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Influenza A viruses - Classification

Influenza A virus is a segmented negative stranded RNA virus within the
Alphainfluenzavirus genus of the family Orthomyxoviridae. This family
further contains the genera Betainfluenzavirus, Gammainfluenzavirus
and Deltainfluenzavirus and the three non-influenza genera Thogotovirus,
Isavirus and Quaranjavirus (2). Influenza A viruses are divided into subtypes
based on antigenic differences between the major surface glycoproteins
hemagglutinin (HA) and neuraminidase (NA). So far, 16 subtypes of HA and
9 subtypes of NA have been described that originate from waterfowl (H1 to
H16, N1 to N9) (3). The combination of HA and NA of a virus leads to the
common abbreviations such as H1N1, H2N2, H5N1, H7N9, H16N9 to specify
virus subtypes. In addition, two influenza A-like viral genomes have been
identified in fruit bats, which contain antigenically and functionally distinct
surface glycoproteins and have been provisionally designated “HL17NL10”
and “HL18NL11”, with HL and NL indicating HA-like and NA-like surface
glycoproteins (4, 5). Influenza was first described in 1878 as a distinct avian
disease (6). In the 1930s, influenza A viruses were identified to cause disease
in human and swine (7). The fact that these viruses from birds, pigs, and
humans were closely related was not recognized until much later. Influenza
virus isolates from different species have been collected since 1902 to cover
the pandemic outbreaks of H2N2 in 1957, H3N2 in 1968, H1N1 in 2009 as
well as zoonotic events in humans of HSN1 from 1997 and H7N9 from 2013
onwards respectively.

Influenza A viruses - Genome constellation and virion structure
Influenza A virus particles are pleopmorphic, spherical to filamentous, with a
diameter of about 80-120 nm, and a lipid bilayer envelope that is derived from
the host cell membrane (Figure 1). The two major glycoproteins HA and NA
cover the viral surface and have important functions during virus attachment
and release. M1 proteins line the inner part of the viral membrane mainly
conferring stability to the virion. M2 proteins are transmembrane proteins
acting as ion channels. The genome of influenza A viruses consists of 8 gene
segments of negative stranded RNA encoding at least 11 viral proteins. Each
RNA segment in the infectious virus particle is associated with nucleoprotein
(NP) and the polymerase proteins basic polymerase 1 and 2, and acidic
polymerase (PB2, PB1, and PA), together forming the ribonucleoprotein
(RNP) complex. The polymerase proteins and NP are required during virus
genome replication and transcription of RNA (8).
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Figure 1: Structure of the influenza A virion

The viral genome consisting of eight viral RNPs is surrounded by a lipid bilayer lined by M1
proteins. HA, NA and M2 are surface molecules anchored in the membrane. Figure taken from
Subbarao et al. (9).

Influenza A virus infection and replication

Influenza A viruses attach to cells through interaction of the HA protein with
terminal sialic acid containing receptors located on the cell surface. The
viruses are subsequently internalized into endosomes by a process called
receptor-mediated endocytosis (10). The lowering of the pH in the endosome
triggers a conformational change of the HA allowing the viral and endosomal
membranes to fuse and the viral RNPs to be released into the cytosol. The
RNPs are then transported to the nucleus, leading to the production of three
different types of RNA: viral RNA (VRNA) that represents the genome of the
virus inside the virus particle, messenger RNA (mRNA) that is translated
into new proteins; and copy RNA (cRNA) which is required as a template
for transcription of the VRNA. Viral proteins are translated from mRNA in
the cytosol or at the endoplasmic reticulum (ER). Surface proteins HA, NA
and M2 are transported via the Golgi apparatus to the cellular membrane.
This is where new infectious particles are assembled and released through
cleavage of remaining linkages between HA and the sialic acid receptor by
NA (8).
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Figure 2: Replication cycle of influenza A viruses
Upon binding to the sialic acid receptor, influenza A virus is internalized by receptor-mediated
endocytosis, their genomes are replicated in the nucleus, and new virus particles are

assembled at the membrane before they can bud. Figure adapted from Neumann et al. (11).

The viral polymerases and nucleoprotein

The three longest gene segments of influenza A viruses encode the
polymerase proteins PB2, PB1, and PA which together form the polymerase
complex. Since these viral RNA dependent RNA polymerases lack
proofreading activity, the resulting high mutation rate can ultimately lead to
rapid adaptation of the virus to a new host. PB2 binds to a cap, the altered
nucleotide at the 5’ end of some RNAs and this cap-binding step is important
for transcription initiation (12). PB2 also harbors the well-studied glutamic
acid (E) to lysine (K) substitution at position 627, which is associated with
mammalian host-adaptation (13). The PB1 protein is the catalytic subunit
of the polymerase complex and allows synthesis of RNA. PA is important
for the interaction of all subunits in the complex and exerts endonuclease
function. In addition to these 3 polymerase subunits, NP is essential for viral
genome replication; it is associated with and physically protects viral RNAs
from degradation by host proteins (14). For a full list of influenza A virus gene
products, please refer to Table 1.
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The hemagglutinin molecule

