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The antiviral drug oseltamivir (Tamiflu®) is a cornerstone in influenza pandemic preparedness plans
worldwide. However, resistance to the drug is a growing concern. The active metabolite oseltamivir
carboxylate (OC) is not degraded in surface water or sewage treatment plants and has been detected in river
water during seasonal influenza outbreaks. The natural influenza reservoir, dabbling ducks, can thus be
exposed to OC in aquatic environments. Environmental-like levels of OC induce resistance development in
influenza A/HIN1 virus in mallards. There is a risk of resistance accumulation in influenza viruses circulating
among wild birds when oseltamivir is used extensively. By reassortment or direct transmission, oseltamivir
resistance can be transmitted to humans potentially causing a resistant pandemic or human-adapted highly-
pathogenic avian influenza virus. There is a need for more research on resistance development in the natural

influenza reservoir and for a prudent use of antivirals.
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and veterinary medicine alike. Viruses of human

and avian origin are linked through the exchange
of genetic material, e.g. the reassortment process form-
ing pandemic viruses in humans. There is growing
evidence that the active substance of the antiviral drug
oseltamivir (Tamiflu®) is stable and that it can be
detected in aquatic environments when oseltamivir is
used widely. Low levels of the active substance can induce
resistance in influenza A virus in mallards, the natural
influenza reservoir. If resistance is established in viruses
circulating among wild birds, there is a risk of an
oseltamivir-resistant pandemic or highly-pathogenic
avian influenza (HPAI) virus through reassortment or
direct transmission (Fig. 1). This paper aims to review the
current knowledge in this field, to identify gaps in the
knowledge and to point out important future research
areas.

Inﬂuenza A is a major health concern in human

Pandemics

During the last century, influenza A viruses have caused
four pandemic outbreaks. In 1918-1920, the ‘Spanish
Flu” HINI pandemic killed at least 50 million, perhaps
up to 100 million people (1). There has been a con-
troversy regarding the genetic origin of the Spanish Flu,
with some authors claiming a direct transmission of
an avian virus (2, 3). However, phylogenetic evidence
strongly suggests that the 1918 pandemic strain was the
result of a reassortment of human, avian and possibly
swine viruses (4). The 1957 H2N2 ‘Asian Flu’ and the
1968 H3N2 ‘Hong Kong Flu’ pandemics were both
milder than the 1918 pandemic and caused much less
mortality. They were the result of a reassortment of
human and avian viruses. Little is known about the
sequences of swine viruses at that time and thus the
involvement of swine viruses in the reassortant cannot be
precluded (5). The recent A/HINT1 ‘Swine Flu’ pandemic
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Fig. 1. Schematic display of the possible connection of environmental levels of oseltamivir and avian and human influenza A viruses.

Illustration kindly provided by S.J. Jarhult.

was a result of a reassortment of three different strains
from swine, but all three had genetic elements recently
derived from avian viruses (5).

Influenza in birds

Influenza A virus is a zoonosis, the natural hosts are
wetland birds, mostly Anseriformes (ducks, geese, swans)
and Charadriiformes (gulls, terns, waders) (6, 7).
Dabbling ducks such as the mallard (Anas platyrhyncos),
are particularly well suited for the perpetuation of
influenza viruses in several aspects. They feed in shallow
water which facilitates spread via the fecal — oral route (6).
Furthermore, they congregate in flocks, have a large
population size, migrate to interact with new individuals
and every year new, immunologically naive juveniles are
added to the population. Influenza A viruses are well
adapted to aquatic environments; some viral strains can
remain infective for well over a year at 4°C but only for
days at 37°C (8). Dabbling ducks are considered the major
natural reservoir of influenza A viruses (7).

