22). It acts by reducing van der Waals contacts and thereby decreasing
the affinity between the drug and the endonuclease component of the polymerase
complex (22). It is important to stress that although rates of resistance to NAls
(<1%) and baloxavir (<0.1%) in currently circulating strains from routine population
surveillance are extremely low, resistance to the adamantane class remains at effec-
tively 100% (19). Therefore, a greater range of antivirals with different mechanisms
of action will ensure that alternative treatment options exist in the event that resist-
ance develops against any given antiviral. This is a very active area and includes the
development of novel M2 ion channel inhibitors with activity against viruses with
the S31N substitution (28, 29) or that carry V27A, another clinically relevant adaman-
tane-resistant variant in M2 (30, 31). Pimodivir is an example of a novel polymerase
inhibitor (targeting the polymerase basic 2 subunit [PB2] protein) that has been
undergoing evaluation in phase Il clinical trials. However, a preplanned interim
analysis led to its discontinuation as it did not offer any benefit in combination with
standard-of-care treatment in hospitalized influenza patients (32). Favipiravir is a pu-
rine nucleoside that has received conditional marketing approval for pandemic use
in Japan (33). Favipiravir-resistant variants have not been detected in clinical trials,
but an in vitro serial passage study selected for variants that conferred a 30-fold
reduction in susceptibility (34).
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Antiviral Resistance Should Not Be Confused with Antibiotic Resistance

A multitude of recent initiatives and campaigns have highlighted the serious and
growing global threat of resistance to a broad range of antimicrobial agents (12, 35).
These messages have targeted front-line prescribers to raise awareness of the impact
of the indiscriminate and inappropriate use of antibiotics. But what is often not well
understood is that antibiotic resistance is a rather different phenomenon from influ-
enza antiviral resistance, with different implications and risks in discrete populations.

As bacteria are part of the healthy flora of the human body, the indiscriminate and
inappropriate use of antibiotics significantly increases the risk of antibiotic resistance
developing among commensal host bacteria, which can become permanent and wide-
spread and have a number of potentially detrimental host effects (36-38). In contrast
to infections with bacteria or viruses that are retained in the body for many years (for
example, chronic herpes simplex virus or cytomegalovirus infections), influenza virus
causes an acute infection that is completely cleared in immunocompetent patients
within 1 to 3weeks of infection dependent on age (see below). This rapid clearance
has two important implications: (i) the use of an influenza antiviral in a misdiagnosed
(i.e., noninfluenza) patient will have no bearing on resistance development as these
drugs are highly specific, and (ii) even if a resistant viral variant emerges in a patient
with an acute influenza infection, the infection will be cleared by the immune system
and will not impact the clinical progression or choice of therapy for future influenza
infections so long as drug-sensitive strains remain dominant among globally circulat-
ing viruses.

Another key difference between antibiotics and influenza antivirals is that the for-
mer are often broad spectrum, which can lead to resistance developing in commensal
bacteria in addition to the pathogenic bacteria being targeted (39). However, the influ-
enza antivirals currently used were designed to be highly specific for key conserved
regions of proteins that exist only in influenza viruses such that they have no activity
against noninfluenza viruses. Influenza antiviral resistance and antibiotic resistance
therefore have very different origins and clinical implications. Consequently, clinicians
should ensure that their decisions are specific to the setting, disease, and drug, rather
than adopting a “one-size-fits-all” approach to anti-infective therapies.

CLINICAL IMPACT OF ANTIVIRAL RESISTANCE
Acute versus Chronic Viral Infections

In chronic viral infections such as those caused by human immunodeficiency virus
or some hepatitis B and C virus infections, the host immune response is unable to clear
the virus even if antiviral treatment greatly suppresses viral replication (40, 41).
Therefore, if antiviral resistance develops, the clinical benefit is lost, and the resistant
virus can become fixed in the population even if treatment is stopped: this limits the
future utility of that antiviral, or potentially an entire class of antivirals, for that patient
(40-42). Importantly, however, these concerns do not apply to acute infections such as
influenza, where all viruses (resistant or sensitive) are cleared within a few weeks in
most immunocompetent patients (41). In some immunocompromised patients, the
likelihood of influenza antiviral resistance developing is greater due to prolonged viral
shedding for weeks or even months and the often extended antiviral treatment dura-
tions (43, 44). However, this risk may vary depending on the degree of immunosup-
pression experienced by the patient and may be reduced with combination therapy
using antivirals with different modes of action (45-47).