The HA surface glycoprotein is both a major target for antibodies and a
crucial determinant of pathogenicity of influenza A viruses. The HA molecule
is a homotrimer (i.e. consisting of three identical subunits or monomers)
and harbors the receptor binding site (RBS) (15), a discontinuous ‘groove’
of amino acids interacting with SA-receptors on host cells. HA is essential
for infection, because it induces fusion between the membranes of the virus
and the endosome allowing the release of the viral genetic material into the
cytosol. This function is dependent on previous cleavage of the HA by host
proteases. All influenza A viruses contain a cleavage site, the amino acid
position at which the biologically inactive HAO molecule is split into HA1 and
HAZ2. Low pathogenic avian influenza (LPAI) virus HA can only be cleaved by
trypsin-like proteases primarily expressed in the respiratory tract of mammals
and intestinal tract of birds, restricting HAO processing to these organ systems
(16). Highly pathogenic avian influenza viruses (HPAI viruses) can emerge
after circulation in poultry. They contain a multi basic cleavage site (MBCS)
- a stretch of several basic amino acids — that can be cleaved by a range of
proteases that are ubiquitously expressed throughout the body of mammals
and birds, allowing systemic virus replication and spread. Glycosylation, the
addition of sugar-moieties to the HA at specific positions (especially those
close to the RBS) can modify binding of antibodies, innate immune sensing
and receptor binding, ultimately influencing infectivity, pathogenicity and
potentially transmissibility (17). Since glycosylation of the HA depends on the
cell machinery, differences in glycosylation pattern exist in different hosts,
including cell lines and embryonated chicken eggs (18).

Receptor specificity of HA

Sialic acids at the terminal position of carbohydrate chains on the host cell
surface are the target of the HA molecule for attachment. The receptor binding
site is located in the head-domain of the HA and individual amino acids
within the binding pocket can engage in bonds with the sialic acid molecule.
Consequently, single substitutions in the RBS can influence receptor-binding
specificity and affinity (19). Avian- and human-adapted influenza A viruses
vary in their preference for the type of linkage of the sialic acid molecule. The
‘human-type’ receptor consists of an oligosaccharide with the terminal sialic
acid bound to galactose in an a-2,6 conformation whereas the ‘avian type’
receptor terminal sugars are arranged in an a-2,3 manner (20). Although
human tissue contains both groups of glycans, severity of disease can be
at least partially attributed to differential expression of receptors throughout
the respiratory tract. In both the ferret and human upper respiratory tract
(URT) a-2,6 linked sialic acid receptors are prevailing, whereas in the lower
respiratory tract (LRT) both a-2,6 and a-2,3 linked receptors can be found
((21), Figure S2 of chapter 2). In the respiratory and digestive tracts of
chickens, a-2,3 linked sialic acids are predominant.

11
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Table 1: Influenza A virus proteins and their major function(s)
Table adapted from Fields Virology, VIth edition (22).

gene gene major
gene product )
number segment function/s
1 PB2 Polymerase Basic 2 internal protein,
(PB2) part of polymerase complex
Polymerase Basic 1 internal protein,
(PB1) part of polymerase complex
9 PBA Polymerase Basic 1-F2 targets mitochondria,
(PB1-F2) induction of apoptosis
Polymerase Basic 1-N40 N-terminally truncated PB1,
(PB1-N40) no polymerase function
Polymerase Acidic internal protein,
(PA) part of polymerase complex
Polymerase Acidic-X internal protein,
(PA-X) host response modulation
3 PA
Polymerase Acidic-N155 N-terminally truncated PA,
(PA-N155) no polymerase function
Polymerase Acidic-N182 N-terminally truncated PA,
(PA-N182) no polymerase function
4 HA Hemagglutinin surface glycoprotein, membrane fusion
(HA) viral attachment, antigenic determinant
5 NP Nucleoprotein nucleocapsid protein,
(NP) RNA coating, nuclear targeting
6 NA Neuraminidase surface glycoprotein,
(NA) virion release, antigenic determinant
Matrix 1 membrane protein,
(M1) virion stability
7 M Matrix 2 membrane protein
(M2) ion channel
Matrix 42 M2-like membrane protein,
(M42) ion channel
Nonstructural 1 internal protein
(NS1) multifunctional, immune modulatory
8 NS
Nonstructural 2 internal protein
(NS2 or NEP) nuclear export of RNPs
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Genetic drift and shift

