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The emerging epidemic of H5N1 avian influenza virus
with spillover into the human population in Asia has
provoked intense concern globally about the potential of
these particularly pathogenic viruses to evolve with the
capacity for human-to-human transmission with a
consequent pandemic. The availability of antiviral drugs
with activity against influenza A viruses and the

recognition of drug-resistant variants to these drugs
prompted the following report by a select group of the
global experts - members of the Neuraminidase Inhibitor
Susceptibility Network — on the best use of the available
drugs, both for prophylaxis and treatment. The editors of
Antiviral Therapy are pleased to be able to provide this
document in an expeditious manner.

The NISN: an introduction

The global Neuraminidase Inhibitor Susceptibility
Network (NISN) was established in 1999 to address
public health and regulatory concerns regarding the
potential emergence and consequences of drug resistance
in influenza viruses following the introduction of the
influenza neuraminidase inhibitor (NI) class of antiviral
agents. The broad objectives of the Network are to (i)
provide a coherent approach to global NI resistance
monitoring from both public health and research
perspectives; (ii) to examine data from the scientific liter-
ature and from specific monitoring programmes to make
recommendations for appropriate general strategies and
specific assays for monitoring resistance; (iii) to conduct
longitudinal prospective surveillance for resistance emer-
gence through a link with the existing WHO Global
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Influenza Surveillance Network; and (iv) to communicate
this information to the scientific community [1].

Update on emerging antiviral resistance

Several recent reports on the detection of drug-resistant
variants in human isolates of H5N1 and H3N2
influenza viruses have provoked considerable discus-
sion regarding the possible implications for clinical
management and pandemic antiviral stockpiling [2-4].
The principal concerns with respect to antiviral resis-
tance in A/H5N1 and other influenza viruses are that
(i) emergence during drug administration will result in
failure to inhibit viral replication and be associated
with clinical progression, similar to that which might
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occur in the absence of drug administration, and (ii)
resistant variants will transmit to contacts and spread
in the community to cause failures of drug treatment
and prophylaxis.

A decade-long surveillance study found marked
increases over the past 3 years in the proportions of
H3N2 community isolates that harbour a particular
M2 inhibitor (amantadine/rimantadine) resistance
mutation (Ser31Asn). During 2004-2005, over 70% of
isolates from China and Hong Kong and nearly 15% of
those from the USA and Europe displayed this resis-
tance marker [2]. The same M2 inhibitor resistance
marker was found in two A/HS5SN1 human isolates
acquired in Fujian Province China in 2003 [5] and in
one lineage of H5SN1 viruses that has caused severe
human infections in Thailand, Vietham and Cambodia
[6]. By contrast, most isolates from a second H5N1
lineage that is circulating in Indonesia and, more
recently, in China, Mongolia, Russia, Turkey and
Romania and that appears to have been spread via
migratory waterfowl through central Asia to Europe,
are amantadine sensitive. However, some avian and
human isolates from this lineage in Indonesia possess
M2 inhibitor resistance [A Klimov and A Hay, unpub-
lished observations]. Of note, M2 inhibitor resistance
was not found in avian influenza viruses collected in
southeast Asia during 1979-1983 but was detected in
31% of 135 HS and 11% of 47 H9 avian isolates
collected during 2000-2004; 62% of the HS and
100% of the H9 viruses had the Ser31Asn mutation as
the basis for resistance [7].

In one case report, a respiratory sample collected on
the fourth day of oseltamivir treatment was
shown to contain an A/HSN1 virus mixture
(A/Vietnam/30408/2004) that was partially resistant
to oseltamivir by neuraminidase (NA) inhibition assay
and contained both drug-susceptible and drug-resistant
virus clones [3]. The majority of the resistant clones
had the His274Tyr NA mutation, which is known to
confer high-level oseltamivir resistance in N1 NAs;
some had an Asn294Ser mutation, which was associ-
ated with moderate oseltamivir resistance. This sample
was collected from a teenager who had received 3 days
of oseltamivir prophylaxis with once-daily dosing but
who, in retrospect, was symptomatic and most prob-
ably already infected before starting the drug. Increased
fever and respiratory complaints on prophylaxis
prompted an increase to a standard twice-daily thera-
peutic dose of oseltamivir, after which no further
samples were positive for virus and recovery ensued.

A recent second report describes two patients with
emergence of oseltamivir-resistant A/HSN1 during or
after therapy in association with fatal outcomes [4].
One 13-year-old girl who presented with fever and
focal pneumonia received conventional therapeutic
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doses of oseltamivir starting 1 day after illness onset
and continuing for total of 5 days. She developed
increasing pneumonia and respiratory distress on the
fourth treatment day in association with detection of
A/HSN1 virus harbouring the His274Tyr mutation in
her pharynx and died 3 days later (2 days after cessa-
tion of therapy) with continued pharyngeal detection of
resistant virus. An 18-year-old patient had resistant
virus with the His274Tyr mutation isolated 3 days after
completion of a 5-day oseltamivir treatment that had
been started on the sixth day of illness; she died on the
20th day of respiratory failure. No autopsies were
performed and no other viral data are available.
Including these two patients, there was only one
survivor among nine who presented 2-7 days (median,
6 days) after illness onset and had detectable virus at
the end of therapy (7=3) or who did not have serial
samples collected (#=6). In comparison, all 4 patients
who started treatment 4-8 days after illness onset and
who had undetectable pharyngeal RNA levels at the
end of 5 days of therapy survived.