Treatment-Emergent versus Acquired Resistance

As noted above, the likelihood that a resistant virus can spread in a population is of
critical importance. It is therefore important to distinguish between resistance that
arises in an individual patient with no onward transmission and resistance that spreads
in the population. We define “treatment-emergent” resistance as that arising during
antiviral treatment of a single patient who was initially infected with a wild-type (i.e.,
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Treatment-emergent resistance
Infection by wild-type virus; resistance emerges during treatment
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FIG 1 Two types of influenza antiviral resistance can be distinguished. Resistance to influenza
antivirals is referred to as either “treatment emergent” or “acquired.” Treatment-emergent resistance
refers to that which emerges de novo in an individual patient in response to the selection pressure of
antiviral treatment, for example, during a clinical trial. In contrast, acquired resistance occurs without
the selection pressure of antiviral treatment because the virus is already resistant before it is
transmitted to the new host.

drug-sensitive) virus. In contrast, “acquired” resistance refers to a circulating virus that
already has antiviral resistance at the point of infecting a new host (Fig. 1). Importantly,
rates of acquired resistance (such as those observed in routine influenza surveillance)
are often lower than those of treatment-emergent resistance (such as those observed
in a clinical trial), where all patients are subjected to the selection pressures imposed
by antiviral treatment (e.g., the rate of acquired resistance to baloxavir is currently
<0.1% in WHO population sampling surveillance [19, 48], compared with a treatment-
emergent resistance rate of 9.7% from the CAPSTONE-1 clinical trial [49]). This suggests
that evolving antiviral resistance normally imparts a fitness cost on the virus so that it
is not widely transmitted in the population, although there are some notable excep-
tions (see Fitness and Transmission of Resistant Viruses, below). The detection of treat-
ment-emergent resistance therefore provides no indication of the potential long-term
fitness and transmissibility of the resistant virus, whereas the detection of high levels
of acquired resistance implies that resistant viruses are fit (in the absence of drug) and
able to transmit within a population.

Clinical Impact of Resistance

From the perspective of the prescribing physician and the patient, it is important to
understand the clinical impact of influenza antiviral resistance should it develop. When
it occurs, treatment-emergent resistance usually develops on days 3 to 4 postinfection
at the earliest. However, this can result in a transient increase in viral titers, particularly
in young children, although levels of replication are substantially lower than those ear-
lier in the infection and may last for only 1 to 2 days before the immune system clears
the virus (50).

Although large-scale clinical studies have been conducted, drawing reliable conclu-
sions on the clinical impact of treatment-emergent resistance is often difficult because
this occurs in a relatively small number of patients (49, 51, 52). A recent example was
seen with the newly licensed polymerase inhibitor baloxavir. In one study, the evolu-
tion of treatment-emergent antiviral resistance corresponded to an ~12-h lengthening
of symptom duration (50), whereas in a second study, treatment-emergent resistance
was associated with an ~11-h-shorter duration of symptoms than in those in whom re-
sistance had not developed (53). Importantly, even in the study where an extension of
symptom duration was observed, patients with (treatment-emergent) resistant viruses
retained much of the benefit of treatment compared with those who received placebo.
A similar picture is observed when looking at the possible clinical impact of treatment-
emergent resistance in pediatric clinical studies, although patient numbers are small,
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and some studies lack control or comparator arms. Treatment-emergent resistance
was detected in 18/77 (23.4%) children in a single-arm study of baloxavir, correspond-
ing to an ~36-h-longer time to illness alleviation and an ~9-h-longer time to fever re-
solution than in patients without resistance (52). Comparable rates of treatment-emer-
gent resistance (~19%) were reported in two separate phase Il studies of baloxavir in
children (54, 55), with clinical benefit being observed regardless of viral variants; specif-
ically, the time to alleviation of symptoms was comparable between baloxavir-treated
patients who developed resistant viruses and the oseltamivir-treated population (54).