Two distinguishable mechanisms lead to genetic variation of influenza A
viruses. The term ‘drift’ denotes the successive accumulation of mutations
that become fixed in the virus population either stochastically or due to their
fitness advantage. ‘Shift’ refers to the rearrangement of genetic material also
termed reassortment and was the main underlying mechanisms that led to
the pandemics of 1957, 1968 and 2009 (24, 25). Coinfection of a single cell
with two or more different influenza A viruses is required for reassortment
to happen. During virion formation, gene segments of influenza A viruses
can be redistributed in arrangements different from the two or more parental
viruses. Pigs are widely considered to form ‘mixing vessels’, because they
can be infected with a range of human and avian adapted influenza A viruses
(26). Reassortment is obviously the more drastic change in virus evolution
and led to the formation of several - if not all - pandemics of the last century
(Figure 3). Individual substitutions seem to ‘fine-tune’ the viral phenotype to
yield optimal host adaptation.

Zoonotic influenza A viruses

Incidental infection of mammals with influenza A viruses of various subtypes
normally found in avian species can occur. In the past century, influenza A
virus subtypes H1, H2, and H3 were capable of causing pandemics (extended
outbreaks on multiple continents), while H5, H6, H7, H9, and H10 viruses
caused zoonoses (confined infections at the human-animal interface) during
the last decades (Table 2). Zoonotic events have been reported frequently
recently, partially due to increased awareness, increased surveillance and
improved detection methods.

HPAI avian H5N1 virus circulating in South-East Asia since 1996 was rapidly
recognized as the causative agent of the first outbreak in humans in 1997
(27, 28). In August 1997, the index human case of HPAI H5N1 virus infection
was reported. 18 hospitalized patients in Hong Kong Special Administrative
Region were infected with viruses closely resembling those found in
chicken (29); six of them succumbed due to the infection. Rigorous control
measurements including the temporary closing down of live bird markets
and culling of poultry prevented the further spread of H5N1 virus in Hong
Kong. H5N1 virus seemed to have disappeared after that but reemerged in
2003 in China. Since then the virus has been detected frequently in various
hosts in different parts of the world and continues to be detected to date. In
addition to domestic poultry, HPAI H5N1 virus was also found in pigs, cats,
dogs, martens, tigers and leopards. Human infections are detected from
time to time, so far adding up 861 cases, 455 of which were fatal (30). The
case fatality rate in hospitalized cases is 50-60% with the peak age group of
infected humans at 10-19 years (31). However, the true case-fatality rate is
probably lower as a consequence of underreporting. Epidemiology studies
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identified poultry markets as a major source for human infections (32). In
2015, clusters of human infections have been reported from Egypt totaling
to 119 infected individuals by the end of March (33). In recent years, the
number of H5N1 infections has been decreasing with only four laboratory-
confirmed reports in 2017 and a single case in Nepal in 2019.

Eighty-seven human infections of H7N7 virus were confirmed in the
Netherlands in 2003, one of which was fatal (34, 35). Human infections with
H7N9 viruses were reported first in China in 2013 (36), cumulating to 1568
human infections including 616 fatal cases by May 2019 (37). Sporadic
human infections have also been detected in Hong Kong, Taiwan, Canada,
and Malaysia. The disease can rapidly progress from general influenza-like
symptoms to severe pneumonia (38). Poultry workers in China are at great
risk for H7N9 infection (39). Infections seem to appear in waves, with the fifth
wave currently ongoing (40). H7N9 displays limited transmission capability in
the ferret model by the airborne route, but sustained transmission upon direct
contact (39, 41, 42). This H7N9 virus has acquired a number of mutations that
are associated with human adaptation and resistance against antiviral drugs
and could possibly lead to a future pandemic after further human adaptation
(43). In February 2017, Chinese authorities reported the detection of human
infections with highly-pathogenic H7N9 viruses in the Guangdong Province
(44). These viruses contained a multiple basic cleavage site, but are not
associated with increased disease severity in humans so far (45).

Three other H7 virus subtypes (H7N2, H7N3, H7N4) have been associated
with sporadic human infection (46, 47). An H6N1 virus was isolated from
one patient in Taiwan in 2013 (48). H6 viruses are capable of infecting mice
and ferret and are transmissible between guinea pigs (49-51). Avian HON2
viruses, a subtype that was previously shown to acquire transmissibility
between ferrets (52, 53) has been circulating extensively in the Eastern
hemisphere for more than a decade. In 2013, H10N8 viruses caused three
human infections in China, two of which were fatal (54). Numbers mentioned
above are correct as of 8 May 2019.

Pandemic influenza A viruses

In rare cases, zoonotic influenza A viruses can become established in the
human population. Upon introduction in humans, the high error rate of the
viral polymerase and the capacity of reassortment (gene segment mixing)
facilitate rapid adaptation to the new host. To spread efficiently between
humans and cause a pandemic, dissemination via the airborne route (virus
transmission via aerosol and/or respiratory droplets) and a sufficiently large
immunologically naive populationis crucial. [twas long assumed that influenza
viruses capable of causing pandemics comprised subtypes H1, H2 and H3
only, since pandemics of the past were restricted to these three subtypes.
For the pandemics of 1889 (H2N2) and 1900 (H3N8), only seroarcheological

15
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Figure 3: Schematic overview of genetic events leading to past pandemic
viruses and interspecies transmission of zoonotic influenza viruses.