Based on these recent observations and other data,
members of the NISN provide the following commen-
tary and guidance. This statement supplements two
earlier ones that have examined other aspects of
antiviral resistance in influenza viruses [8,9] and will be
updated as new information becomes available.

M2 inhibitors

Mutations in influenza viruses that confer resistance in
vitro to M2 inhibitors or oseltamivir also lead to loss of
drug effectiveness in vivo. For example, in a ferret
model of the A/H5N1 infection, oseltamivir reduced
virus titres and febrile responses due to a wild-type,
susceptible virus clone, but not due to one of the
oseltamivir-resistant (His274Tyr) clones [3]. Given the
high frequencies of M2 inhibitor resistance in human
isolates of A/H5N1 [6] and A/H3N2 [2] subtype
viruses in certain parts of the world, this class of drugs
cannot be relied upon for clinical management.
However, if the circulating strain were known to be
susceptible to M2 inhibitors, these drugs would offer a
less expensive alternative for prophylaxis and, in the
absence of NA inhibitors, treatment. Controlled
prophylaxis studies established that M2 inhibitors
partially protected against illness due to pandemic
strains in 1968 and 1977 [10]. Consequently, although
NA inhibitors are the preferred choice as the principal
component of antiviral stockpiles, M2 inhibitors could
provide a useful addition for preventing illness due to
susceptible strains.

Monotherapy with M2 inhibitors of drug-suscep-
tible A/H5N1 infection, as for human influenza, would
be expected to lead to emergence of resistant variants
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and their transmission to close contacts. Treated
patients should be appropriately isolated, in part
to prevent transmission of resistant variants.
Combinations of an M2 inhibitor and an NA inhibitor
show enhanced antiviral activity iz vitro and in animal
models of influenza due to M2-inhibitor-susceptible
viruses [11,12] and might be expected to reduce the
likelihood of resistance emergence, although the latter
has not been proven. Such combinations have received
very limited clinical study in human influenza [13], and
controlled studies of their use in treating A/H5N1 and
severe human influenza virus illness due to M2-
inhibitor-susceptible strains appear warranted.

NA-inhibitor resistance

Currently, there is no indication that circulating avian
A/HS5NI1 viruses, which serve as the source for human
infections, have developed resistance to NA inhibitors.
Among 97 A/H5N1 human and poultry isolates tested
by the World Health Organization (WHO)
Collaborating Center at the Centers for Disease
Control and Prevention (CDC), Atlanta, only a
single sample from the patient described above
(A/Vietnam/30408/2004) has shown partial resistance
to oseltamivir [14,15; and A Klimov, personal commu-
nication|. The likelihood that oseltamivir-resistant vari-
ants will transmit and circulate at the community level
appears to be much lower than the documented
frequent circulation of M2-inhibitor-resistant H3N2
variants in many countries [2]. NISN surveillance
detected only one variant with the His274Tyr mutation
among 622 H1N1 community isolates collected world-
wide from persons without known oseltamivir expo-
sure during the first 3 years (1999-2002) after
introduction of oseltamivir into clinical practice
[AS Monto, submitted for publication]. However,
oseltamivir use was low during this period. During the
2003-20044 season when a large increase in
oseltamivir use occurred in Japan, only three A/H3N2
isolates with known oseltamivir-resistance mutations,
two Glu119Val and one Arg292Lys, were identified
among nearly 1,200 community isolates collected
across Japan from patients without known oseltamivir
exposure [9]. These observations suggest that a very
low level of transmission may have occurred. In animal
models of influenza, the His274Tyr mutation in
A/HIN1 or A/HS5NT1 viruses confers 100-fold or
greater reduced infectiousness [16,17] and is associated
with over 10-fold reductions in virus replication
compared with the susceptible, wild-type virus [3,16].
However, transmission studies in ferrets indicate that
oseltamivir-resistant A/HIN1 (His274Tyr) and
A/H3N2 (Glu119Val) viruses can transmit from one
animal to another [17]. Further animal studies with
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HS5N1 virus genetically engineered to possess the
His274Tyr mutation are in progress [E Govorkova and
R Webster, personal communication]. Although the
predictive value of such animal model observations for
human influenza is uncertain, it is essential that both
human and animal isolates of A/H5SN1 viruses, repre-
senting all lineages, be provided to WHO- or
FAO/OIE-qualified laboratories for drug susceptibility
testing and characterization.