Outside randomized clinical trials, real-world surveillance studies have shown that
while treatment-emergent resistance can have a minor effect in delaying clearance of
residual virus, it has no impact on symptom duration or resolution (56). In contrast,
acquired resistance can have an effect on the clinical outcome of treatment, as
expected if the entire virus population is resistant to the antiviral from the onset of
infection. This has been documented in the case of infection with oseltamivir-resistant
viruses circulating in 2007 to 2009, where fever resolution did not differ from the case
where patients had received no treatment at all (57, 58). However, it is important to
note that these viruses retained sensitivity to an alternative neuraminidase inhibitor,
zanamivir. Hence, resistance to one antiviral does not necessarily mean resistance to all
antivirals of the same class.

It is also important to note that there is no rationale for the belief that antiviral re-
sistance would affect the safety profile of the respective influenza antiviral, and no evi-
dence of an altered safety profile exists among published studies for any antiviral.

FITNESS AND TRANSMISSION OF RESISTANT VIRUSES

As noted above, resistant viral variants often have a decreased ability to transmit
between individuals and hence are of reduced fitness relative to wild-type drug-sensi-
tive viruses, all other things being equal (22, 59). This, coupled with the fact that resist-
ance will usually develop later in an infection and after any interhost transmission
event, provides a simple biological explanation for why acquired resistance is expected
to be relatively rare. In addition, as there is often a major population bottleneck as the
virus transmits from one host to another, with most new infections being initiated by a
very small number of virions, any low-frequency resistance mutation could easily be
lost from the population simply by chance sampling (60). Despite this, even with
reduced viral fitness, person-to-person transmission of resistant viruses can occur in
closed settings such as households (61). Indeed, such short-lived, sporadic transmis-
sion has been documented for both oseltamivir- and baloxavir-resistant viruses (46,
51,62, 63).

Of far greater concern, however, is the sustained interhost transmission of resistant
viruses in the absence of drug treatment pressure, potentially leading to widespread
global circulation. Notably, such a phenomenon has occurred with both subtypes of
seasonal influenza virus in humans, A/HIN1 and A/H3N2, in which strains resistant to
the M2 ion channel inhibitors (amantadine and rimantadine) emerged a number of
years ago and remain in global circulation today, rendering these drugs ineffective in
the treatment of influenza (64). In the case of A/H3N2, it has been suggested that the
global spread of amantadine resistance was due to genetic “hitchhiking” with fitness-
enhancing mutations impacting other aspects of virus biology and located elsewhere
in the viral genome (65). An additional example of the global circulation of a resistant
virus was the emergence in 2007 to 2008 of an oseltamivir-resistant influenza A/H1N1
virus in Europe (66) that was able to become the dominant circulating strain due to
“permissive” mutations that helped overcome fitness defects associated with the
H275Y resistance mutation (67). However, this strain was dominant for only 2 years
before being naturally outcompeted from circulation by the newer oseltamivir-suscep-
tible, but antigenically novel, pandemic A/HIN1pdm09 virus in 2009 that remains in
circulation today (64).

Since 2009, there have been only a small number of reports of localized circulation
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of A/HIN1pdm09 oseltamivir-resistant viruses (68, 69), and these have not become
widespread on a regional, national, or global level. In addition, there have been no
reports of local clusters or widespread circulation of viruses resistant to other antiviral
drugs such as baloxavir (polymerase acidic endonuclease inhibitor) or the NAls zanami-
vir and laninamivir (50). Despite the relative rarity of these events, the ongoing poten-
tial for the global spread of resistance to front-line influenza antivirals is continuously
monitored. In addition, although antiviral resistance mutations clearly face positive
selection pressure due to antiviral use, it is important to note that their widespread cir-
culation cannot be attributed solely to greater antiviral usage. For example, the oselta-
mivir-resistant A/H1N1 virus described was first reported at high rates in Europe
against a backdrop of very low antiviral use (66), while resistance to the M2 ion channel
inhibitors was detected in countries with both high and low antiviral use, with sugges-
tions that the resistance mutation S31N arose at least 11 times independently (64). In
addition, a surveillance network study suggested that despite high usage of NAls
throughout Japan from 2003 to 2007, the frequency of resistant mutations circulating
in this period remained low (70). Therefore, it is likely that although greater antiviral
usage can increase the risk of such resistance variants circulating in the community,
historically, it has not been the major contributing factor.

