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Abstract
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The natural Influenza A virus (IAV) host is waterfowl. Human IAV is treated with
neuraminidase inhibitors (NAIs), which are stockpiled worldwide in case of an IAV pandemic.
As the drugs escape regular waste water treatment, they can be detected in river waters.

We hypothesize that exposure of low pathogenic avian IAV (LPAIV) infecting Mallards to
NAIs in the water promotes development of resistance that can persist in the absence of drugs.
Dissemination of resistance genes to humans pose a health risk, particularly if incorporated into
a pandemic IAV.

To test the hypothesis, LPAIVs of both NA phylogenetic groups were assessed in an in
vivo Mallard model by inoculation and exposure of birds to NAI in their water. In previous
work in the model, the oseltamivir-resistant H275Y mutation emerged in H1N1 in response to
oseltamivir exposure and persisted without drug pressure.

In this thesis, a H7N9 was exposed to oseltamivir and a H1N1 and H4N2 to zanamivir and
peramivir. Furthermore, a H1N1 with the H275Y mutation was exposed to zanamivir in order
to assess the additional development of zanamivir resistance and the persistence of the H275Y
mutation in the presence of zanamivir.

Several substitutions reducing drug susceptibility emerged; I222T in H7N9, V116A, A138V,
T157I, R152K and D199G in H1N1 exposed to zanamivir, H275N and E119G in H4N2 exposed
to zanamivir and 275Y in H4N2 exposed to peramivir. None of the tested zanamivir-induced
substitutions persisted in the absence of drug, indicating lower risk of circulation of these
substitutions in the wild as compared to oseltamivir.

There is a risk of NAI resistance emerging in LPAIVs of Mallards exposed to NAIs in
the water. Zanamivir appears to be the best option from an environmental perspective. Drug
concentrations in the Mallard model are mostly higher than the concentrations detected in rivers,
but are in the same magnitude regarding OC and an H1N1 LPAIV. Given the importance
of NAIs as the first line of defence in the event of a pandemic, this is of public health
concern. Surveillance of LPAIV in waterfowl, prudent use of NAIs and waste water treatment
improvements are important measures to mitigate the risk.
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Introduction 

The influenza A virus (IAV) causes headlines at a regular basis, reminding 
us of our long and close relationship to the virus [1]. With diverse features 
from a running nose and two days in bed, to lethal infections with pandemic 
potential, the virus remains one of the important pathogens globally.  

Structure and Basic Features of Influenza A Viruses  
The single stranded negative sense RNA virus with a segmented genome (8 
segments, 10 genes) is a member of the Ortomyxoviridae family. The virus 
particles consist of a host-derived lipid bilayer envelope in which glycopro-
teins are embedded; an inner shell of matrix protein; and, at the center, the 
nucleocapsids of the viral genome [2].  

Surface Glycoproteins 
The virus has two types of surface glycoproteins; the hemagglutinin (HA) 
and the neuraminidase (NA), both exhibiting antigenic properties [3]. To 
date, 18 HA and 11 NA proteins in multiple combinations have been identi-
fied [4]. A large number of IAV subtypes exist, named according to their 
combination of surface glycoproteins, e.g. H1N1 and H6N2.  

Both the HA and the NA proteins are separated into different phylogenet-
ic groups, with HAs further separated into clades. The H1 group comprise 
three clades; clade H1 (including subtypes H1, H2, H5, H6, H17 and H18), 
clade H9 (including subtypes H8, H9 and H12) and clade 11 (subtypes H11, 
H13 and H16). The H2 group comprise two clades; clade H3 (including sub-
types H3, H4 and H14) and clade H7 (subtypes H7, H10 and H15) [3]. With-
in HA clades, subtypes have 62–68% amino acid similarities, while subtypes 
from the two different HA groups have approximately 40% similarity [5]. 

The NAs are separated into three groups; group N1 (including subtypes 
N1, N4, N5 and N8), group N2 (with subtypes N2, N3, N6, N7 and N9) and 
finally the IAV-like group 3 (with N10 and N11) [3]. 
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Function of the Hemagglutinin 
HA binds to the sialic acid cell surface receptor, thus initializing IAV adhe-
sion and entrance into the host cell. Sialic acid receptors are connected to 
galactose by different linkages and HAs originating from different host spe-
cies prefer different linkages. Avian HAs prefer sialic acids in α2,3 linkage, 
while human IAVs prefer α2,6 linkage [6].  

Function of the Neuraminidase 
The major function of the NA protein is to cleave the sialic acid – hemagglu-
tinin binding, promoting the release of newly formed virions [7]. Additional-
ly, it facilitates the passage through the mucus in the airways or gastrointes-
tinal tract of the host, allowing the virus particles to reach the site of infec-
tion, i.e. the epithelium [3]. Positions in the NA gene are named differently 
according to the type of numbering, N1- or N2- numbering, being used. 
Thus, the I222 and H274 positions in N2-numbering correspond to I223 and 
H275 in N1-numbering.  

Rapid Genetic Evolution of IAV by Two Mechanisms 
A key feature of IAVs is their capability of fast genetic evolution. This oc-
curs by two distinct mechanisms; reassortment and fixation of genome errors 
occurring during translation [3]. Reassortment requires host co-infection 
with at least two different IAVs, as the segmented genome allows mixing of 
segments in the viral progeny. The mechanism permits genetic shift and 
thereby emergence of distinctly new strains of IAVs [8] and enables host 
adaption in an invading virus by rapid acquirement of host optimized alleles 
from the host´s virus [9]. IAVs reassort frequently, but it remains unclear 
whether segment linkage exists or if segments can reassort independently 
[10-12]. 

The second mechanism promoting genetic evolution is genetic drift. The 
lacking proof reading mechanism of the IAV polymerase makes the virus 
prone to mutations and permits fixation of random point mutations in the HA 
or NA genes [6]. The mutation rate has been reported to be approximately 
10-5 to 10-6 mutations per nucleotide per cellular infection [13, 14]. Recent 
research suggests even higher rates of 10-4 mutations per nucleotide per cel-
lular infection [15]. 
 



 11 

Waterfowl -the Natural Host and Reservoir of IAV 
Wild waterfowl are the natural host of IAV [16]. Although several wild bird 
species harbour influenza viruses, birds of wetlands and aquatic environ-
ments such as the Anseriformes (particularly ducks, geese, and swans) and 
Charadriiformes (particularly gulls, terns, and waders) constitute the major 
natural low pathogenic avian influenza A virus (LPAIV) reservoir [2, 16]. 
Currently, HA 1-16 and NA 1-9 and the majority of the possible HA/NA 
subtype combinations have been found in avian species [2, 17, 18]. All of 
these subtypes, with the exception of H13 to H16, circulate in wild ducks in 
North America and Northern Europe and 102 subtype combinations of 144 
theoretically possible have been reported in Anseriformes [16, 19]. H13 and 
H16 subtypes are predominantly isolated from gulls [20]. Recent findings 
identify bats as another HA and NA specific natural host of IAV and de-
scribe the HAs 17 -18 and the NAs 10-11 in this host [6, 21]. 

LPAIVs in waterfowl preferentially infect cells lining the intestinal tract 
and virus is excreted in high concentrations in their faeces. Consequently, 
LPAIVs spread mainly via the faecal-oral route throughout the flock [16, 
22]. The dabbling behaviour itself is likely an important contributor to the 
high virus prevalence in dabbling ducks; virus excreted in surface waters via 
faeces may efficiently transmit viruses to other ducks that feed in the same 
waters [20]. Another possible route of transmission is cloacal drinking, 
where water enters the gastrointestinal tract via the cloaca [18]. Influenza 
virus may remain infective in lake water for up to four days at 22°C and over 
30 days at 0°C [22]. 

There are reports of natural and experimental LPAIV infections causing 
limited deteriorated body mass and transient mildly elevated body tempera-
ture in waterfowl [23, 24]. However, typically, the birds exhibit no signs of 
illness [16, 25].  

Dynamics and Seasonal Patterns of Infection in the 
Natural Host 
In the northern hemisphere, the LPAIV infections in dabbling ducks follow a 
seasonal pattern, with peaks in viral prevalence during autumn before south-
bound migration [16, 20]. At a research station in southern Sweden, two 
autumn peaks of virus prevalence have been observed repeatedly, the first in 
August and the second more pronounced peak during October – November 
[19, 26]. This is presumably the result of the large congregations of migrat-
ing birds from different locations and of the introduction of young and thus 
immunologically naïve birds to the flock [16, 19].  

Several subtypes of LPAIV may circulate simultaneously, replacing earli-
er subtypes to which the flock has gained immunity. The two peaks in IAV 
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prevalence in autumn has shown tendencies to be dominated by different 
virus subtypes, but the factors driving seasonal trends in subtype diversity 
are not fully characterized [19]. Infection by a LPAIV appears to be limited 
by prior infection with either a homologous or a heterologous strain [23]. 
Reinfections with the same HA subtype and related prevalent HA subtypes 
within a season have been found to be uncommon, suggesting the develop-
ment of natural homosubtypic and heterosubtypic immunity which is main-
tained at least one month and possibly throughout the autumn, winter and 
early spring [5, 26, 27]. The birds shed virus for a limited time, until the 
innate immunity has developed and the infection is cleared [26]. Individuals 
have been observed to clear and pick up infections while staging at one site 
[24].  Reported virus shedding times in natural end experimental infections 
differ from a few days up to two and three weeks [24, 28, 29]. 

Co-infection with different IAV subtypes occurs and genetic reassortment 
between viruses occurs readily in the duck's intestinal tract [30, 31]. AIV in 
wild birds has been proposed to form transient “genome constellations”, 
continually changing by reassortment [11]. 

High Pathogenic Avian Influenza A Virus  
HPAIV in Poultry and Other Animals 
Infection of immunologically naïve poultry with LPAIV, particularly of cer-
tain H5 and H7 subtypes, can result in outbreaks with high pathogenic avian 
influenza A virus (HPAIV). The consequences can be the death or stamping 
out of millions of birds, a disastrous animal welfare situation and substantial 
economic loss [18, 32-34]. The 2014-2015 H5N2 HPAIV outbreak in the 
U.S. resulted in 47 million dead birds and estimated $3.3 billion USD in 
economic losses [35, 36]. HPAIV outbreaks are often reported from South-
east Asia and China, but outbreaks in poultry and turkey have been observed 
in Europe as well [3]. 
 