Most viruses circulating among wild birds are low-
pathogenic (low-pathogenic avian influenza, LPAI). The
prevalence of LPAI viruses among dabbling ducks vary
with season with a higher percentage of birds infected

during fall migration. One contributing factor to this
variation is the high proportion of non-immune juveniles
in the fall. There are also geographic differences; a study
from Sweden found 15% infected mallards during fall
and 4% in the springtime (9), whereas data from North
America show a higher fall prevalence but a lower spring
prevalence (6). All 16 HA and 9 NA variants of influenza
A viruses discovered so far have been found in birds and
most of them in dabbling ducks. Exceptions are H13
and H16 that are predominantly isolated from gulls and
terns (10). Most subtypes of LPAI viruses have a large
geographical spread, possibly through migration. H14
and HI15 are exceptions, being mostly isolated in Russia
and Australia (11, 12). Phylogenetically, LPAI viruses
studied so far belong to either the Eurasian or the North
American lineage (13). However, several findings of
viruses with a lineage-mixed genome have been reported
(14-16) indicating that the separation is not complete.
Hence, the naturally circulating gene pool of LPAI
viruses in wild birds can be considered large and variable
in several aspects.

LPAI in dabbling ducks has a mild clinical course but
smaller ‘costs’ for the host are difficult to study. For
example, in an infection experiment a slight, short-lasting
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increase in body temperature was observed (17) and in
another experiment mallard hens had a transient decrease
in egg production (18). Interestingly, a recent study found
mallards in normal body condition more sensitive to
LPAI infection when compared to mallards —10% and
—20% in body weight (19). This is contradictory to the
hypothesis that birds in worse body condition would be
more sensitive to infection. LPAI infection in ducks is
located mainly in the gastrointestinal tract (20).

Treatment and prophylaxis of influenza

There are two different strategies regularly used in the
treatment and prophylaxis of influenza A: antiviral drugs
and vaccines.

The admantanes, amantadine and rimantadine, block
the M2 protein and thus inhibit viral replication at an
early stage (21). However, due to a massive development
of resistance both in human and avian strains (22, 23) the
clinical use of admantanes has virtually stopped. Another
disadvantage of admantanes is their high rate of adverse
events such as nausea, insomnia and hallucinations (24).

The neuramidase inhibitors (NAIs) inhibit the viral
enzyme neuraminidase (NA). NA is needed for the release
of newly formed virions from the infected host cell (25)
but also for the process of viral entry through the airways
of the host by cutting mucoproteins (26). The possibility
to decrease viral entry in the airway epithelium through
hindering of NA — mucoprotein interaction may contrib-
ute to the successfulness of NAI prophylaxis (27). There
are two commercially available NAIs worldwide: oselta-
mivir (Tamiflu®) and zanamivir (Relenza®). Zanamivir
cannot be administered orally but is inhaled or rarely used
in an intravenous formulation.

Vaccines are an effective and safe way to prevent
influenza. A trivalent vaccine containing antigens from
A/HINI1, A/H3N2 and B strains is the standard pre-
ventive measure for seasonal influenza (28). In a pandemic
scenario, the rapid mass-production of vaccines is proble-
matic as most production techniques still depend on
embryonated hen eggs. According to the Global Action
Plan developed by WHO, the goal in a pandemic situation
is to have produced 2 billion doses 6 months after a
vaccine candidate is available. However, in a WHO study
evaluating the 2009 pandemic it was demonstrated that in
6 months, only 534 million doses had been produced and
that it took 5 months from the identification of the
pandemic A/HINI1 virus strain until the first vaccines
were available. Furthermore, the supply of vaccines to
developing countries is especially hard to accomplish; this
is problematic as a severe pandemic is expected to hit
particularly hard in those countries (29).

Oseltamivir
Oseltamivir is administered orally as a prodrug, oselta-
mivir phosphate (OP) due to the poor bioavailability of
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the active substance oseltamivir carboxylate (OC). OP
is readily absorbed and rapidly converted to OC by
esterases, mainly in the liver. More than 75% of an oral
dose reaches the circulation as OC. The active metabolite
is then excreted from the body in unchanged form
predominantly via the urine (30). OC is likely as poorly
absorbed in the intestine of ducks as in the intestine of
humans. However, as the LPAI infection in ducks takes
place in the intestine, replicating virus and OC co-exist
potentially enabling resistance to develop. Oseltamivir
has been extensively stockpiled; e.g. the US had 40
million treatment regimens in stock as of April 2009
(31). Worldwide, more than 220 million treatment courses
have been stockpiled, and the shelf life has been extended
to 7 years (32). As the mass-production of vaccines is a
process of several months, antiviral drugs are the only
option in the early phase of a pandemic. Thus, oseltami-
vir is a cornerstone of pandemic preparedness plans all
over the world.