MONITORING RESISTANCE
Rates of Treatment-Emergent Resistance

Estimates of rates of treatment-emergent resistance are based on the number of
patients who develop resistant viruses as a consequence of antiviral treatment pres-
sure and are usually measured using clinical trial data (50, 52, 54). For this calculation,
paired patient samples are collected (one before and one after treatment) to enable
laboratory analysis to determine whether a resistance-conferring mutation arose post-
treatment. Importantly, only those patients in whom virus is still detectable after treat-
ment (usually days 3 to 5) are included, with those who clear the virus before the sec-
ond sampling time point being excluded. This likely leads to an overestimation of
treatment-emergent resistance rates in clinical trials because patients who have
cleared the virus by the second sampling point, and are not included in the overall de-
nominator, are unlikely to have developed resistant virus (as it would have delayed
clearance). For example, in the miniSTONE-2 trial, the reported resistance rate was
19.3%, based on 11 patient samples with resistant virus out of 57 paired samples (54).
If all patients were part of the denominator, including those without a second virus
sample (81 in total), then the resistance rate would be 13.6% (11 out of 81) (Fig. 2).
More efficacious antiviral drugs will result in fewer samples with detectable virus post-
treatment, further diminishing the denominator and accentuating the bias. As a result,
it remains important to be aware of rates of treatment-emergent resistance calculated
in different ways: (i) using only patients with paired samples and (ii) using the denomi-
nator of all patients treated. It is also generally important to separate pre- and post-
treatment samples when calculating overall resistance rates in a population to ensure
that rates of acquired and treatment-emergent resistance are not conflated.

Global Prevalence of Antiviral Resistance

Rates of resistance, either treatment emergent or acquired, are regularly reported
through the WHO Global Influenza Surveillance and Response System, which coordi-
nates national organizations to assess antiviral resistance among circulating strains.
These data are derived from viruses typically collected from untreated patients and
thus provide an indication of the likelihood of antiviral resistance that may be
observed in patients who acquire influenza in the community. A recent WHO global
update on currently circulating influenza viruses (2019-2020 influenza season)
reported a low frequency of reduced susceptibility to the neuraminidase inhibitors
(<1%) or baloxavir (<0.1%) (19), suggesting that transmission of resistant strains
should not be a major concern when considering antiviral treatment. To aid in antiviral
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FIG 2 Currently used approaches for calculating antiviral resistance can result in overestimation of resistance rates.
Rates of treatment-emergent resistance are estimated from clinical trial data and include only patients with detectable
virus within the posttreatment sample. This means that resistance rates will be overestimated, as in most cases, the
patients without detectable posttreatment virus will be excluded from the denominator but would most likely not

have developed resistant virus. This is illustrated in the example from the miniSTONE-2 trial (54).

treatment decision-making, primary prescribers should be made aware of the latest
updates on resistance rates in their respective regions.

CONCLUSIONS

Influenza antivirals are currently the only virus-targeting treatments available and
hence are an invaluable control measure for the optimal management of influenza.
They play an important role in shortening the illness duration and reducing the risk of
complications and death in high-risk individuals and hospitalized patients. As has been
argued with respect to SARS-CoV-2, frequent mutations are in reality a routine element
of RNA virus evolution (71). The occurrence of resistance to influenza antivirals is there-
fore a reality that we have to live with. Unlike antibiotic-resistant bacteria, resistant
viruses are cleared from immunocompetent patients in a relatively short time and do
not impact the future utility of the same antiviral upon subsequent infections if drug-
sensitive strains still dominate in the population as a whole. Similarly, the benefit of
the antiviral is retained in the majority of patients who develop treatment-emergent
resistant viruses, and there are no safety concerns associated with resistance. Close-
contact transmission of resistant viruses can occur, but if these remain rare, as is cur-
rently the case, they will be of little concern from a community public health perspec-
tive. However, evidence of the sustained transmission of these viruses needs to be
closely monitored as it can render antivirals ineffective. Fortunately, global and
national influenza networks are in place to monitor the frequency of acquired resist-
ance and relay the information to public health bodies to inform appropriate clinical
management. Importantly, the benefit of antiviral treatment for a disease that affects
up to 1 billion people and causes hundreds of thousands of deaths each year vastly
outweighs the concerns of resistance. With the long-term cocirculation of influenza vi-
rus and SARS-CoV-2 being a clear possibility, we argue that now is the time to acknowl-
edge the complementary role that antivirals can play with vaccines in relieving the bur-
den of influenza on our health care systems, which may free up capacity to effectively
manage other respiratory pathogens.
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