Vaccination of poultry has been used as a tool to control and eradicate mul-
tiple subtypes of LPAIV in poultry since the late 1970s, with the licensing 
and use of oil-emulsified inactivated AI vaccines [37]. For HPAIV, the first 
field uses of poultry vaccination were in Mexico against H5N2 HPAI in 
1995 [38]. When used properly and in conjunction with other control 
measures, vaccines can be an effective method to control virus, and has led 
to successful HPAIV eradication [39, 40]. New Castle Disease Virus-
vectored vaccines have DIVA (differentiating infected from vaccinated ani-
mals) capability for influenza and can be applied to large number of poultry 
through drinking water or aerosolization [41]. 
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Molecular Determinants of HPAIV 
HPAIV may cause severe disease in many species. Structural changes in the 
HA molecule are a key determinant of the pathogenicity of the virus [42]. 
HPAIVs are characterized by the ability of their HA glycoprotein precursor 
HA0 to be cleaved into HA1 and HA2 by intracellular ubiquitous proteases, 
allowing HA activation throughout the body and systemic disease [43, 44]. 
The HAs of low pathogenic viruses are cleaved by trypsin or trypsin-like 
proteases, restricting infection to the respiratory and/or intestinal organs 
[45]. In HPAI viruses, certain mutations in the region of the HA cleavage 
site make it possible for the intracellular protease furin to cleave the HAs. 
Furin is found in many cell types, allowing activation of HA systemically 
[46]. 

Risk Factors for HPAIV Outbreaks 
Poultry density of least-developed countries show significant positive corre-
lation with HPAIV outbreak data; i.e., as poultry density at the national level 
is increased, HPAIV outbreaks are longer with higher mortality and culling 
rates [47]. HPAIV outbreaks are often reported from Southeast Asia and 
China. This region is thought to provide factors for the emergence of new 
influenza viruses with pandemic potential, e.g. the proximity of dense popu-
lations of people, pigs, and wild and domestic birds, thereby facilitating re-
assortment of viruses from different species. The high human population 
density and year-round virus circulation may also promote genetic drift [48, 
49]. Live bird markets are high risk areas for transmission [50]. 

Control strategies for HPAIV in birds rely upon a few basic categories 
like education, biosecurity, diagnostics and surveillance, elimination of in-
fected poultry, usually through culling or depopulation, and finally, vaccina-
tion [51]. 

AIV in humans 
Occasionally, a spill over of AIV from the natural host to other hosts such as 
humans, pigs, seals, horses and dogs is observed, causing symptoms of vary-
ing severity. AIVs of the H5 and H7 subtypes are known to occasionally 
infect humans [52], however, most H5 or H7 subtype viruses are not highly 
pathogenic [53]. H9 (H9N2) viruses are known to cause mild infections in 
humans, but they appear to act as enablers of the emergence of H5 and H7 
with ability to infect humans, providing internal genes when reassorting [50, 
54]. Sporadic human infections with AIV, which usually occur after recent 
exposure to poultry, cause a wide spectrum of illness, ranging from conjunc-
tivitis and upper respiratory tract disease to pneumonia and multi organ fail-
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ure [55, 56]. Contact with infected poultry is a risk factors for human disease 
[57-59]. 
 
In order for  a waterfowl IAV to infect and become pathogenic to humans, 
numerous adaptions of the avian virus are required [55]. These adaptions can 
be facilitated in “mixing vessels”, i.e. animals that exhibit influenza targeting 
features of both avian and mammalian character [3]. Pigs have been de-
scribed as such a vessel, as they possess both α2,3 and α2,6 linked sialic acid 
receptors and have a intermediate body temperature compared to birds and 
humans [3, 60].  

Continuous direct transmission to humans from poultry has been de-
scribed, suggesting that adaptation in an intermediate mammalian host is not 
necessary and that man himself can act as a mixing vessel in the event of co-
infection with avian and human IAV [56]. Fortunately, avian influenza vi-
ruses have not yet acquired mutations permitting them to transmit between 
humans [50].  

H7N9 
In March 2013, three patients in China were found to be infected with a nov-
el reassortant avian-origin influenza A (H7N9) virus [55]. By the end of 
October 2017, approximately 1600 cases of human H7N9 have been report-
ed since 2013 [61]. Likely, H7 viruses spread from domestic duck to chicken 
populations in China on at least two independent occasions, subsequently 
reassorting with enzootic H7N9 viruses to generate the H7N9 outbreak line-
age [62]. On the basis of data from various studies to date, most patients 
were probably exposed to H7N9 virus and infected during visits to live poul-
try markets. Fortunately, the H7N9 avian viruses cannot yet efficiently 
transmit from human-to-human [63]. Still, viruses should be considered as a 
major candidate to emerge as a pandemic strain in humans [64].  

Influenza Pandemics 
During the last century, three influenza pandemics emerged and so far the 
21st century has been subject to one. All had their genetic origin in avian 
influenza viruses [65]. The ancestor of the H1N1 Spanish flu in 1918 is an 
avian IAV, that is suggested to have adapted in a mammalian host [66]. The 
H2N2 Asian (1957) and the H3N2 Hong Kong (1968) pandemic viruses are 
derived from reassorted avian and human viruses [2]. In the beginning of the 
21st century, when most attention was focused on the concerns of a potential 
H5N1 pandemic, the pandemic influenza A (H1N1) 2009 came as a surprise, 
fortunately with milder symptoms and more limited mortality than expected 
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[33, 50, 67]. The (H1N1)pdm2009 was a multiply reassorted virus, with 
elements from human, swine and avian influenza [3, 68]. 

Pandemic Preparedness 
Planning, Surveillance and Response 
The purpose of pandemic preparedness is to plan, organize and coordinate 
activities that will be necessary to respond to all aspects of a pandemic. Na-
tional pandemic plans approach the issue differently but share common ele-
ments [69]. Since 2007, all World Health Organization (WHO) member 
states are legally bound to certain regulations which aim to “prevent, protect 
against, control and provide a public health response to the international 
spread of disease in ways that are commensurate with and restricted to pub-
lic health risks, and which avoid unnecessary interference with international 
traffic and trade” [70].  

Robust surveillance systems are essential of pandemic plans [71]. For 70 
years now, the WHO has monitored circulating influenza viruses. Surveil-
lance, assessment of pandemic potential and pandemic planning is per-
formed within the WHO´s Global Influenza Surveillance and Response Sys-
tem.  

Pharmaceuticals for Pandemic Preparedness 
Due to the public health threat, the dynamics of IAV and the delay between 
an emerging influenza pandemic and a widely accessible vaccine, many 
countries have stockpiled antiviral drugs, mostly oseltamivir (OS) [72-74]. 
Additionally, it is of importance to have a plan for the delivery and distribu-
tion of the stockpiled drugs, in case of a pandemic situation [75].  

Vaccines are the best tool for prevention of influenza, but as the most ef-
ficient vaccine is developed based on the specific pandemic virus and the 
production takes months, it will not be available in the early stage of a pan-
demic [69]. Pre-pandemic vaccines could be created based on assumptions 
about future pandemic strains, but their effectiveness may not be satisfactory 
if there is a bad match between the actual pandemic strain and the vaccine 
[76].  

Prevention and Treatment of IAV in Humans  
Antiviral drugs can be used either prophylactically to prevent infection, or to 
reduce viral replication and duration of illness post-infection [77]. Antivirals 
play a particularly important role in the treatment of severely ill patients with 
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influenza, and in the event of a pandemic when pre-existing immunity is 
lacking and an appropriately matched vaccine is unavailable [78]. 

Vaccination 
Vaccination against seasonal influenza is usually efficient. The WHO selects 
appropriate vaccine strains based on worldwide influenza surveillance data 
and identification of strains most likely to circulate during the impending 
influenza season [79]. A universal vaccine providing a long lasting immunity 
would be ideal, but such vaccine does not exist yet [50]. The current strate-
gies of preparing vaccines take more than 6 months. Consequently, vaccines 
will not be available for controlling the first wave of a pandemic. Antivirals, 
therefore, are the first line of defence in the face of an influenza pandemic 
[50].  

Drugs  
In the 1960s, the adamantanes comprising amantadine (Symmetrel®) and 
rimantadine (Flumadine®), were introduced for treatment of IAV. By block-
ing the M2 protein proton channels that enable the influx of protons into the 
virion and the subsequent disassociation of ribonucleoproteins , the drugs 
inhibit viral replication [80, 81].  

In the late 1990s, a new class of anti influenza drugs, the neuraminidase 
inhibitors (NAIs) were introduced, now comprising the oral oseltamivir 
(Tamiflu™), the parenteral and intravenous (IV) peramivir (Rapivab®, 
Rapiacta®), and the inhaled zanamivir (Relenza®) and laninamivir 
(Inavir®) [82]. Phase III studies of IV zanamivir (ZA) have recently been 
completed, but it is not approved yet, other than under emergency use au-
thorization [83-85]. 

A novel drug, favipiravir, is on clinical trial and is a potent inhibitor of 
the influenza virus polymerase [86]. 

The Neuraminidase Inhibitors  
Despite the debates of their usefulness, NAIs constitute the dominating class 
of  anti influenza drugs [87-89]. These drugs act by binding to the neuram-
inidase, inhibiting binding of its natural substrate sialic acid. Currently, OS 
and ZA are the two main drugs used globally. Peramivir (PE) is approved in 
the U.S.A., China, Japan and South Korea and laninamivir (LA) only in Ja-
pan [90, 91].  

The mechanism of action is similar within the NAI class, but differences 
in binding site and structure between the drugs exist. ZA has a guanidino 
group that binds to a pocket in the catalytic site of the neuraminidase en-
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zyme, at residues Glu119, Asp 151 and Glu227. LA also contains a guanidi-
no group and acts similarly to ZA. OS interacts with the side chain Glu276 
on the NA, causing a relocation of the side chain, allowing the pentyl ether 
moiety of the drug to bind to a hydrophobic pocket at the enzymatic site of 
the neuraminidase. PE has the combined properties of ZA and OS as it pos-
sesses both the guanidino and the pentyl ether groups. On-site dissociation 
studies indicate that PE remains tightly bound to the NA for a longer time 
than ZA and OC, which dissociates faster from the enzyme [92]. 

Additive and surprisingly even possible synergistic effects of combination 
therapy with OS and PE have been observed both in vivo and in vitro. Syn-
ergy is generally expected for compounds having different modes of antivi-
ral action [93]. Combination therapies of NAIs and drugs from other classes 
such as the adamantanes are also promising [94].  

Pharmacokinetics 
OS is an oral pro drug and is to a large extent converted to the active metab-
olite oseltamivir carboxylate (OC) in the liver [95]. OC is readily excreted in 
the urine [96]. Of a IV ZA dose, 90% is excreted in urine as unchanged drug, 
suggesting that ZA is not metabolized or biotransformed [97]. PE is not ex-
tensively metabolized in human and is mainly eliminated via the kidneys 
[98]. 

Neuraminidase Inhibitors in the Environment 
OC and ZA exhibit high photostability and slow degradation in water [99-
102] and are not removed efficiently from waste water by conventional 
waste water treatment plants (WWTPs) [103]. Consequently, NAIs have 
been detected in the effluents from WWTPs and in rivers [103-107]. Levels 
of 11 ng/L PE have been measured in Japan [107]. The highest OC level 
(557 ng/L) during a seasonal influenza was detected in Osaka, Japan [103] 
and environmental levels of OC (865 ng/L) was detected in Neya River, 
Osaka, Japan, during the 2009pdm [105]. Ozonisation has proven to be high-
ly efficient in removing NAIs from waste water by degradation [106, 108-
110], possibly providing a future solution to the potential risks associated 
with the drugs in the environment. 