Gene segments are indicated in decreasing size

(PB2, PB1, PA, HA, NP, NA, MP, NS). Figure adapted from Sorrell et al. (1).
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evidence is available (55). Viruses that caused the pandemic in 1918 (H1N1)
were reconstructed from tissues of individuals that succumbed to the infection
and were buried in the permafrost and from archived autopsy material (56).
For the 1957 (H2N2), 1968 (H3N2), and 2009 (H1N1) pandemics, virus was
isolated from infected patients directly.

A century ago, the deadliest influenza pandemic recorded to date was
sparked by an H1N1 virus. This virus was most likely directly introduced
in the human population from birds (57). An estimated 50 to 100 million
individuals succumbed during the ‘Spanish flu’ pandemic in the winter months
of 1918/1919 and remarkably the main death toll was observed in otherwise
healthy adults (58).

H2N2 influenza A viruses were first reported in Southeast Asia in 1957 and
caused a pandemic with an estimated mortality of 1 to 4 million people
worldwide (59). Reassortment between avian and human influenza A viruses
led to the formation of H2N2 viruses consisting of the HA, NA and PB1 gene
segments from avian influenza viruses, and the other five gene segments from
the human H1N1 virus that had been circulating since 1918 (60, 61). In 1968,
after 12 years of circulation in the human population, H2N2 was replaced by
H3N2, after one or several reassortment events with avian viruses. Since
then, influenza A viruses of the H2N2 subtype and other combinations of
H2 and N2 keep circulating in waterfowl and pigs globally (62-65), thereby
providing a reservoir from which H2N2 may be reintroduced into the human
population. Since H2N2 viruses have been absent in the human population
from 1968 onwards, many individuals, and certainly those born after 1968,
have no significant immunological protection against these viruses.
Subsequently, in 1968, a new H3N2 virus strain appeared in Asia. The virus
was a reassortant from the previously circulating H2N2 virus and contained
gene segments PB1 and HA from an avian H3 virus (61). The first virus
isolate was detected in Hong Kong in July 1968, hence the name ‘Hong
Kong flu’ pandemic (66).

In the years preceding 2009, a number of reassortment events involving
human H3N2, avian H1N1 and swine H1N1 viruses led to the generation of
a new reassortant H1N1 virus that was at the start of the first pandemic of the
21st century (67). The ‘Mexican flu’ virus was first detected in South America
and had direct precursors in pigs (68). Both H3N2 and the recent pandemic
H1N1 virus are circulating as seasonal influenza A viruses to date.

17
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Airborne transmission of influenza A viruses between mammals
Ultimately, all pandemic influenza A viruses were once zoonotic in nature,
but not all zoonotic viruses have acquired or will ever acquire the potential
to become airborne transmissible and cause a pandemic. Human-adapted
viruses usually cause infections that are restricted to the respiratory tract
with severe cases leading to pneumonia, but they do generally not infect
other organs (69). Mutagenesis of the RBS of pandemic 1918 H1N1,
pandemic 1957 H2N2 and seasonal H3N2 HA resulted in a switch of receptor
preference, from the human- to avian-type receptor, abrogating airborne
transmission between ferrets (70-72). It might be speculated that the scarcity
of avian receptors in human upper respiratory epithelium cannot prevent
infection with influenza A viruses displaying avian-type receptor preference,
but does not allow airborne transmission.

We previously hypothesized, after analyses of the processes leading to the
H1N1(1918),H2N2(1957), H3N2 (1968),and H1N1 (2009) pandemic viruses,
that three different virus properties may be crucial for aerosol transmission
between mammals to occur; binding to cells in the upper respiratory tract
(URT), replication to sufficiently high viral titers in the cells of the URT and
the generation of individual virus particles rather than virus aggregates (1).
Virus-containing aerosols or respiratory droplets can be exhaled directly from
the URT without settling of substantial portions of the particles on inanimate
surfaces after their formation. Respiratory droplets are commonly defined as
moisture particles >5 um in diameter. They are attracted by gravity and settle
rather quickly. Aerosols are spherical particles smaller than 5 pm in size
that can stay in the air for prolonged periods. Both types of particles travel
through the air and are formed by coughing, sneezing, breathing and talking.
Since aerosols can travel larger distances in the air, this type of particle is
suggested to be at the origin of pandemics when spiked with human-adapted
influenza A viruses. To establish infection, a sufficient number of aerosols
needs to contain virus. High viral titers and the packaging of individual virions
in airborne droplets seem to be required for effective airborne spread.