OC is stable in the aqueous phase and is not removed
or degraded in normal sewage treatment plants (STPs)
(33). Persistence of oseltamivir in surface water ranged
from non-detectable degradation to a half-life of 53 days
in another study (34). Thus, there is reason to believe that
OC is present in the aquatic environment near STPs when
oseltamivir is used extensively. Japan has had the highest
per-capita consumption of oseltamivir during several
seasonal influenza outbreaks. In one study, it was
estimated that more than 10 million treatment courses —
corresponding to almost 10% of the population — were
used during the 2004-2005 season (35). The manufacturer
Roche estimated that 6 million people out of 16 million
infected with influenza used the drug during the same
season (36).

A study on water from the Yodo River system in Japan
during the influenza season 2007-2008 demonstrated
OC levels of up to 58 ng/L (37). This correlated well
with levels estimated from data on oseltamivir consump-
tion. During the influenza season 2008-2009, another
study in the same area measured levels of OC in river
water up to 190 ng/L and in outgoing water from STPs
up to 293 ng/L (38). Very limited sampling for OC has
been performed in aquatic environments, thus higher
levels certainly exist under circumstances yet to be
examined. Furthermore, both studies were performed
during seasonal influenza outbreaks; during a pandemic,
usage and thus environmental levels of OC are expected
to be considerably higher, reaching pg/L-levels.

Interestingly, in a study from Germany a high OP/OC
ratio was found in river water at the German-Swiss
border. The high ratio suggested outlet from a pharma-
ceutical factory in the vicinity as the origin of OP.
Sectional sampling of the river showed higher ratios on
the side of the river where the factory is situated and no
OP was detected upstream of the factory (39). As OP can

Citation: Infection Ecology and Epidemiology 2012, 2: 18385 - http://dx.doi.org/10.3402/iee.v2i0.18385

(page number not for citation purpose)


http://www.infectionecologyandepidemiology.net/index.php/iee/article/view/18385
http://dx.doi.org/10.3402/iee.v2i0.18385

Josef D. Jarhult

be converted to OC by naturally occurring esterases, the
findings highlight that manufacturing of oseltamivir is
also a potential source of environmental OC.

A promising means to reduce OC in the environment is
to increase the degradation through ozonization. A study
from Japan demonstrated that the addition of ozoniza-
tion as a tertiary treatment in an STP increased the
removal of OC to >90% (40). Another strategy to lower
environmental levels of OC is to improve sewage treat-
ment through bioremeditative measures. When granules
with a bioplastic formulation of the fungus Phanero-
chaete chrysosporium was added to wastewater samples,
the removal of OC was approximately doubled compared
to controls (41). Furthermore, two bacterial strains
growing on OC as the sole carbon source has been
isolated from the sediment of Japanese rivers (34).

Resistance to neuraminidase inhibitors

When the NAIs were introduced, resistance development
was not considered a practical problem. Resistant viruses
were observed after drug pressure assays, e.g. in cell lines
and in 4% of volunteers in an early study of oseltamivir
(42), but the mutants had severely reduced viral fitness.
Therefore, it was deduced that resistance development to
NAIs interfered too much with the key function of NA to
be a problem in vivo. However, resistance was observed
also in clinical isolates and in some settings it reached
considerable levels as in the study by Kiso et al. where
14% of Japanese children carried resistant viruses after
oseltamivir treatment (43).

There are 19 amino-acid residues that are well con-
served among NAs of all subtypes. They are divided into
catalytic residues involved in the interaction of the
substrate and the active site of NA (R118, D151, R152,
R224, E276, R292, R371 and Y406) and framework
residues important for the structure and stabilization of
the active site (E119, R156, W178, S179, D198, 1222,
E227, H274, E277, N294 and E425) (44). Resistance
could potentially arise from a mutation at or near any of
those residues and many are previously described (45).

The mutation H274Y, conferring resistance to oselta-
mivir, was rarely seen in clinical practice until the season
2007-2008. That season, H274Y was observed in seaso-
nal HINT1 viruses, first in Norway and then in the rest of
Europe (46). Low percentages of H274Y was reported
from the rest of the world 2007-2008, but in the next
season 20082009, resistant viruses constituted the abso-
lute majority world-wide (47). There was no correlation
to the use of oseltamivir (47, 48).