Resistance to Anti-Influenza Drugs  
Resistance to Adamantanes 
From 1994 to the 2003-04 influenza season, the incidence of adamantane 
resistant H3N2, H1N1 and H1N2 viruses world wide rose from 0,4% to 
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12,3%. Most of the resistant viruses were isolated in Asia [111]. An increase 
in the U.S.A. was observed in 2004-05, when 47% of 152 H3N2 patient 
isolates were amantadine resistant, followed by 92% of 209 samples the 
following season [112, 113]. By 2013, H1, H3, H5, H7 and H9 subtypes 
with specific resistance-associated mutations exhibited high level resistance 
to adamantanes. Resistance in H2, H4, H6, H10, and H11 was rarer. No ad-
amantane resistance was identified among HA subtypes H8 and H12–H16 
[114]. Due to the wide spread resistance to adamantanes, current recommen-
dations for influenza treatment in humans do normally not include these 
drugs [50]. 

Resistance to Neuraminidase Inhibitors 
A few studies on the emergence of NAI resistance have failed to detect re-
sistance development in laboratory animals [115, 116]. In other studies, re-
sistance development has been slow, requiring several passages in cell cul-
ture [117]. In 2015-2016, more than 99% of the viruses tested by WHO were 
susceptible to all four NAIs (OS, ZA, PE and LA) [118]. 

Mutations conferring resistance to NAIs emerge at two locations on the 
NA; on the catalytic site or on the so called framework residues, which are 
not in contact with the drug itself, but play important structural roles [119]. 

Regarding development of resistance to NAIs, the N1 and the N2 group 
behave differently. Adjacent to the catalytic site of NAs from group 1 is the 
large 150 cavity, which exists due to structural differences between the two 
N groups at residues 119, 149, and 151. The cavity closes on ligand binding 
[120]. N2 viruses lack the cavity and this variation between the two groups 
matters for drug binding and the residues involved in resistance to NAIs. 
Consequently, N2 viruses are more sensitive to OS and N1 viruses are more 
sensitive to ZA [121, 122]. Resistance mutations to NAIs in influenza NA 
are generally both drug and virus subtype specific [123, 124]. Many muta-
tions conferring resistance to one NAI, reduce susceptibility to others as 
well. Resistant viruses with substitutions in framework residues 119 or 275 
are thought to be able to retain susceptibility to other NA inhibitors, whereas 
replacement of functional residue 152 or 293 is thought to lead to variable 
levels of cross-resistance [125].  

Oseltamivir Resistance 
The most common NA mutation conferring resistance to OS is H275Y (N1-
numbering, H274Y in N2-numbering). Viruses with this mutation exhibit 
high level of resistance [126]. During the first three years after introduction 
of the drug, resistance levels were low [127]. However, human to human 
transmission of the mutant H1N1 strain was established and during the 2007-
08 season, the prevalence of seasonal H1N1 viruses with the H275Y muta-
tion increased rapidly, with surprisingly high prevalence in Norway, were 
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NAI use was very limited [128-130]. Contradictory to expectations, despite 
the fact that by 2009 more than 70% of global OS doses were administered 
in Japan, markedly lower prevalence of resistant H1N1 was detected here 
during 2007 and 2008 [131]. Of great concern, a year later, by the end of the 
2008–09 season,  approximately 98% of seasonal H1N1 isolates tested 
worldwide exhibited resistance to OS [132]. In 2009, the seasonal H1N1 was 
outcompeted by the H1N1 2009 pandemic, which fortunately was suscepti-
ble to OS. Since, the H275Y mutation has increased in circulating 
(H1N1)pdm09 viruses [133].  

Zanamivir Resistance  
Reports of ZA resistance in clinical settings for both seasonal and pandemic 
viruses are few compared to those of OS resistance [134]. Passaging of 
H1N1 viruses under ZA pressure has occasionally failed to result in NA 
mutations conferring high level resistance to the drug [135, 136]. The limited 
number of reports on ZA resistance is likely explained by its higher structur-
al similarity to the natural NA sialic acid substrate, the lower use of this drug 
compared to OS and to the extremely high topical concentration delivered 
through inhalation [126, 137].  

Peramivir Resistance 
The H275Y mutation confers resistance to both OS and PE. This has been 
observed primarily in vitro [136, 138], with few clinical cases [139]. In vivo 
studies demonstrate the emergence of the mutant under PE pressure [140]. 
PE resistant A(H1N1)pdm09 viruses with the H275Y mutation have been 
reported both in countries with and without approved PE use [141, 142]. 
Contradictory to in vitro assessments, PE has occasionally provided a suc-
cessful treatment of the A/H1N1 H275Y variant [143].  

Fitness of Resistant Mutants 
Viral fitness can be defined as the summation of parameters that quantify the 
degree of virus adaptation to a given environment [144]. Early fitness studies 
concluded that NAI resistance mutations would lower the fitness of the virus 
sufficiently for it to be outcompeted by the wild type viruses [117, 145-147]. 
It was considered unlikely that such strains would spread throughout the 
community [148]. The field has changed dramatically in that perspective and 
numerous evidence of competitive mutant viruses, including H1N1/H275Y, 
exist [145, 149-152]. 
A higher fitness cost is occasionally seen in vivo than in vitro; the R293K 
mutation lowers fitness in vivo in H3N2 and H7N9 [147, 153, 154], but the 
opposite is seen in vitro using reverse genetics for R293K [155]. Similarly, 
in the same study, R152K, D198N, and H275Y in A(H1N1)pdm09 were 
stable in vitro but not in vivo [155]. 
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Several permissive mutations in NA compensating for potential fitness cost 
of resistant mutations have been identified. Almost all recently circulating 
OS resistant A(H1N1)pdm09 viruses in China, Japan and U.S.A. possessed 
the V241 and N369K NA mutations known to increase replication and 
transmission fitness [133, 156]. I223R, D344N, R194G and E214D are also 
able to compensate for the fitness deficiency of the H275Y mutant [157-
159]. V234M and R222Q increase total surface-expressed activity for NAs 
both with and without H275Y in seasonal human H1N1[160] and I223R 
even provides a synergistic effect on drug resistance when combined with 
H275Y in A(H1N1)pdm09 [161]. Retained or increased fitness in resistant 
viruses has also been suggested to result from mutations in HA [162] or an 
optimized balance between HA and NA [129]. 



21 

Hypothesis 

Neuraminidase inhibitors are excreted from treated patients and after escap-
ing WWTPs they can be detected in rivers. Thus, the natural reservoir of 
IAV i.e. water fowl, are exposed to the drugs. As the LPAIV infection is 
intestinal in the natural host and the birds drink and feed in the water, the 
LPAIVs are directly exposed to low concentrations of NAIs. We hypothesize 
that mutations conferring reduced susceptibility to OS, ZA and PE can 
emerge under drug pressure in the water environment of Mallards infected 
with LPAIVs of both the N1 and the N2 group of NAs. Further, we hypothe-
size that these mutations can be sufficiently competitive to remain in the 
viral population even in the absence of drug pressure.  

The potential implications of such a chain of events are concerning and 
have previously been noted [163]. Resistant strains of Mallard LPAIV could 
potentially reassort with human adapted viruses and the resistance be estab-
lished in human IAVs. Direct transmission following infection in poultry is 
another route by which the human population could be exposed to NAI re-
sistant IAVs. As the first line defence in either of the two above scenarios is 
NAI stockpiles, NAI resistance would have a major negative impact. 
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Aim 

General Aim 
The overall aim of this doctoral project is to address the concern of re-
sistance development in LPAIVs of Mallards exposed to the NAIs OS, ZA 
and PE in their water. To test the hypothesis, an experimental model with 
Mallards has been set up, allowing assessment of the effects of different 
NAIs in various concentrations on different LPAIV subtypes infecting Mal-
lards exposed to the drugs. Within this doctoral project, studies of resistance 
development of LPAIV H7N9 to OS and of H1N1 and H4N2 to ZA and PE 
have been performed.  

Specific Aims 
 
Paper I:  To study resistance development in an H7N9 LPAIV exposed 

to OC. 
 
Paper II:  To study the potential of H1N1 LPAIV acquiring ZA re-

sistance in response to ZA exposure, and the persistence of 
such resistance in response to removed drug pressure. In addi-
tion, to assess the persistence of an OC-resistant 
H1N1/H275Y variant under ZA pressure and possible addi-
tional ZA-related substitutions. 

 
Paper III:  To study resistance development in a H4N2 LPAIV exposed 

to ZA and the persistence of such resistance. 
 
Paper IV:  To study PE resistance development in H1N1 and H4N2 

LPAIV exposed to PE.  
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Materials and Methods 

Mallards 
Newly hatched mallards were purchased from a commercial breeder in early 
summer each year and reared either at SVA or a private breeder during 
summer. They were introduced to the experiments at ages between 10 weeks 
and six months. All birds were male. The experiments were performed at 
SVA, with ethical permits from the Ethics Committee on Animal Experi-
ments in Uppsala, permit C201/11, C63/13  and C20/14. To exclude previ-
ous exposure to AIV, all birds were tested by blood serology (FlockCheck, 
Avian Influenza Virus Antibody Test Kit, IDEXX, Hoofddorp, The Nether-
lands). In addition, PCR detection of viral shedding in faeces was performed 
prior to inclusion in the experiments. The interior of the experimental rooms 
was carefully designed to promote the natural behaviour of the birds.  

The Mallard Model 
The Mallard model was developed approximately ten years ago in Uppsala 
and several research articles have been published [164-169]. In the model, 
the natural course of water fowl infection with LPAIV is mimicked. In 
summary, birds are initially artificially infected with LPAIV and subsequent-
ly, unexposed birds are regularly included in the experimental setting, allow-
ing prolonged replication of the inoculated strain in the flock. NAIs are add-
ed to the water source of the birds and faecal samples are collected daily.  

The model is set up at a BSL 2 facility at the Animal House at The Na-
tional Veterinary Institute in Uppsala. Male Mallards (Anas platyrhynchos) 
of minimum 10 weeks of age and with no previous exposure to IAV are in-
cluded in the experiments. In the experimental room, the birds can roam 
freely and are provided with ad libitum access to water and feed. The sole 
water source is constituted of a 170 L pool where the birds drink, swim and 
excrete faeces. Different concentrations of NAIs are added to the water, 
which is changed and sampled daily.  

Birds are introduced to the experiment in generations (Figure 1). Each 
generation comprises two Mallards. Mallards in the first generation are inoc-
ulated with LPAIV with injection of 1 ml of virus suspension cultured in 
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embryonated chicken eggs (ECE) in their oesophagus at day 0 and released 
into the experimental room. Subsequent generations are not inoculated but 
naturally infected by the previous generations. The infection is allowed to 
establish in the first generation for two days. Three days post inoculation 
(p.i.), the second generation of birds are introduced, allowing natural trans-
mission of the LPAIV replicating in the first generation and interaction of 
generations for 48 hours. Five days p.i., the first generation is removed from 
the experiment and euthanized. After 24 hours of generation two residing 
unaccompanied in the room, the third generation is introduced and conse-
quently naturally infected by the replicating LPAIV of the second genera-
tion. Similarly to generation one, generation two is euthanized after five days 
in the experiment. This pattern of introducing and excluding overlapping 
generations is maintained throughout the experiment, with varying numbers 
of generations depending on the design of each specific experiment.  