Vaccines and antivirals

Influenza virus infection can cause symptoms in humans ranging from cough,
sore throat, fatigue and nausea to pneumonia and acute respiratory distress
syndrome. Currently, licensed vaccines are available for seasonal A(H1N1)
pdm09 and H3N2 influenza A viruses, and the two lineages of influenza B
virus. Vaccination is recommended for high-risk individuals including the
elderly, people with chronic diseases, pregnant women and healthcare
workers. Although the effectiveness of current vaccines is far from perfect,
they have an important role to reduce influenza associated morbidity and
mortality (73). Since influenza viruses mutate continuously, regular updates
in vaccine formulation are required and yearly revaccination is advised for
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improved protection. Currently, H3N2, H1N1 and influenza B viruses are
circulating worldwide. Vaccines comprise strains of the above-mentioned
viruses that are selected twice yearly by an expert group under guidance
of the World Health Organization (WHO). Recently available tetravalent
influenza vaccines include both Victoria and Yamagata lineage influenza B
virus seed strains.

Antiviral drugs against influenza A viruses comprise the two neuraminidase
inhibitors oseltamivir and zanamivir as well as the two ion channel inhibitors
amantadine and rimantadine. Immune compromised patients are likely to
profit from treatment with anti-influenza drugs to reduce viral load. Resistance
mutations have been described for both classes of antivirals and are of
growing concern nowadays (74).

Scope and outline of the thesis

This thesis presents research on influenza A virus subtypes H5N1 and H2N2
to gain knowledge about zoonotic and pandemic viruses and potentially to
aid in pandemic risk mitigation in the future. Both influenza A virus subtypes
are considered to be possible candidates for a future influenza pandemic.
Whereas H5N1 viruses circulate in avian species and cause incidental
zoonotic infections, H2N2 virus was at the origin of a pandemic in 1957 and
continued to circulate in waterfowl.

Chapter 2 describes the natural selection of an altered H5N1 virus isolate
in ferrets by repeated inoculation of naive animals. The resulting passaged
mutant virus was shown to be able to transmit via the air between ferrets.
Chapter 3 describes the identification of the mutations essential for this
airborne spread and the viral phenotypes associated with each of the five
required substitutions. Moreover, this chapter demonstrates that adaptive
changes in the H5N1 virus genome accumulated very rapidly during passage
in ferrets.

In chapter 4, the diversity of avian and human H2N2 virus isolates is
highlighted in phylogenetic analyses, and sites within the viral genome that
are under selection pressures are identified. Chapter 5 further describes
investigations to map the antigenic evolution of H2N2 viruses that circulated
between 1957 and 1968, while chapter 6 depicts the potential to spread via
the air for a range of avian and human H2N2 virus isolates.

A summarizing discussion of the studies presented in this thesis in the context
of work of others is presented in chapter 7.

19
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chapter 2: Generation of airborne A/H5N1

ABSTRACT

Highly pathogenic avian influenza H5N1 virus can cause morbidity and
mortality in humans but thus far has not acquired the ability to be transmitted
by aerosol or respiratory droplet (“airborne transmission”) between humans.
To address the concern that the virus could acquire this ability under natural
conditions, we genetically modified H5N1 virus by site-directed mutagenesis
and subsequent serial passage in ferrets. The genetically modified H5N1 virus
acquired mutations during passage in ferrets, ultimately becoming airborne
transmissible in ferrets. None of the recipient ferrets died after airborne
infection with the mutant H5N1 viruses. Four amino acid substitutions in
the host receptor-binding protein hemagglutinin, and one in the polymerase
complex protein basic polymerase 2, were consistently present in airborne-
transmitted viruses. The transmissible viruses were sensitive to the antiviral
drug oseltamivir and reacted well with antisera raised against H5 influenza
vaccine strains. Thus, avian H5N1 influenza viruses can acquire the capacity
for airborne transmission between mammals without recombination in
an intermediate host and therefore constitute a risk for human pandemic
influenza.