A recent study has demonstrated that an influenza A/
HINI virus in mallards exposed to of OC in their sole
water source developed resistance through acquisition
of the mutation H274Y (49). H274Y occurred at 1 pg/L of
OC and quickly outnumbered the wild-type virus at
80 pg/L. The ICsq difference between wild-type isolates

(24 nM) and H274Y isolates (400-700 nM) from the
experiment is consistent with findings in human clinical
isolates (50). As pg/L-levels of OC are expected in the
environment, the experimental conditions correspond to
a realistic scenario. This means that oseltamivir resistance
could be induced in influenza A viruses of wild ducks
when the drug is widely used, but this is only true for
limited periods of time during pandemic or seasonal
influenza outbreaks. As earlier in vitro studies have
indicated a decreased viral fitness in strains with NAI
resistance mutations the question arises: Will the resis-
tance prevail when OC disappears from the environment?

In this sense, it is interesting to study the results from
isolations in embryonated hen eggs of a sample with
mixed genotype (i.e. a virus population consisting of
both wild-type and H274Y) from the mallard study (49).
During the replication process in the eggs, no OC is
present and hence there is no drug pressure. Two different
isolations gave rise to one wild-type and one H274Y-
positive isolate which demonstrates that either genotype
can dominate the replication and outcompete the other.
Although not being a fitness test in a true sense, this is
still a good indication that the fitness of the wild-type and
the mutant are not dramatically different when H274Y is
induced in a randomly chosen virus from a wild mallard
in Sweden. Sweden uses oseltamivir conservatively and
the sampling of the wild mallard was performed in a rural
area on an island by the seaside. Therefore, this strain
cannot possibly have been exposed to any drug pressure
around the time of sampling. Another interesting fact
is the accumulation of H274Y in seasonal influenza A/
HINI in the seasons 2007-2008 and 2008-2009. As there
was no correlation between the spread of resistance and
the use of oseltamivir (47, 48), i.e. the drug pressure, the
H274Y mutant must have been fit enough to outcompete
the wild-type strain(s). It has been demonstrated that this
is probably due to compensatory, ‘permissive’ mutations
(V234M and R222Q) which restore the decreased surface
expression of NA caused by H274Y (51). Another study
has also demonstrated a compensatory effect on NA
activity in H274Y mutants by D344N (52). Thus, it seems
that the genetic makeup of the virus strain where
resistance mutations such as H274Y develop will deter-
mine whether the mutation results in a decreased viral
fitness or not.

Resistance in wild birds

The probability of a virus strain with a permissive genetic
makeup appears to be higher in LPAI viruses of wild
birds, and especially dabbling ducks, as they are the
natural reservoir of influenza A viruses (10). This means
that many more strains co-circulate in the wild bird
population at a given time and that there is a larger
genetic variation. An example of the variation is that the
sensitivity to oseltamivir in avian A/HIN1 viruses showed
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a much larger variation when compared to mammalian
viruses (53). The analysis of sequences from the NCBI
database in the mallard study (49) revealed that H274Y
has been reported in wild birds, though rarely. H274Y has
been found both in HSN1 and HINI1 — interestingly, the
HINI isolate originated from a duck in Minto Flats in
Interior Alaska, a habitat with high densities of nesting
ducks. The interior of Alaska is scarcely populated and
oseltamivir use is negligible, thus there is no drug pressure.
The occurrence of H274Y under these circumstances
further supports the idea that H274Y does not require
drug pressure to prevail when present in a virus with a
suitable genetic makeup.

Spread of influenza and resistance
from birds to humans
Influenza A viruses can spread from birds to humans in
two distinctly different ways. Two or more strains from
birds, humans and/or other mammals like swine can form
a human-adapted virus with pandemic potential through
reassortment. Another way of transfer is through a direct
transmission of an avian virus to humans — also termed
de novo introduction. HPAI can be transmitted directly
from birds to humans but so far a very high infectious dose
has been required and transmission has mostly been
observed in people in close contact with infected birds.
The mortality in human HPAI H5N1 infection is 59%
according to the cumulative number of cases and deaths
reported to WHO since 2003 (54). There have been no
unequivocal reports of human-to-human transmission
of HPAL

An oseltamivir-resistant pandemic where an NA gene
containing resistance mutation(s) has been recruited from
an avian virus is an alarming example of the reassortment
route. It would render stockpiles of oseltamivir useless
and make the treatment and prophylaxis parts of pan-
demic preparedness plans very difficult to accomplish.