Faecal samples are collected daily by placing each bird in separate single 
use card board boxes were the bird excrete. On rare occasions when no defe-
cation occurs, cloacal swabbing is performed.  

 
 

 
Figure 1. Set-up of the Mallard model. Dpi = days post inoculation. NAI = Neuram-
inidase inhibitor. LPAIV = low pathogenic avian Influenza A virus. 
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Viral Isolation and Typing 
The LPAIV isolates for inoculating the first generation originated from wild 
Mallards captured at the Ottenby bird research station on Öland. These orig-
inal fecal samples were isolated in 11 day old specific pathogen free ECEs, 
as were experimental fecal samples dedicated to follow-up experiments and 
neuraminidase susceptibility testing. AIV isolation in ECE provides high 
sensitivity and high viral titres and is the preferred method before cell cul-
tures [170, 171]. Cell cultures with chicken embryo fibroblasts can also be 
used, as well as Madin-Darby canine kidney (MDCK) or Vero cells, but the 
latter two are generally more suited for influenza of mammalian origin 
[170]. Embryonated eggs from ducks, turkeys or Mallards are alternatives to 
ECE, but the  differences are small [172-174].  

Virus in the harvested allantoic fluid was detected by haemagglutination 
using turkey (paper I) or chicken (paper II-IV) erythrocytes. On average, 
105-106 50% egg infectious dose (EID50)/ml is required for hemagglutination 
to occur [175]. The original isolates from wild mallards 
(A/mallard/Sweden/51833/2006 (H1N1) and A/mallard/Sweden/80190/2008 
(H4N2)) were further HA typed using a haemagglutination inhibition assay 
and NA typed by PCR amplification using universal primers targeting con-
served NA regions followed by sequencing [176]. 

Drugs 
ZA for paper II and for exposure experiments in paper I was purchased lo-
cally as Relenza®. ZA for paper III, persistence experiments in paper I and a 
13C-15N2-labeled ZA for ZA quantification, was obtained from Glax-
oSmithKline (London, UK). OC was obtained from F. Hoffman-La Roche 
AG (Basel, Switzerland). PE was purchased from Chemleader Biomedical 
Co. (Shanghai, China). The drugs were dissolved in double-distilled water 
and the stock solutions were stored at -20°C. 

Nucleic Acid Amplification 
Nucleic acid amplification of the NA is required to obtain NA sequences. 
The first step of the polymerase chain reaction (PCR) is the extraction of 
nucleic acid from the samples. As IAV is a RNA virus, the extracts need to 
be reverse transcribed to complementary DNA prior to amplification. This 
was done with a reverse transcriptase enzyme included both in the real-time 
and the conventional reverse transcriptase PCRs used in this work.  
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RNA Extraction 
In order to detect AIV in experimental fecal samples and isolates and to ob-
tain NA sequences, successful extraction and purification of RNA is the first 
and crucial step. As fecal samples are more complex in their composition 
than isolates, RNA extraction of these is more difficult. They contain 
RNases in abundance that degrade RNA and the extraction method must be 
able to successfully inactive these and remove PCR inhibitors. In this work, 
two well-known methods have been used; a magnetic bead based method 
and a method using an organic solvent (trizol). In paper I and in the exposure 
experiments in paper II, viral RNA was extracted with an automated magnet-
ic bead method using a Magnatrix 8000 extraction robot (Magnetic Biosolu-
tions, Stockholm, Sweden) with a Vet viral RNA kit (NorDiag ASA, Oslo, 
Norway). Some samples with low yields of NA PCR amplicons were re-
extracted from fecal samples with trizol (Life Technologies). In all other 
experiments, viral RNA was extracted using a magnetic bead based Maxwell 
16 Research Instrument (Promega, Fitchburg, WI, USA) with the Maxwell 
16 Viral Total Nucleic Acid Purification Kit, according to the manufactur-
er’s instructions. 

Real-time Reverse Transcriptase PCR 
In order to detect IAV infection in the fecal samples, a real time reverse tran-
scriptase polymerase chain reaction (rRT-PCR) was performed. The validat-
ed rRT-PCR methods for AIV detection are fast, inexpensive and have high 
sensitivity and specificity. In this work, both the primers and the probe are 
designed to target the highly conserved matrix gene of the IAV, which al-
lows the method to detect all IAV subtypes in the sample but makes subtyp-
ing impossible. The probe is dual-labelled with a dye in each end; a fluoro-
genic reporter dye (FAM, 6-carboxyfluorescein) on the 5´end and a quencher 
dye (Black Hole Quencher-1) on the 3´end [177]. The reporter dye emits 
fluorescence, but the light is absorbed by the quencher dye when it is in 
close proximity. The rRT-PCR instrument detects the fluorescent signal in 
real-time when the probe anneals to the amplicon and extension occurs, 
cleaving the reporter dye from the probe and allowing separation from the 
quencher dye. As the strength of the signal correlates to the amount of PCR 
product, the rRT-PCR method is quantitative by its nature.  

In our studies, we used the iScript one-step RT-PCR kit for probes (Bio-
Rad) in a Corbett Rotor-Gene 2000 thermo cycler (Qiagen, Hilden, Germa-
ny).  
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Reverse Transcriptase PCR 
On rRT-PCR positive samples, a reverse transcriptase PCR (RT-PCR) tar-
geting the NA gene was performed with the Superscript III one-step RT-
PCR kit with Platinum Taq High Fidelity DNA polymerase (Life Technolo-
gies/Thermo Fisher Scientific, Waltham, Massachusetts, U.S.A) in order to 
amplify the gene for sequencing. In-house primers were used (Table 1) and 
the protocols were optimized specifically for H7N9 (paper I), H1N1 (paper 
II and IV) and H4N2 (paper III and IV). PCR product confirmation was done 
by gel electrophoresis and purification by ExoSAP-IT (Affymetrix Inc., Cal-
ifornia, U.S.A) 

 

Table 1. Primers for NA targeting in RT-PCR and NA sequencing  

Sequencing 
Standard Sanger sequencing of fecal samples and isolates was performed by 
Macrogen Inc. and the data analysed with the Seqscape soft ware, version 
2.7 (Applied Biosystems/Thermo Fisher Scientific, Waltham, Massachusetts, 
U.S.A). Sanger sequencing is cheap and reliable, and gives adequate data to 
answer most research questions in this thesis (presence/absence of mutation). 
More modern techniques, such as whole-genome sequencing has advantages 
in certain respects (e.g. [178]) and could be considered to address specific 
questions such as proportion of mixed genotypes. However, due time and 
cost constraints, only Sanger sequencing was used throughout this work. 
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With Sanger sequencing, small subpopulations, in which e.g. the wild type 
genotype has re-emerged, can go undetected. Any proportion of an addition-
al peak at a specific location in the electropherogram is considered as mixed 
genotype in this thesis. 

Testing for NAI Resistance 
In order to test for NAI resistance, genotypic and/or functional NA inhibition 
(NI) assays can be performed. Genotypic analysis detects NA mutations 
known to affect drug susceptibility. Several modified real time reverse tran-
scriptase PCRs can be used for detection of H275Y [179, 180]. Pyrosequenc-
ing is a real time DNA sequencing technique which has been successfully 
developed to offer a rapid detection of resistance markers, also in mixed 
populations. It can be applied on both grown viruses and clinical specimens, 
which reduces the time needed for testing [181, 182]. These methods can not 
be applied if the mutation conferring reduced susceptibility to the drugs is 
unknown.  
 
NI assays determine the NAI concentration required to inhibit NA activity 
by 50% (IC50 value) and is the gold standard method of assessing susceptibil-
ity to NAIs [183-185]. Among the NI assays, chemiluminescent and fluores-
cent assays are the most commonly used [186]. Fluorescent assays are less 
expensive and more flexible but no universal standard protocol exists  [187]. 
These methods are labour intensive, complex and require cell propagation in 
e.g. ECEs. Recently, more rapid methods like the surface plasmon resonance 
assay and the influenza antiviral resistance test are being developed [188, 
189]. 
 
In this work, phenotypic susceptibility of isolates to NAIs was assessed by 
the FL functional NI assay using the fluorogenic 20-(4-methylumbelliferyl)-
α-D-N- acetylneuraminic acid (MUNANA) substrate (Sigma-Aldrich, St 
Louis, Missouri, U.S.A), which was developed in 1979 [190]. In the reac-
tion, NA hydrolyses the substrate, resulting in fluorescence proportional to 
the NA enzyme activity [191]. In study I and II, we used a MUNANA proto-
col by the European network for management of drug resistant viruses Virgil 
Clinvir [192]. In study III, we used an updated version provided by the Res-
piratory Virus Unit, Health Protection Agency in London by 

[193]. In all studies, fluorescence signal was determined in an Infinite 
M1000 PRO micro plate reader (Tecan Group Ltd, Zürich, Switzerland) and 
the IC50s were determined from the best-fit dose-response curves using 
Prism 6 software (GraphPad Software, Inc, La Jolla, California, U.S.A). 
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Statistic Testing 
In study I, hypothesis testing on equal IC50 means was done with a two sam-
ple (unpaired) t-test. In study II and III, the non-parametric Mann-Whitney 
U-test was applied. Hypothesis testing was performed using the Prism 6 
software (GraphPad Software, Inc, La Jolla, California, U.S.A). 
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Results 

Study I 
To assess the potential of an avian LPAI H7N9 virus to develop NAI re-
sistance, Mallards were infected with a LPAIV H7N9 in which the H7 and 
N9 genes were found to be phylogenetically related to European wild water-
fowl viruses. The experiment comprised seven overlapping generations, a 
total of 23 days and stepwise increase of the OC concentration from the ini-
tial concentration of 2.5 µg/L. Viral replication and shedding was successful 
in the first five generations at the lower concentrations (2.5 µg/L followed by 
7.2 µg/L of OC from day 9). No transmission occurred to generation six and 
seven when the OC concentration was increased to 24 µg/L from day 18.   
 
The NA substitution I222T was detected within 2 days, at 2.5 µg/L of OC 
and from day 5 it was the dominant genotype. The substitution generated 8-
fold and 2.4-fold increases in the IC50s for OC and ZA, respectively 

Study II 
In paper II, an H1N1 LPAIV was introduced in the Mallard model and ex-
posed to ZA in three exposure experiments at different ZA concentrations. In 
addition, the study included persistence experiments with the viral strains 
with NA substitutions that emerged in response to ZA exposure and a com-
bined exposure and persistence experiment with an OC resistant H1N1 
LPAIV from previous experiments carrying the H275Y NA substitution 
[164, 168]. The substitution has previously persisted in the Mallard model 
without OC pressure [168]. 