MAIN TEXT

Influenza A viruses have been isolated from many host species, including
humans, pigs, horses, dogs, marine mammals, and a wide range of
domestic birds, yet wild birds in the orders Anseriformes (ducks, geese, and
swans) and Charadriiformes (gulls, terns, and waders) are thought to form
the virus reservoir in nature (75). Influenza A viruses belong to the family
Orthomyxoviridae; these viruses have an RNA genome consisting of eight
gene segments (76, 77). Segments 1 to 3 encode the polymerase proteins:
basic polymerase 2 (PB2), basic polymerase 1 (PB1), and acidic polymerase
(PA), respectively. These proteins form the RNA-dependent RNA polymerase
complex responsible for transcription and replication of the viral genome.
Segment 2 also encodes a second small protein, PB1-F2, which has been
implicated in the induction of cell death (78, 79). Segments 4 and 6 encode
the viral surface glycoproteins hemagglutinin (HA) and neuraminidase (NA),
respectively. HA is responsible for binding to sialic acids (SAs), the viral
receptors on host cells, and for fusion of the viral and host cell membranes
upon endocytosis. NA is a sialidase, responsible for cleaving SAs from host
cells and virus particles. Segment 5 codes for the nucleocapsid protein (NP)
that binds to viral RNA and, together with the polymerase proteins, forms the
ribonucleoprotein complexes (RNPs). Segment 7 codes for the viral matrix
structural protein M1 and the ion-channel protein M2 that is incorporated
in the viral membrane. Segment 8 encodes the nonstructural protein NS1
and the nucleic export protein (NEP) previously known as NS2. NS1 is an
antagonist of host innate immune responses and interferes with host gene
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expression, whereas NEP is involved in the nuclear export of RNPs into the
cytoplasm before virus assembly (76, 77).

Influenza A viruses show pronounced genetic variation of the surface
glycoproteins HA and NA (75). Consequently, the viruses are classified
based on the antigenic variation of the HA and NA proteins. To date, 16
major antigenic variants of HA and 9 of NA have been recognized in wild
birds and are found in numerous combinations designated as virus subtypes
(for instance, H1N1, H5N1, H7N7, and H16N3), which are used in influenza
A virus classification and nomenclature (3, 75). This classification system is
biologically relevant, as natural host antibodies that recognize one HA or NA
subtype will generally not crossreact with other HA and NA subtypes.

On the basis of their virulence in chickens, influenza A viruses of the H5
and H7 subtypes can be further classified into highly pathogenic avian
influenza (HPAI) and low-pathogenic avian influenza (LPAI) viruses. Viruses
of subtypes H1 to H4, H6, and H8 to H16 are LPAI viruses. The vast majority
of H5 and H7 influenza A viruses are also of the LPAI phenotype. HPAI
viruses are generally thought to arise in poultry after domestic birds become
infected by LPAI H5 and H7 viruses from the wild-bird reservoir (80, 81).
The HA protein of influenza A viruses is initially synthesized as a single
polypeptide precursor (HAO), which is cleaved into HA1 and HA2 subunits
by trypsin-like proteases in the host cell. The switch from LPAI to HPAI virus
phenotype occurs upon the introduction of basic amino acid residues into the
HAO cleavage site, also known as the multibasic cleavage site (MBCS). The
MBCS in HA can be cleaved by ubiquitously expressed host proteases; this
cleavage facilitates systemic virus replication and results in mortality of up to
100% in poultry (16, 82).

Since the late 1990s, HPAI H5N1 viruses have devastated the poultry
industry of numerous countries in the Eastern Hemisphere. To date, H5N1
has spread from Asia to Europe, Africa, and the Middle East, resulting
in the death of hundreds of millions of domestic birds. In Hong Kong in
1997, the first human deaths directly attributable to avian H5N1 virus were
recorded (28). Since 2003, more than 600 laboratory-confirmed cases of
HPAI H5N1 virus infections in humans have been reported from 15 countries
(83). Although limited H5N1 virus transmission between persons in close
contact has been reported, sustained human-to-human transmission of HPAI
H5N1 virus has not been detected (84-86). Whether this virus may acquire
the ability to be transmitted via aerosols or respiratory droplets among
mammals, including humans, to trigger a future pandemic is a key question
for pandemic preparedness. Although our knowledge of viral traits necessary
for host switching and virulence has increased substantially in recent years
(87, 88), the factors that determine airborne transmission of influenza viruses
among mammals, a trait necessary for a virus to become pandemic, have
remained largely unknown (53, 89-91). Therefore, investigations of routes
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Figure 3:

Virus titers in (A) the nasal turbinates collected at day 4 and (B) nose swabs collected daily
until day 4, from ferrets inoculated with H5N1_,,  (blue) and HON1, . o0, o045 pes 627k (M€)
throughout the 10 serial passages described in Figure 2. Virus titers were determined by
end-point titration in MDCK cells. After inoculation with H5N1 ., . virus titers in the nasal
turbinates were variable but high, ranging from 1.6 x 10° to 7.9 x 10% TCID50/gram tissue
(A), with no further increase observed with repeated passage. After inoculation with H5N1,,,
ezt azas P2 Ecenic VIrUS titers in nasal turbinates averaged 1.6 x 10 in the first three passages,
2.5 x 105 in passages four to seven, and 6.3 x 10° TCID50/gram tissue in the last three
passages, suggestive of improved replication and virus adaptation. A similar pattern of
adaptation was observed in the virus titers in the nose swabs of animals inoculated with
HONT 4a qooor cooas pe2 s (B)- These titers also increased during the successive passages,
with peak virus shedding of 1 x 10° TCID50 at 2 dpi after 10 passages. Altogether, these data
indicate that HONT,, 4,0 622 pe2 7k @daPted to more efficient replication in the ferret URT
upon repeated passage, with evidence for such adaptation by passage number 4. In contrast,
analyses of the virus titers in the nose swabs of the ferrets collected at 1 to 4 dpi throughout
the 10 serial passages with H5N1Wildtype revealed no changes in patterns of virus shedding.
Asterisks indicate that a nose wash was collected before the nose swab was taken, which
may influence the virus titer that was detected.
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Figure 4:
Summary of the substitutions detected upon serial passage and airborne