Frequency of oseltamivir resistance

The detection of resistant A/HSN1 variants during
oseltamivir therapy is not unexpected, given the expe-
rience with oseltamivir treatment of human influenza
in children, particularly if suboptimal dosing regimens
are used. One earlier study of 43 A/H1NT1-infected
Japanese children found that 16% shed resistant vari-
ants with the His274Tyr resistance mutation during or
after oseltamivir treatment [18]. A similar frequency of
detecting phenotypically resistant variants (18%) was
observed in hospitalized children infected with
A/H3N2 virus during or after oseltamivir treatment
[19]. In these reports, some of the patients may have
received suboptimal dosing of the drug, which may not
suppress viral replication adequately and so provide the
appropriate conditions for the emergence of resistant
mutants. The frequency of resistance emergence during
oseltamivir treatment of A/H5NT1 paediatric patients is
uncertain, because little sequential viral sampling has
been performed, but it is likely to be no less than that
observed in A/H1NT-infected children. The recent
study in Vietnam detected emergence of the His274Tyr
mutation in 2 of 8 (25%) oseltamivir-treated patients
from whom sequential pharyngeal samples were
collected for analysis [4]. Whenever possible, sequen-
tial respiratory samples should be collected from
A/H5NT1-infected patients receiving antivirals for
subsequent analysis in qualified laboratories. NISN is
prepared to help in this process.

Consequences of oseltamivir resistance

The clinical consequences of oseltamivir resistance
emergence during therapy of H5N1 infections are at
present uncertain. Many oseltamivir-treated patients
with A/H5N1 disease have died, but usually treatment
has been initiated late in the illness, when pneumonia
was already present [20,21]. However, as described
above, patients may have clinical progression despite
receiving oseltamivir at conventional doses relatively
early after HSN1 illness onset [4]. Establishing a causal
relationship between viral persistence in the upper
respiratory tract and clinical failure is confounded by
lack of information regarding lower respiratory tract
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virology, pulmonary damage due to host pro-inflam-
matory mediators, and secondary bacterial infections.
In uncomplicated human influenza, emergence of resis-
tance to oseltamivir has been detected generally on day
4 or 6 of therapy and has not been associated with
apparent clinical deterioration in children [22].
However, one study found rebounds in viral replication
after emergence of the H274Y variant in two individ-
uals with experimentally induced A/HIN1 infection
[23]. Such observations suggest that if there were early
resistance emergence during antiviral therapy of
A/HSNT1 illness, it may be associated with clinical
failure, but further studies are needed. Currently, the
available data do not indicate that potential oseltamivir
resistance should be a deterrent to its stockpiling for
pandemic response.

Oseltamivir treatment regimens

At present, it is uncertain whether higher doses or
longer oseltamivir treatment regimens might reduce the
likelihood of emergence of resistant variants and/or
provide greater clinical benefit in severe infections due
to A/H5NT1 or human influenza viruses. In one murine
model study using a human isolate of A/H5SN1 from
2004, higher oseltamivir doses (10 mg/kg/d compared
with 1 mg/kg/d) and more prolonged administration
(8 days instead of 5 days) were required to inhibit viral
replication compared to a human A/H5NT isolate from
1997 [24]. This was related to the higher levels of repli-
cation of the former virus; drug-resistant variants were
not detected [24]. Further studies in a ferret model of
A/H5N1 disease are in progress. If dose regimens
requiring more oseltamivir or perhaps antiviral combi-
nations help in reducing resistance emergence, it would
have important implications for clinical management
and stockpiling decisions. On the other hand, rigorous
data are needed to determine whether short course (for
example, 3 days) or other reduced dose regimens are as
clinically effective as standard ones, including the
possible consequences with respect to resistance emer-
gence. Until such data become available, NISN advises
use of the approved therapeutic 5-day regimen of
oseltamivir, with consideration of longer treatment if
clinical deterioration or inadequate response is observed.

Zanamivir

Zanamivir retains full in wvitro activity against the
oseltamivir-resistant N1 NAs harbouring the His274Tyr
mutation [25,26] and was shown to inhibit the
replication of both the oseltamivir-susceptible and
oseltamivir-resistant A/HSN1 virus clones of
A/Vietnam/30408/2004 in ferrets [3]. All avian and
human A/H5NT1 isolates tested so far at CDC, including
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this partially resistant isolate, are susceptible to
zanamivir (14; A Klimov, personal communication).
The use of inhaled zanamivir in human A/H5N1 infec-
tion has not been reported, and data are needed from
severe human influenza to indicate whether it is safe and
therapeutically effective in pneumonic disease. The pres-
ence of advanced pneumonia and findings of extra-
pulmonary dissemination in some patients with
A/HSNT illness are important considerations regarding
delivery of inhaled zanamivir to sites of viral replication
beyond the pharynx and tracheobronchial tree.
Uncertainties also exist regarding the bioavailability of
oral oseltamivir in critically ill patients, and an
injectable NA inhibitor would be advantageous for
treating severe disease due to A/HSN1 or human
influenza viruses. However, inhaled zanamivir would be
a therapeutic consideration if oseltamivir resistance were
likely to be present. Inhaled zanamivir is highly effective
for prophylaxis of human influenza, although not
approved currently for this indication in many countries.
Studies of its protective efficacy against A/H5NT1 infec-
tion in humans would be valuable. At present inhaled
zanamivir, as well as oseltamivir, would be an appro-
priate choice for pandemic response stockpiles.
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