Exposure and Persistence of LPAIV H1N1  
Three different exposure experiments were  performed, using three different 
concentrations of ZA.  At 1 µg/L of ZA, no NA substitutions were observed 
(Figure 1A). At the two higher concentrations, the R152K and D199G (10 
µg/L) and V116A, A138V, R152K and T157I substitutions (100 µg/L) 
emerged (Figure 1B and 1C). On a few occasions, the V116A and A138V 
substitutions were detected in dominant genotype, but generally all substitu-
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tions were found in mixed genotype with the wild-type. The ZA IC50s in-
creased between 1.4-5.8-fold, not meeting the WHO criteria for reduced 
inhibition, in contrast to OC IC50s for H1N1/D199G and H1N1/R152K that 
increased 24- and 67-fold, respectively (rest between 5.1-9.0). 

The persistence of all five substitutions in the absence of ZA was assessed in 
five separate experiments were drug pressure was decreased from 10 to 1 
µg/L and finally completely removed (Figure 2A-E). None of the substitu-
tions fully persisted. The V116A, R152K and D199G substitutions were not 
detected by the end of the experiments. The A138V and T157I substitutions 
were detected, but both had begun conversion to mixed genotype, making 
long-term persistence highly unlikely.  
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Figure 2 (A-C). Neuraminidase substitution results from exposure experiments at 
three water concentrations (A) 1µg/L, (B) 10 µg/L and (C) 100 µg/L. 51833/ wt 
refers to the inoculated virus, i.e. A/mallard/Sweden/51833/2006 (H1N1). In the 1 
µg/L experiment, a total of eight birds were included, in the 10 and 100 µg/L exper-
iments, four birds each were included. The birds were grouped two and two in gen-
erations. Two and four substitutions emerged in the 10 and 100 µg/L experiments 
respectively. One panel is given for each substitution and thus the 10 and 100 µg/L 
experiments contain two and four panels respectively but display the results of only 
one experiment with each zanamivir concentration. Abbreviations: dpi = days post 
inoculation, ZA = zanamivir. In the figure legend “Wild-type” indicates only wild-
type observed at the amino acid residue, “Mixed” indicates mixed genotype contain-
ing wild-type and relevant substitution in various proportions, and “Dominant” indi-
cates only relevant substitution observed at the residue. “Neg/ns” indicates negative 
sample or no sequence acquired.  
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Figure 3 (A-E). Neuraminidase substitution results in the five persistence experi-
ments. Six birds were included in each experiment, grouped two and two in three 
generations. Two or three substitutions emerged in three of the experiments; the 
corresponding figures b, d, and e thus contain two or three panels respectively but 
still represent one experiment per figure. Abbreviations: dpi = days post inoculation, 
ZA = zanamivir. In the figure legend “Wild-type” indicates only wild-type observed 
at the amino acid residue, “Mixed” indicates mixed genotype containing wild-type 
and relevant substitution in various proportions, and “Dominant” indicates only 
relevant substitution observed at the residue. “Neg/ns” indicates negative sample or 
no sequence acquired. 

Combined Exposure and Persistence Experiment with OC-
resistant H275Y  
In this extensive experiment of 17 generations of birds, ZA drug pressure 
was first stepwise increased from 1 to 100 µg/L and then decreased to 0 µg/L 
(Figure 3). The R152K and D199G substitutions emerged at 10 µg/L but 
were not detected by the end of the experiment. The H275Y substitution was 
detected in dominant genotype throughout the experiment. Isolates harbour-
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ing D199G and/or R152K had a significantly higher IC50 compared to iso-
lates with only H275Y, both regarding ZA (up to 17-fold increase) and OC 
(up to 13.000-fold increase). 

 

Figure 4. Neuraminidase substitution results 
in the combined exposure and persistence 
experiment using the OC-resistant 
51833/ H275Y. A panel is indicated for each 
resistance-related substitution that emerged 
in the experiment. The H275Y substitution 
was detected in dominant genotype through-
out the experiment and is not included in the 
figure. Abbreviations: dpi = days post inocu-
lation, ZA = zanamivir. In the figure legend 
“Wild-type” indicates only wild-type ob-
served at the amino acid residue, “Mixed” 
indicates mixed genotype containing wild-
type and relevant substitution in various 
proportions, and “Dominant” indicates only 
relevant substitution observed at the residue. 
“Neg/ns” indicates negative sample or no 
sequence acquired. 
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Study III 
Since N1 and N2 types IAVs have different characteristics, this study inves-
tigated the response of an N2 type LPAIV (H4N2) to ZA in three separate 
experiments (1, 10 and 100 µg/L of ZA) in the Mallard model, followed by 
one persistence experiment (Figure 4). Each exposure experiment comprised 
four generations of birds. Two substitutions emerged in the first generation, 
the H275N (4.3-fold increase in ZA IC50) and E119G (105-fold increase in 
ZA IC50) at 10 and 100 µg/L of ZA, respectively. Reversion towards wild 
type was observed for the H275N substitution in the persistence experiment 
with removed drug pressure.  
 

 
Figure 5. NA genotype re-
sults in the three exposure 
experiments (1, 10 and 100 
µg/L of ZA) and in the 
80190/H275N persistence 
experiment. Dpi=days post 
inoculation/introduction. In 
the figure legend “Wild-
type” indicates only wild-
type observed at the amino 
acid residue, “Mixed” indi-
cates mixed genotype con-
taining wild-type and rele-
vant substitution in various 
proportions, and “Dominant” 
indicates only relevant sub-
stitution observed at the 
residue. “Neg/ns” indicates 
negative sample or no se-
quence acquired. 
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Study IV 
In this study the resistance-driving potential of PE in both an N1 and N2 
type virus was assessed in the Mallard model. Mallards were infected with 
an H1N1 or H4N2 LPAIV while exposed to 10 ng/L, 100 ng/L, 1 µg/L, or 
10 µg/l of PE in their sole water source for three or four generations. Expo-
sure to 10 and 100 ng/L did not result in resistance-related substitutions, 
while exposure of H1N1 to 1 µg/L resulted in acquisition of H275Y. The 
substitution was first detected as a sub-population of virus 4 dpi in one of the 
birds and rapidly outcompeted wild-type. 1 µg/L (for H4N2) and 10 µg/L 
(for H1N1 and H4N2) of PE in the water effectively inhibited viral replica-
tion. In the H4N2 experiments, neither exposure to 10 ng/L nor 100 ng/L of 
PE resulted in any substitutions in the NA gene. 

In a persistence experiment, we also infected Mallards with an H275Y-
carrying H1N1 IAV while exposed to rapidly decreasing concentrations of 
PE, followed by repeated replication and transmission without drug pressure; 
only the H275Y substitution and no wild-type was detected throughout the 
experiment. 
 
 



 37 

Discussion 

Neuraminidase Gene Substitutions Found in the Studies 
The H275 Residue 
The 275 residue is a well-known resistance hotspot; the H275Y substitution 
is well-described in N1 viruses and confers high-level resistance to OC [118, 
164]. In this work, histidine (H) at NA position 275 was replaced by tyrosine 
(Y) in a H1N1 LPAIV and asparagine (N) in a H4N2 LPAIV, in response to 
OC and ZA drug pressure, respectively. The two different substitutions at the 
same position in two different NA subtype viruses resulted in different NAI 
susceptibility profiles of the viruses. The H275Y substitution rendered H1N1 
highly resistant to OC, while H275N in H4N2 had only a minor effect on ZA 
IC50. This was expected, as replacement with larger side chain residues like 
tyrosine is known to reduce NA sensitivity to OC, while smaller side chain 
residues like asparagine have no or even the opposite effect on NA sensitivi-
ty [123].  

The H275Y mutation is the most common resistance mutation in the N1 
subtype and was detected in human H1N1 in the absence of selective drug 
pressure within the first three years of NA use (1999-2002) [126, 127]. Be-
fore that, it was isolated in humans experimentally infected with H1N1 and 
treated with OS and it has been found in circulating seasonal H1N1 and 
H1N1/pdm09 viruses in recent years [156, 194, 195].  

The H275N substitution/mutation is much less frequently reported. It has 
been detected in human H3N2, exhibiting an elevated ZA IC50 and has been 
found to confer reduced ZA sensitivity in H1N1 [123, 128]. 
 

The I222T Substitution 
In paper I, a H7N9 LPAIV was assessed in the Mallard model and exposed 
to OC. The NA I222T substitution was detected after 2 days of 2.5 µg/L OC 
exposure in the first mallard generation passage and rapidly became the 
dominant genotype. The result is interesting, since the 222 position of the 
NA is a framework residue [119] and is regarded as one of the key markers 
to monitor because of its ability to increase drug resistance by combining 
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with other mutations [196]. I222 substitutions are not NA group specific and 
can reduce drug susceptibility in both N1 and N2 viruses [137]. 

In vivo induction of NA I222T in mice in response to low-dose OC expo-
sure has been observed in another N2 group virus, H3N2 [197].  

Several other substitutions at the 222 position affect drug susceptibility. 
The multi drug resistant I222R A(H1N1)pdm09 mutant emerged under drug 
pressure [159, 198] but has also been isolated from patients with no previous 
exposure to NAIs [199]. The substitution reduces susceptibility to OS both 
in combination with the H275Y mutation and independently [159, 161]. An 
I222V substitution has been isolated from birds [200]. In human H7N9, 
I222R and I222K variants have been described following OS treatment, 
causing reduced inhibition by OS [201].  

Substitutions in H1N1 Exposed to ZA  
In paper II, exposing H1N1 LPAIV to 10 µg/L of ZA resulted in the emer-
gence of the R152K and D199G substitutions. The two substitutions 
emerged at 10 µg/L also in the extensive combined exposure and persis-
tence experiment using the OC-resistant 51833/ H275Y. The R152K substi-
tution emerged also in the wild-type H1N1 in the 100 µg/L exposure exper-
iment, as did V116A, A138V and T157I.  

To our knowledge, the A138V and T157I substitutions have not 
 previously been reported in IAVs. The other substitutions have been report-
ed, mostly with only small increases in ZA IC50, as in our work, with a few 
exceptions of substitutions at 152 and 199 positions occasionally conferring 
more marked increases [122, 125, 138, 155, 183, 196, 202-211]. The studies 
in this thesis further indicate substitutions at positions 152 and 199 as giving 
rise to a more marked IC50 increase.  
 
High-level resistance to ZA has proven difficult to detect when passaging 
H1N1 virus in the presence of the drug, this is likely explained by the high 
structural similarity of ZA to the natural NA sialic acid substrate [126, 135-
137]. Most of the IC50s of the isolates from either the exposure or persistence 
experiments in paper II did not meet the WHO criteria for reduced inhibition 
(10-100 fold increase in IC50) [212]. Thus, our results correspond well with 
previous in vitro studies.  