Transmission of HSN1,,. 4,00 e0ss pe2 ecark VIrUS in ferrets. The eight influenza virus gene
segments and substitutions are drawn approximately to scale (top to bottom: PB2, PB1, PA,
HA, NP, NA, M, NS). Viruses shown in blue, orange, and red represent the initial recombinant
HONT p qozar c224s ez 27 Virus (PO), ferret passage-10 virus (P10), and P10 virus after airborne
transmission to recipient ferrets, respectively. Viruses shown in gray indicate that virus was not
transmitted to the recipient ferret. First, we tested whether airborne-transmissible viruses were
present in the heterogeneous virus population of ferret P10. We inoculated four donor ferrets
intranasally, which were then housed in transmission cages and paired with four recipient
ferrets. Transmissible viruses were isolated from three out of four recipient ferrets (F1 to F3).
Next, we took a throat-swab sample from F2 (this sample contained the highest virus titer
among the positive recipient ferrets), and this sample was used to inoculate two more donor
ferrets intranasally. In a transmission experiment, these donors infected two recipient ferrets
via airborne transmission (F5 and F6). Virus isolated from F5 was passaged once in MDCK
cells and was subsequently used in a third transmission experiment in which two intranasally
inoculated donor ferrets transmitted the virus to one of two recipient ferrets (F7). The genetic
composition of the viral quasi-species present in the nasal wash of ferret P10 was determined
by sequence analysis using the 454/Roche GS-FLX sequencing platform. Conventional
Sanger sequencing was used to determine the consensus sequence in one high-titer nasal
or throat-swab sample for each ferret. Thick and thin black vertical bars indicate amino acid
and nucleotide substitutions, respectively; substitutions introduced by reverse genetics are
shown in yellow; substitutions detected in passage 10 and all subsequent transmissions are

shown in green.
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Figure 5:

Airborne transmission of H5N1 viruses in ferrets.

Transmission experiments are shown for H5N1Wildtype (A and B) and H5N1 . 0,501 co0ss P2 627K
(C and D) after 10 passages (P10) in ferrets. Two or four ferrets were inoculated intranasally
with nasal wash samples collected from P10 virus of H5N1Wildtype and HON1,. cooo1 6224 pe2 E627K0
respectively, and housed individually in transmission cages (A and C). A naive recipient ferret
was added to each transmission cage adjacent to a donor ferret at 1 dpi (B and D). Virus titers
in throat (black bars) and nose swabs (white bars) were determined by end-point titration in
MDCK cells. Geometric mean titers and SDs (error bars) of positive samples are shown. The
number of animals infected via airborne transmission is indicated in (D) for each time point
after exposure; the drop from three animals infected at day 7 to one animal at day 9 and no
animals at day 11 is explained by the fact that the animals that became infected via airborne
transmission had cleared the virus by the end of the experiment and, therefore, detectable
amounts of virus were no longer present. The dotted lines indicate the lower limit of virus

detection.
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Figure 6:

Comparison of airborne transmission of experimental passaged H5N1 and 2009 pandemic
H1N1 viruses in individual ferrets. A throat-swab sample from ferret F2 at 7 days postexposure
(dpe) (Figure 5D) was used for the transmission experiments shown in (A) and (B), and a
virus isolate obtained from a nose swab collected from ferret F5 at 7 dpi (Figure 6A) was
used for the experiments in (C) and (D). For comparison, published data on transmission of
2009 pandemic H1N1 virus between ferrets is shown in (E) to (H) (95). Data for individual
transmission experiments is shown in each panel, with virus shedding in inoculated and
airborne virus-exposed animals shown as lines and bars, respectively. For the transmission
experiments with airborne-transmissible H5N1 (A to D), nose or throat swabs were not
collected at 2 dpi and 2 dpe. White circles and bars represent shedding from the nose; black
circles and bars represent shedding from the throat. The asterisk indicates the inoculated
animal that died 6 days after intranasal inoculation.
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of influenza virus transmission between animals and on the determinants of
airborne transmission are high on the influenza research agenda.