Another possibility is that oseltamivir resistance is
established in the pool of circulating HPAI viruses with
the risk that such a virus acquires human-to-human
transmissibility while retaining high pathogenicity. This
possibility is highlighted by the recent demonstration
from two independent research groups that a modified
HPAI H5NI1 virus can be transmissible between ferrets.
A group led by Kawaoka combined the HA gene from a
HPAI H5NI1 virus with the remaining genome from a
human pandemic A/H1N1 virus which resulted in a ferret-
transmissible virus, although it caused a less severe disease
in the animals. Fouchier et al. introduced five mutations in
a HPAI H5N1 virus and the resulting virus was transmis-
sible between ferrets and seemed to retain pathogenicity.
The results have been accepted for publication in Nature
and Science, respectively, but the dual-use principle has
sparked an intense debate on the bio-security aspects
leading up to a 60-day moratorium on HPAI HS5NI1
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transmission research and pleas for full publication from
both groups (55, 56). Regardless of the final fate of the
publications, the results demonstrate the limited genetic
barrier for direct transmission and therefore stress the risk
associated to resistance development in HPAI viruses
circulating among wild birds.

To study resistance development in influenza viruses of
treated patients is important. However, there are good
reasons to complement these studies by investigating the
role of antivirals in the environment and resistance
development in wild birds:

(1) The size and diversity of the influenza gene pool
among wild birds is overwhelming compared to the
pool of circulating human influenza viruses. At any
given time, more or less only three different strains
circulate among humans. In wild birds, all subtypes
described to date have been found. Furthermore,
there are two distinct genetic lineages and there is a
constant circulation of virus year-round and a large
proportion of the population is exchanged each year,
adding non-immune juveniles. Thus, it is perhaps
more common that resistance develops in treated
humans, but it is more probable in the bird popula-
tion that a resistance mutation occurs in a virus with
a suitable genetic makeup.

(2) If resistance spreads to humans via a reassortment
event causing a pandemic or a human-adapted HPAI
virus, the consequences are far worse than if it arises
in a strain already circulating in the human popula-
tion. In the latter case there is already some immunity
in the population and the resistant virus is proba-
bly one of the more harmless circulating seasonal
strains (like the development of H274Y in the pre-
pandemic seasonal A/HINI virus). In the former
case, preparedness plans rely on oseltamivir both as
an attempt to blanket the outbreak and as treatment
and prophylaxis especially during the first wave.

Strategies to lower environmental levels of OC

Measures to lower the environmental levels of OC and
thus the drug pressure include bioremeditative and
degradation-enhancing efforts as described above. Of
these efforts, the addition of ozonization in STPs appears
to be the most attractive measure. Apart from increasing
the degradation of OC, the ozonization process has the
potential to reduce the outlet of antibiotics and other
pharmaceuticals.

However, the most important measure remains a
prudent use of antiviral drugs. The effect of NAls in
healthy people suffering a seasonal influenza infection is
limited; oseltamivir 75 mg twice daily or a corresponding
dose in children shortens duration of symptoms with
approximately 1 day (57). On the contrary, in immuno-
suppressed patients there is growing evidence that a
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combination therapy is favorable. In vitro and in vivo
experimental data suggest an additive or synergistic effect
and a decrease in resistance development and therefore
the use of combination therapy is increasingly advocated
(58-61). To strictly limit the use in the young and healthy
in non-pandemic periods and to consider combination
therapy for those with a suppressed immune defense
appears to be a reasonable strategy.

Clinical consequences of resistance

Generally, resistance in influenza is a problem to
physicians especially when treating immunosuppressed
patients. Numerous reports exist on resistant viruses
recovered from such individuals. An interesting example
is the finding of I222R in a pandemic A/HINI virus
isolated from an immunocompromised Dutch patient
(62). This mutation caused resistance to all available
NAIs and as the circulating pandemic A/HIN1 virus is
already resistant to admantanes, there are no treatment
options left in this case.