In contrast to the stability seen in the H275Y substitution conferring re-
sistance to OS in LPAIV H1N1, no such ZA substitutions dominating the 
population have been detected in H1N1 in the Mallard model. This is in con-
sistency with the higher resistance barrier of ZA observed in vitro and in 
vivo compared to OS, as alterations of the ZA binding site on the enzymatic 
site of the NA influences vital functions of the enzyme. Also, viruses of the 
N1 group seem to be more sensitive to ZA while N2 group viruses seem 
more sensitive to OS [121, 122].  
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The E119G Substitution in H4N2 Exposed to ZA 
In paper III, the E199G substitution emerged in H4N2 LPAIV in response to 
ZA pressure (100 µg/L), exhibiting a 105-fold increase in ZA IC50 (highly 
reduced inhibition). The acquisition of E119G in response to ZA-exposure 
and the magnitude of IC50 increase seen in our study are in line with previous 
data. The substitution has been described in avian H4N2 and H5N1, as well 
as in human H1N1/pdm09 virus both in vivo and in vitro, in all cases confer-
ring highly reduced inhibition by ZA [138, 155, 196, 213, 214]. Other substi-
tutions at the 119 residue have been repeatedly reported previously. The 
E119V substitution has emerged in N2 viruses in response to OC treatment 
in humans and is associated with OC resistance [215-217]. The E119D sub-
stitution has been obtained in vitro and in vivo in both N1 and N2 by ZA 
selective pressure [138, 218, 219]. The E119A substitution has been reported 
in N1 and N2 viruses [138, 218, 220]. Thus, it was not unexpected to find 
the E119G substitution as one of the mutations arising from ZA dug pres-
sure. 

Summary of NA Substitutions in LPAIVs Infecting Mallards 
Exposed to NAIs 
Taken together, in this thesis work several NA substitutions were detected in 
response to NAI exposure of infected Mallards. The substitutions include 
both well-known, well-described ones (e.g. H275Y and E119G) as well as 
previously not described substitutions (e.g. A138V and T157I). Although 
identical experiments were not performed with each of the NAIs, there 
seems to be a clear difference between OC and PE exposure (that gives rise 
to one specific substitutions in each viral strain used) and ZA exposure (that 
gives rise to several different substitutions in the same viral strain).  The 
multiple resistance-related substitutions seen during ZA exposure indicate 
lack of one straight-forward evolutionary path to ZA resistance as compared 
to OS and PE resistance. 

Viral Fitness 
Viral fitness was originally defined as the capacity of a virus to produce 
infectious progeny in a given environment [221]. Now, several types of fit-
ness are recognized, like replicative, competitive, transmission and re-
sistance fitness [222]. Fitness studies can be conducted in vivo in individual 
hosts or in vitro in cell culture. There are a variety of methods used to meas-
ure the different categories of fitness. Replicative fitness, for example, can 
be assessed amongst other methods by growth rate in vitro or estimated by 
calculation with mathematical models [115, 223, 224]. Even replicative fit-
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ness of individual virus particles can be performed, this by comparing the 
number of virions produced by each infected cell [225]. Epidemiologic fit-
ness is defined as the capacity of a virus to become dominant in the field 
relative to other variants of the same virus, while resistance fitness is the 
ability of a virus to replicate in the presence of antiviral drugs [222, 226]. 
Transmission fitness studies expose naive hosts to infected hosts in different 
animal models [227-229]. One type of fitness does not always match another 
type, e.g. the genotypes with most successful replication are not always most 
efficiently transmitted to new hosts [150, 230]. 
 
Many, but not all, NA substitutions decrease the viral fitness. Early in vitro 
research on IAVs resistant to OC and ZA indicated reduced viral fitness of 
the strains [117, 231, 232]. Today it is apparent that e.g. H275Y in H1N1 can 
have retained viral fitness [168, 195]. Factors affecting fitness/persistence 
are the genetic makeup in which a resistance mutation is induced and likely 
the type of substitution, where substitutions at framework residues are more 
easily compensated for than active site substitutions. 

 
In this thesis work, there are examples of both retained fitness and fitness 
decrease by NA substitutions. The H1N1/H275Y substitution showed a re-
tained fitness in paper II, consistent with previous results [168]. The large 
evolutionary space in the experiment (16 generations of birds) further adds 
evidence regarding retained fitness in this IAV strain. However, all other NA 
substitutions tested in this thesis work showed a decreased viral fitness as 
compared to the wild-type counterparts.  

 
The method used for fitness assessment in this thesis was replication and 
transmission of NA substitution-carrying strains in presence of decreasing 
levels of, followed by absence of, NAI drug pressure in the water environ-
ment of infected Mallards. An advantage of this methodology is that it is 
very in vivo-like, i.e. it mimics the natural situation of LPAIV circulation in 
dabbling ducks in between influenza outbreaks. The NA substitutions that 
did not persist in absence of NAI drug pressure displayed quite different 
dynamics in their reversion to wild-type. For example, the D199G substitu-
tion reverted to wild-type already 2 dpi when ZA concentration was lowered 
from 10 to 1 µg/L, whereas regarding the H275N substitution, the only sign 
of reversion was the presence of “mixed” genotype in two samples from the 
end of two different duck generations. However, both outcomes demonstrate 
reversion to wild-type, strongly indicating that these substitutions in these 
genetic backgrounds would not persist in the competitive situation of natu-
rally circulating LPAIVs. 

 
Regarding H275Y, we observed no signs of wild-type genotype i.e. no signs 
of wild-type reversion in paper II. A limitation with our methodology is that 
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the samples only were assessed with Sanger sequencing. This method is only 
capable to pick up a substantial proportion of viral subpopulation, likely in 
the magnitude of 10%. Therefore, we cannot exclude that a minor wild-type 
subpopulation existed. However, previous results using NGS [168] and the 
fact that there was plenty of evolutionary space for the wild-type subpopula-
tion to reach Sanger-detectable levels, strongly suggest that wild-type rever-
sion did not occur. Regarding H275Y in the previously circulating human 
seasonal H1N1, several permissive mutations have been demonstrated that 
allows the viral strain to accommodate H275Y without fitness loss [160, 
233, 234]. One potential explanation of the persistence of H275Y in our 
experiments may be that the LPAIV used in the experiments contains a sub-
stitution at the same position as previously demonstrated for the human sea-
sonal H1N1 strain [160]. The virus used in our experiments contain aspara-
gine (N) at the 222 position whereas the amino acid demonstrated in the 
seasonal H1N1 was glutamine (Q) –however both the amino acids have 
similar electrochemical properties, and thus it can be speculated that they 
give rise to similar phenotypic effects. To validate this, further experiments 
using reverse genetics are needed. 
 
Regarding the E119G substitution in H4N2 in study III, N2 and N9 viruses 
with the same substitution have been reported to replicated to equal or great-
er titers in ECEs, compared to the parent virus [213, 235]. In N1, the E119G 
substitution has impaired fitness [152, 155, 196]. Persistence studies of the 
E119G-carrying H4N2 LPAIV from our experiments would be highly inter-
esting, but were unfortunately not feasible within the scope of this thesis due 
to time and financial constraints. 

IAV Infection in the Natural Host 
Wild waterfowl are the natural host for IAV and of these Mallards are con-
sidered the most important bird species. Mallards travel far distances and 
live in close vicinity to humans. This work is based on experiments per-
formed in an in vivo Mallard model that aims to mimic a natural situation 
where LPAIV is transmitted naturally between individuals and thus replicate 
continuously for a prolonged time. Several parameters in the model are con-
trolled in a way that cannot be achieved in a natural setting. For example, the 
experimental room is cleaned daily to promote transmission of the currently 
replicating strain and not transmission of “older” viral populations excreted 
earlier but still present in the room, especially in the water pool.. Additional-
ly, all birds are immunologically naïve to LPAIVs when they are introduced 
to the experiment. In the wild, the immunity profile of a bird population 
would be diverse and the result of the proportion of young and older birds, 
the season and geographic location. The diversity of the flock in terms of 
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age, health status and sex is much greater in the wild then in the experi-
ments. Furthermore, several LPAIV strains would be circulating at the same 
time in a wild Mallard population. All these factors affect the AIV dynamics 
in wild waterfowl. However, in order to examine the scientific questions 
posed in this work, the Mallard model is fit for the purpose as it allows natu-
ral replication and transmission with controlled experimental conditions. The 
results acquired from different experiment in the Mallard model are in anal-
ogy with each other, indicating stability and repeatability.  
 
In wild Mallards, there is a great variety of LPAIV subtypes and strains. As 
IAVs are separated into two phylogenetic groups (the N1 and N2 group) 
based on their NA, it was considered important to as a minimum investigate 
one representative from each phylogenetic group. 

Neuraminidase Inhibitors in the Environment 
NAIs have been detected at low concentrations in waters in Japan and Eu-
rope [236, 237]. In this work, the I222T NA substitution decreasing the OC 
sensitivity in a H7N9 LPAIV occurred at 2.5 µg/L of OC in the experimental 
water but an earlier study has found resistance development at 0.95 µg/L of 
OC [164]. The highest measured environmental levels of OC thus far is 0.87 
µg/L, detected in river water in Japan [103, 105]. How ever, the maximum 
estimated OC concentration during the outbreak of an influenza pandemic is 
1.5-2.6 µg/L, making it likely that environmental prerequisites for OC re-
sistance development in the environment exist [108]. Substitutions decreas-
ing ZA and PE sensitivity emerged at 10 and 1 µg/L of the drugs, respective-
ly. The highest measured environmental levels of ZA and PE are 59 ng/L 
and 11 ng/L, respectively, reflecting the limited use of the drugs thus far 
[103, 107].  
 
In this work, a very limited number of LPAIV strains have been investigated 
using wide gaps between NAI levels in the experiments for resource-
optimizing reasons. Considering the great diversity of subtypes and strains 
that circulate among wild waterfowl, it would be unwise to regard the re-
sistance inducing levels as representative. The number of strains and genetic 
variation of avian IAVs is much higher than that of human adapted viruses 
[11]. In addition, the number of measurements of NAI concentrations in 
aquatic environments are limited. There is an uncertainty if the detected con-
centrations are representative, i.e. how much they vary between different 
occasions and locations. Concentrations may occasionally be considerably 
higher. It is reasonable to assume that the concentrations are higher near the 
source of effluent. Also, during winter, these water bodies do not freeze and 
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thus, Mallards gather here, exposing the LPAIVs to the presumably highest 
NAI concentrations in the area.  

In light of the great variation in and lack of knowledge of relevant param-
eters, the risk for resistance development in the environment must not be 
neglected.  

Risk of Resistance Persisting in the Environment 
If mutations decreasing NAI sensitivity would emerge in the environment, 
would they be able to persist? As described above, the genetic background in 
which resistance substitutions occur likely determine their fitness effect. 
There is data regarding both human and avian IAVs indicating that H275Y 
can persist without drug pressure in certain H1N1 IAVs (see above). So if 
resistance substitutions occur in LPAIVs in the natural host, how likely is it 
that they will occur in a permissive genetic background, i.e. have the poten-
tial to persist without drug pressure? It is only possible to speculate regard-
ing this question, but several facts indicate that persistence potential in the 
natural host should not be exceedingly rare: 1) Although only one H1N1 
strain circulate in humans, the former seasonal H1N1 strain happened to 
have a permissive genetic background; 2) When the H1N1 LPAIV used in 
[164] was chosen, one random isolate from IAV surveillance of Mallards at 
Ottenby birding station [238] was chosen, and this strain happened to have a 
permissive genetic background; and 3) As LPAIVs circulating among natu-
ral hosts have a high diversity both in subtypes and in different strains within 
the same subtype, it seems more likely that at any given time, more permis-
sive IAV strains are circulating among birds than among humans, thus the 
chance of resistance persistence should be greater in birds, once it is in-
duced. 

Resistance Risk of Different Neuraminidase Inhibitors  
The results from this work indicate that ZA is the preferred NAI from an 
environmental perspective, as higher ZA than OS or PE concentrations were 
needed to induce substitutions reducing drug susceptibility. In addition and 
in contrast to the H275Y mutation, none of the tested ZA induced substitu-
tions persisted without drug pressure, making prolonged circulation of 
strains with these substitutions in wild birds highly unlikely. Clinical ZA 
resistance is still rare and this is partially explained by the higher resistance 
barrier of ZA, further indicating ZA as preferred to OS. The more conven-
ient oral formula of OS as compared to the inhaled ZA and injected PE, may 
promote excessive OS use. This would be unfortunate since ZA appears to 
be a better choice from a resistance development perspective. 
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Risk Reducing Actions  
Prescription of Neuraminidase Inhibitors 
NAI prescription varies throughout the world. A few years ago, Japan ac-
counted for over 70% of the global OS prescription [239, 240]. In recent 
years, the USA has become the highest consumer of OS followed by Japan 
and then Europe [241]. It is of importance that prescription of NAIs is made 
carefully and prudently in order to limit the amounts of the drugs being re-
leased into the environment. The benefits of NAI treatment in otherwise 
healthy adults with uncomplicated seasonal influenza are limited. Treatment 
reduces the time to first alleviation of symptoms by less than a day and has 
no effect on hospitalization [242]. How ever, among hospitalized patients, 
early administration of NAIs within 48 h of symptom onset seems to reduce 
the risk of mortality, and for immunocompromised, elderly, pediatric or 
gravely ill patients, NAI treatment is important [243, 244]. NAIs should 
therefore primarily be reserved for these patients.  

Waste Water Treatment 
Traditional methodologies applied in municipal WWTPs are often unable to 
remove various contaminants [245]. Regular waste water treatment proce-
dures allow OC to pass through the system without being degraded [110, 
246]. Less is known about the fate of the other NAIs, but they too have been 
detected is rivers. This is also the case with many other pharmaceuticals and 
the problem has been address repeatedly [247, 248]. Several biological (e.g. 
activated sludge, microalgae, membrane bioreactors) and chemical (e.g. 
chlorination, Fenton process, ozonation, photolysis) processes are being 
tested for the removal of such pollutants from waste water [249]. Ozone 
treatment of sewage water has proven very efficient in removing antibiotics 
and other pharmaceuticals [250-252]. Ozonation is also an excellent way of 
removing NAIs from waste water [108, 109, 253]. The treatment can be 
performed already at the hospital level [254]. With increased awareness of 
the problems associated with drug residues in the environment, it is of im-
portance that WWTPs are upgraded to deal with the residues.  

AIV Surveillance 
Long-distance migratory birds can play a major role in the global spread of 
avian influenza viruses [255]. Resistance in wild birds is rare but little re-
search has been conducted in this area [122, 200, 256, 257]. H275Y has been 
detected in wild birds on a few occasions, which is worrisome as the possi-
bility for recombination between avian and human virus strains already car-
rying mutations in the NA gene cannot be ruled out [164, 258]. Continued 
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monitoring of antiviral susceptibility among influenza viruses isolated from 
waterfowl should be considered an important part of surveillance. NAI re-
sistance-related mutations have been found in LPAIVs in wild Mallards, but 
without significantly affecting NAI susceptibility. Probably, the mutations 
result from natural variation of NA rather than induction by NAI [200].   
 
Surveillance is important as IAVs circulating in wild birds have a potential 
to acquire new mutations or combinations of existing ones, potentially lead-
ing to antiviral resistant variants that may pose a risk to public health. An-
other important advantage of wild bird IAV surveillance is that – at least in 
the pandemics analyzed so far – there is a delay between genes circulating 
among wild birds and their successive introduction to humans through mul-
tiple reassortment events [259]. Thus, if we find resistance traits during wild 
bird surveillance, it is likely that we still have time to implement actions into 
pandemic preparedness planning to prevent major human health effects.  

Live Bird Markets 
Live bird markets are suspected to be a source of AIV infection in humans 
[50, 260]. The frequent contacts between human and poultry are speculated 
to increase the chance of interspecies transmission of AIV [261]. Effective 
interventions in the live bird markets that reduce risk of zoonotic influenza 
include periodic closure of the markets, controlling the size of the market 
population to prevent self-sustaining transmission, banning live birds in 
markets overnight and separation of live ducks and geese from land-based 
poultry [262-264]. Frequent rest days seem to be an effective means to re-
duce HPAIV transmission, while full market closure is suggested to be only 
slightly more effective than rest days to reduce transmission [265]. 

Novel Anti-Influenza Drugs 
The need for novel anti-influenza drugs is apparent as resistance to both 
adamantanes and NAIs exists and may become more prevalent in the future. 
Access to alternative drugs in cases when the regular ones fail is crucial. 
Development of influenza antivirals has accelerated in the last decade, and a 
number of new compounds with anti-influenza activity by targeting either 
viral or host proteins are currently in various stages of development [78, 
266]. When designing new drugs, their potential of environmental resistance 
development must be taken into account already in early stages. 
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Adjusting Pandemic Preparedness Plans to Environmental NAI 
Resistance Development  
ZA resistance is limited and is less likely than OS resistance to emerge due 
to the structural changes needed for OS to bind with high affinity [137]. In 
this work, development of a high-level and persistent ZA resistance was not 
observed, suggesting that ZA is a better choice than OS and PE from an en-
vironmental perspective. The risk of an OC resistant new human virus calls 
for diversification of antiviral stockpiles to include ZA as well as other new 
antivirals as they are developed. 
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Summary 

In this thesis, we have used an in vivo Mallard model to assess the potential 
of Mallard LPAIVs to develop resistance to NAIs by acquiring substitutions 
in the NA gene in response to low concentrations of drugs in the birds´ wa-
ter. Such events occurring naturally in the environment could be hazardous 
as the resistant genes can disseminate to viruses adapted to humans. In the 
genetic backbone of a novel pandemic influenza, a NAI-resistant NA gene 
would severely impair the effects of early pandemic preparedness measures 
as these are dependent on stockpiled NAIs.  

Previous research in the Mallard model has concluded that OC in the en-
vironment may generate resistant IAVs in wild birds. The risk is perhaps 
most evident regarding the H275Y substitution, which has proven to be very 
stable in H1N1 even in the absence of drug pressure. In paper I, reduced OC 
susceptibility emerging in response to exposure to the drug was further ob-
served in a H7N9 LPAIV, conferred by the I222T substitution in the NA 
gene. Substitutions at the 222 position are, besides conferring resistance by 
themselves, also known to potentiate other resistance mutations [196]. How 
ever, the persistence in the Mallard model of the I222T substitution without 
selective drug pressure is not known. 
 
OC is the most widely used NAI, followed by ZA and PE. In order to assess 
the two latter NAIs in the Mallard model, several experiments with viruses 
from both the N1 and N2 phylogenetic groups of NAs were conducted.   

In paper II and III we exposed a H1N1 and a H4N2 LPAIV, respectively, 
to low concentrations of ZA. Several NA substitutions reducing drug suscep-
tibility emerged, but failed to persist in subsequent experiments withdrawing 
drug pressure. Two of these substitutions, the R152K and D199G, effective-
ly potentiated the level of OC resistance conferred by the H275Y in an addi-
tional experiment in paper I exposing an OC-resistant H1N1 with H275Y to 
first increasing, then decreasing and finally absent ZA concentrations. How 
ever, the viral fitness was not maintained with these additional substitutions 
in the H1N1/H275Y variant with regard to the ZA induced substitutions, 
whereas the H275Y substitution remained throughout the experiment.  

In paper IV, in response to PE exposure, H4N2 LPAIV failed to develop 
any substitutions reducing drug susceptibility while the H275Y substitution 
was detected in H1N1 and persisted in the absence of the drug.  
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In conclusion, there is a considerable body of evidence of NAI resistance 
emerging in LPAIVs of Mallards exposed to NAIs in the water. ZA appears 
to be the best option from an environmental perspective. Drug concentra-
tions in the Mallard model are mostly higher than the concentrations detect-
ed in rivers, but are in the same magnitude regarding OC and an H1N1 
LPAIV. Given the importance of NAIs as the first line of defence in the 
event of a pandemic, this is of public health concern. Surveillance of LPAIV 
in waterfowl, including testing of drug sensitivity, prudent use of NAIs and 
waste water treatment improvements are important measures to mitigate the 
risk. 
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Future Perspectives 

 
The Mallard model has provided much information on the potential of dif-
ferent LPAIVs to develop resistance in response to exposure of the natural 
IAV host to NAIs in the water. A few issues need to be addressed to com-
plete this initial part of the research. Furthermore, in order for a resistant 
virus to spread successfully, the general fitness of the virus need to be equal 
to or exceed that of the wild type counterpart. The H275Y substitution ren-
ders H1N1 resistant to OC and has proven to be very stable in the model, but 
to conclude whether the H1N1/H275Y variant has the capability to circulate 
in the wild, its competitive fitness needs to be examined.  
 
Thus, several additional experiments complementing the drug exposure ex-
periments presented in this work are in various phases of completion: 
 
• A complementary persistence experiment to further examine the 

H1N1/H274Y isolate from the PE exposure experiments has been per-
formed and is currently being analyzed. 

 
• Additional PE exposure experiments with H4N2 and “intermediate” PE 

concentrations of 330 and 670 ng/L have been performed and are cur-
rently being analyzed. 

 
• A persistence experiment on H4N2/E119G in the absence of ZA has 

been conducted. The results will be interesting as the E199G substitution 
conferred highly reduced inhibition by ZA, contrasting the mild increas-
es in ZA IC50 conferred by all other substitutions that emerged in re-
sponse to ZA.  

 
• The potential of the H1N1/H275Y variant to compete with wild type 

virus has been assessed in competition experiments simultaneously in-
fecting Mallards with the resistant virus and the wild type counterpart. In 
addition, similar competition experiments in ECE have been performed. 
The samples are now being subject to NGS. 
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The next part of the research, after assessing the risk of resistance develop-
ing and persisting in the environment, is to examine the potential of LPAIV 
resistance genes to reassort and/or spread beyond the natural Mallard host, 
increasing the risk of the rise of an inherently resistant IAV adapted  to hu-
mans. Two sets of experiments are addressing this issue:  
 
• Assessing the potential for species crossing of the H1N1/H275Y variant 

by introducing naïve chickens to infected Mallards. Such experiments 
have been conducted and are currently analyzed.  