In the event of an oseltamivir-resistant pandemic with
morbidity in the same magnitude as the Spanish Flu, the
consequences are almost unimaginable — e.g. ventilator
capacity in intensive care units would quickly be out-
numbered. The same goes for the scenario of a human-
adapted HPALI virus capable of human-to-human spread
still retaining (some of) its pathogenicity.

Avian genetic material
in all studied
pandemics (5)

H274Y-carrying pre-pandemic
H1N1 outcompeting wild-type in
humans (47, 48)

H274Y in HIN1 and
H5N1 in wild birds (49)
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Apart from limiting the use of NAls, the development
of new anti-influenza drugs is essential. However, it is
crucial to consider the risk of resistance development —
including what happens in the environment — and to limit
the use of new drugs from the beginning. Each new
antiviral, or antibiotic, has a limited life span which is
heavily dependent on its use.

Future research

There are several aspects discussed in this review that
deserve further attention. The following seem particularly
important:

(1) To learn more about OC in the environment. Studies
performed so far are few and small. A global
approach including pandemic periods is desirable.
The environmental perspective discussed here needs
to be applied on other NAIs and antivirals including
those in the pipeline of drug development.

(2) To extend the knowledge of the influenza situation
among wild birds. This concerns influenza ecology
in general, but the resistance situation in particular.
An extensive screening for influenza viruses and
resistance mutations among wild birds in different
parts of the world is important, also to follow the
development over time. Genotypic analysis might
not always be sufficient; to some extent the screening
should be complemented with functional methods

Excretion of unchanged
OC mainly in the urine
(30)

Low genetic
barrier to
ferret trans-
missible
H5N1

(55, 56)

AN

No degradation
] of OCina STP
model (33)

58-293 ng/L of OC

during seasonal flu
/ \ <«— in Japan (37, 38)
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Fig. 2. Graphic summary of studies regarding the connection of environmental oseltamivir and avian and human influenza A viruses.

Resistance through H274Y
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such as the NA inhibition assay to detect decreased
sensitivity to NAIs that does not correlate with
previously described resistance mutations.

(3) To broaden the understanding of influenza resistance
development in dabbling ducks exposed to OC. It is
crucial to study if, and how, resistance mutations are
affected by decreasing levels of OC and thus how
resistance prevails in between influenza outbreaks.
Furthermore, to date only one subtype of influenza
A virus is examined in the sense of resistance
development under low drug pressure of OC. It is
still unknown how environmental levels of OC affect
the large and important phylogenetic N2-group of
NAs that has distinct resistance mutations.

(4) To further assess the genetic barrier to human-to-
human transmission of HPAI viruses. To estimate
the risk of human adaptation of such a virus is
important in the sense of pandemic preparedness in
general, but it also has implications for the potential
spread of a resistant HPAI virus.

Summary

OC is present in the aquatic environment during a
seasonal influenza outbreak. Thus, the natural influenza
reservoir, dabbling ducks, can be exposed to the substance.
Furthermore, an influenza A/HINI1 virus in mallards
subjected to low, environmental-like, concentrations of
OC developed oseltamivir resistance through acquisition
of the resistance mutation H274Y. Therefore, there is
reason to believe that resistance development occurs in
influenza A viruses of wild ducks when oseltamivir is used
widely. The occurrence of H274Y in influenza viruses
isolated from wild birds and the fact that H274Y became
established in the pre-pandemic seasonal human HINI
virus support the thought that once induced, oseltamivir
resistance can prevail if present in a virus with a suitable,
permissive genetic makeup. Through reassortment or
direct transmission, the NA gene conferring oseltamivir
resistance can spread to a human-adapted influenza
virus with pandemic potential, threatening to disable
oseltamivir, a cornerstone in pandemic preparedness
planning. See Fig. 2 for a graphic display of the summary.
In a bigger perspective, the material in this review
exemplifies that antiviral drugs, like antibiotics, have a
limited life span due to resistance development. The
substances can have complex environmental effects that
include humans, necessitating a broad, multi-disciplinary
research approach.
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