 
• Assessing the ability of the resistant H1N1/H275Y variant to take part in 

reassortment and maintain in a new genetic context by co-infecting Mal-
lards with the resistant variant and LPAIVs of other subtypes like H4N6, 
H3N8 or H4N1. The experiments are completed and the samples are be-
ing analyzed.  
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Sammanfattning på svenska 

Influensa A är ett virus som kan infektera många arter, däribland människa, 
gris, häst, hund och flera olika fågelarter. Infektionens allvarlighetsgrad va-
rierar mycket beroende på bl.a. den specifika virusstammens sjukdomsfram-
kallande egenskaper och på den smittade individens ålder, immunstatus och 
hälsa. En influensainfektion hos människa kan innebära allt ifrån en lättare 
sjukdomskänsla som går över på några dagar till att man inte överlever in-
fektionen. De mera allvarliga följderna av influensa A hos människa har 
visat sig vid flera tillfällen i form av influensapandemier som har skördat 
många offer. Den hittills mest dödliga är den s.k. Spanska sjukan, ett influ-
ensavirus av typen H1N1 som år 1918-1919 troligen orsakade 50-100 miljo-
ner dödsfall. Den senaste influensapandemin, också den av typen H1N1 och 
hos allmänheten känd som svininfluensan, inträffade år 2009 och gav lyck-
ligtvis upphov till betydligt färre dödsfall (ca 200 000).  
 
Den naturliga influensavärden är vattenlevande fåglar, främst änder och 
måsfåglar. Hos dessa är infektionen lågpatogen, lokaliserad till tarmen och 
ger inga eller mycket milda symptom. Influensavirus av många olika subty-
per och varianter cirkulerar i fågelpopulationen och uppvisar säsongsmässiga 
variationer i förekomst. Under hösten ökar influensatrycket i fågelpopulat-
ionen då unga, icke-immuna fåglar ansluter till flocken och stora mängder 
fåglar samlas inför höstmigrationen. Smittspridningen är fekal-oral och sker 
alltså via avföringen, i vilken virus utsöndras.  
 
Influensaviruset har två egenskaper som gör det väldigt föränderligt och 
därigenom svårt att bygga upp en heltäckande immunitet eller skapa ett ge-
nerellt vaccin mot. Den första egenskapen är att virusets genom är segmente-
rat, vilket möjliggör s.k. reassortment. Reassortment innebär att viruspartik-
lar med en ny och obekant kombination av gensegment uppstår och detta kan 
inträffa om en individ bär på en samtidig infektion med två eller flera olika 
sorters influensavirus. Den andra egenskapen är virusets höga mutationsfre-
kvens som gör att det i en viruspopulation hela tiden uppstår nya varianter 
som om de är funktionella kan spridas vidare. Alla influensapandemier under 
det här och förra seklet har haft genetiska element med ursprung i influensa-
virus från fågel. Direkt smitta från fågel till människa är dock ovanligt och 
kräver en mer högpatogen influensastam. 
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Människor som drabbas av influensa kan behandlas med s.k. neuramini-
dashämmare. Dessa läkemedel verkar hämmande på viruset genom att 
hindra enzymet neuraminidas från att lösgöra nytillverkade viruspartiklar 
från värdcellerna. Det finns några olika sorters neuraminidashämmare och 
bland dessa är oseltamivir (Tamiflu®) den mest använda, följt av zanamivir 
(Relenza®) och peramivir (Rapivab®). Eftersom det vid ett utbrott av en 
influensapandemi dröjer många månader innan ett fullgott vaccin kan ut-
vecklas, tillverkas och administreras, spelar neuraminidashämmare en viktig 
roll i pandemiberedskapen världen över. Många länder har därför byggt upp 
beredskapslager med läkemedlen. Det finns en äldre klass av influensaläke-
medel, adamantaner, men p.g.a. utbredd resistens och biverkningar förlitar 
man sig numera i stort sett helt på neuraminidashämmare.  
 
Än så länge är resistens mot neuraminidashämmare ovanligt. Man har identi-
fierat flera resistensgivande mutationer i genen som kodar för neuramini-
dasenzymet, men dessa är inte vanligt förekommande. 2008 års säsongsin-
fluensa (H1N1) bar förvånande nog på en sådan aminosyresubstitution, 
H275Y, som ger höggradig resistens mot oseltamivir. Den resistenta stam-
men som spred sig över världen upptäcktes först i Norge, där viruset inte 
varit utsatt för något läkemedelstryck. Stammen konkurrerades sedan ut av 
det pandemiska H1N1-viruset år 2009, som hade högre dödlighet men som 
lyckligtvis var känsligt för behandling med oseltamivir. Det stod emellertid 
klart att ett resistent influensavirus kan vara funktionellt och så pass konkur-
renskraftigt att det kan utgöra den cirkulerande säsongsinfluensastammen, 
och därigenom vara ett reellt hot mot folkhälsan. Den här avhandlingen un-
dersöker resistensutveckling mot neuraminidashämmare ur ett miljöperspek-
tiv.  
 
Neuraminidashämmare utsöndras i urin och avföring. De bryts inte ner i 
konventionella vattenreningsverk, utan släpps ut i vattendrag tillsammans 
med det renade avloppsvattnet. Låga koncentrationer av dessa läkemedel, 
främst oseltamivir, har uppmätts i floder och andra vattendrag. Gräsänder är 
naturliga influensavärdar och uppehåller sig gärna i och kring vatten, gärna i 
närheten av utlopp från reningsverk. Influensavirus i ändernas tarmar kan 
således exponeras för låga koncentrationer av neuraminidashämmare och 
detta läkemedelstryck skulle potentiellt kunna selektera fram virus med re-
sistens mot läkemedlen. I ett oönskat scenario kan det finnas risk för att resi-
stenta gener från dessa fåglar involveras i s.k. reassortment och sprids vidare 
till humanpatogena influensavirus. Direkt smittspridning av ett resistent vi-
rus från fågel till människa är också möjligt men mindre sannolikt. Ett pan-
demiskt virus med inneboende resistens skulle få allvarliga följder för folk-
hälsan eftersom neuraminidashämmarna i beredskapslagren inte skulle ha 
avsedd effekt.  
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Riskerna för en sådan resistensutveckling, där lågpatogena influensavirus i 
en naturlig värd utsätts för låga koncentrationer av neuraminidashämmare, 
har de senaste åren undersökts i en gräsandsmodell. I modellen infekteras 
den första gruppen, eller den första s.k. generationen, av gräsänder med låg-
patogen influensa och får sedan uppehålla sig i ett rum med låga koncentrat-
ioner av läkemedel i vattnet. Virusreplikationen upprätthålls i populationen 
genom att nya, icke-infekterade änder, den andra generationen, på den fjärde 
dagen inkluderas i försöket och således smittas av den första generationen på 
naturlig väg. Modellen följer sedan ett överlappande mönster där två gene-
rationer lever tillsammans i ett par dagar innan den tidigare generationen tas 
ur försöket och avlivas och en ny generation sätts in två dagar senare till den 
kvarvarande generationen änder. Modellen är utformad för att efterlikna ett 
naturligt förlopp i miljön, med kontinuerlig virusreplikation, naturlig smitt-
spridning inom flocken och läkemedelsexponering i fåglarnas vattenmiljö. 
Provtagning av ändernas avföring sker dagligen och proverna blir sedan 
föremål för nukleinsyraextrahering, PCR och sekvensering där mutationer i 
neuraminidasgenen detekteras. Virusets känslighet för neuraminidashäm-
mare undersöks också.  
 
Tidigare resultat med oseltamivirexponering i andmodellen har visat att virus 
ur de båda fylogenetiska grupperna N1 och N2 av neuraminidas kan utveckla 
resistens mot läkemedlet. Den tidigare nämnda substitutionen H275Y upp-
stod i ett H1N1-virus och upprätthölls i och dominerade viruspopulationen 
helt också utan läkemedelstryck. Den här avhandlingen har dels undersökt 
resistensutveckling mot oseltamivir i ett H7N9-virus, dels också breddat 
fokus mot zanamivir och peramivir, två neuraminidashämmare som ännu 
inte används lika frekvent som oseltamivir, men som kan komma att bli van-
ligare i framtiden.  
 
I studie I utvecklade ett H7N9-virus resistens mot oseltamivir genom ami-
nosyresubstitutionen I222T när änderna utsattes för 2,5 µg/L oseltamivir i 
sitt vatten. I studie II utvecklade ett H1N1-virus flera substitutioner som 
sänkte känsligheten något mot zanamivir när fåglarna exponerades för 10 
och 100 µg/L zanamivir. Dessa substitutioner kvarstod inte när läkemedels-
trycket avlägsnades. I samma studie visade sig också H275Y i det oseltami-
virresistenta H1N1-viruset från tidigare försök finnas kvar både med och 
utan zanamivirexponering, medan substitutioner som uppkom under försöket 
och sänkte zanamivirkänsligheten försvann när läkemedelstrycket minska-
des. Resultaten från studie III visade att substitutionerna E119G och H275N 
uppkom när ett H4N2-virus exponerades för 10 respektive 100 µg/L zana-
mivir i fåglarnas vatten. E119G gav uttalad resistens mot zanamivir, medan 
H275N endast hade en mindre inverkan och inte fanns kvar utan zanami-
virexponering. I studie IV undersöktes både ett H1N1- och ett H4N2-virus 
under peramivirexponering vid olika koncentrationer. Hos H4N2 observera-
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des ingen resistensutveckling, medan substitutionen H275Y uppkom hos 
H1N1 vid 1 µg/L peramivir.  
 
I samtliga fall har substitutioner som sänkt känsligheten för neuramini-
dashämmare uppkommit vid högre koncentrationer av läkemedlen är vad 
som hittills uppmätts i naturen, men vad gäller oseltamivir och H1N1 virus 
är skillnaden marginell.. Den spridning av resistensinducerande koncentrat-
ioner som iakttagits bara inom ramen för detta begränsade projekt är dock så 
pass stor att man inte kan utesluta att spridningen är ännu större i miljön. 
Detta, kombinerat med variationer i läkemedelskoncentrationer i tid och 
geografisk lokalisation, gör att risken för ett scenario där resistensutveckling 
sker p.g.a. neuraminidashämmare i miljön inte går att bortse från. Ett sådant 
scenario verkar dock mindre troligt för zanamivir än för oseltamivir och 
peramivir och denna kunskap är användbar vid bl.a. rekommendationer för 
förskrivning och för planering av pandemiberedskap. 
 
För att förhindra resistensutveckling i miljön bör det genomföras en uppgra-
dering av vattenreningsprocessen genom att inkludera ytterligare reningssteg 
så som ozonbehandling av avloppsvattnet. Dessutom bör behandling med 
neuraminidashämmare begränsas till i första hand riskpatienter och inte ges 
till okomplicerade fall av influensa. Ur perspektivet resistensutveckling i 
miljön är zanamivir att föredra framför oseltamivir och peramivir. 
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