The viruses that caused the major pandemics of the past century emerged
upon reassortment (that is, genetic mixing) of animal and human influenza
viruses (1). However, given that viruses from only four pandemics are available
for analyses, we cannot exclude the possibility that a future pandemic may
be triggered by a wholly avian virus without the requirement of reassortment.
Several studies have shown that reassortment events between H5N1 and
seasonal human influenza viruses do not vyield viruses that are readily
transmitted between ferrets (89-92). In our work, we investigated whether
HS5N1 virus could change its transmissibility characteristics without any
requirement for reassortment.

We chose influenza virus A/lIndonesia/5/2005 for our study because the
incidence of human H5N1 virus infections and fatalities in Indonesia remains
fairly high (83), and there are concerns that this virus could acquire molecular
characteristics that would allow it to become more readily transmissible
between humans and initiate a pandemic. Because no reassortants between
H5N1 viruses and seasonal or pandemic human influenza viruses have been
detected in nature and because our goal was to understand the biological
properties needed for an influenza virus to become airborne transmissible
in mammals, we decided to use the complete A/Indonesia/5/2005 virus that
was isolated from a human case of HPAI H5N1 infection.

We chose the ferret (Mustela putorius furo) as the animal model for our
studies. Ferrets have been used in influenza research since 1933 because
they are susceptible to infection with human and avian influenza viruses
(93). After infection with human influenza A virus, ferrets develop respiratory
disease and lung pathology similar to that observed in humans. Ferrets can
also transmit human influenza viruses to other ferrets that serve as sentinels
with or without direct contact (Figure S1) (94, 95).

Host restriction of replication and transmission of influenza A viruses is partly
determined by specific SA receptors on the surface of susceptible cells. The
affinity of influenza viruses for these receptors varies according to the species
from which they are isolated. Influenza viruses of avian origin preferentially
bind to a-2,3-linked SAreceptors, whereas human influenza viruses recognize
a-2,6-linked SA receptors. The receptor distribution in ferrets resembles that
of humans in that the a-2,6—-linked SA receptors are predominantly present
in the upper respiratory tract (URT), and the a-2,3— linked SA receptors are
mainly present in the lower respiratory tract. In chickens and other birds,
a-2,3-linked SAs predominate, but both a-2,3-linked and a-2,6-linked SA
are present throughout the respiratory and enteric tracts (Figure S2) (96).
The differences in receptor distribution between humans and avian species
are thought to determine the host restriction of influenza A viruses. A switch
in receptor specificity from avian a-2,3-SA to human a-2,6-SA receptors,
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which can be acquired by specific mutations in the receptor binding site
(RBS) of the HA, is expected to be necessary for an avian virus to become
transmissible and, thus, gain the potential to become pandemic in humans.
Besides a switch in receptor specificity to facilitate infection of cells in the
URT, increased virus production in the URT and efficient release of virus
particles from the respiratory tract to yield airborne virus may also be required
(1). Such traits are likely to be determined by the viral surface glycoproteins
and the proteins that form the viral polymerase complex. Amino acid
substitutions in the polymerase proteins have already been shown to be
major determinants of host range and transmission, including for pandemic
influenza viruses (97-99). Whereas avian viruses, in principle, replicate at
temperatures around 41°C (the temperature in the intestinal tract of birds),
for replication in humans the viruses need to adapt to 33°C (the temperature
of the human URT). The amino acid substitution Glu627—Lys627 (E627K)
in the polymerase complex protein PB2 has been associated with increased
virus replication in mammalian cells at such lower temperatures (13, 88, 100)
In addition, when newly formed virus particles bud from the host cellmembrane
after virus replication, the NA present on the virus membrane facilitates the
release of particles. For H5N1, this process is rather inefficient, and released
particles tend to form virus aggregates (1). Therefore, a balance between
the properties endowed by HA and NA may be required to generate single
particles. These established effects were thus used as the basis for the initial
substitutions chosen in the current study.

Human-to-human transmission of influenza viruses can occur through direct
contact, indirect contact via fomites (contaminated environmental surfaces),
and/or airborne transmission via small aerosols or large respiratory droplets.
The pandemic and epidemic influenza viruses that have circulated in humans
throughout the past century were all transmitted via the airborne route, in
contrast to many other respiratory viruses that are exclusively transmitted via
contact. There is no exact particle size cut-off at which transmission changes
from exclusively large droplets to aerosols. However, it is generally accepted
that for infectious particles with a diameter of 5 mm or less, transmission
occurs via aerosols. Because we did not measure particle size during our
experiments, we will use the term “airborne transmission” throughout this
Report.

Biosafety and biosecurity concerns have remained foremost in our planning
for this research program. The details are explained in the supplementary
materials and are summarized here: The enhanced Animal Biosafety
Laboratory level 3 (ABSL3+) facility at Erasmus Medical Center (MC)
Rotterdam, the Netherlands, was constructed for the specific purpose
of containing pathogenic and transmissible influenza viruses and other
pathogens of concern. The facility consists of a negatively pressurized
laboratory with an interlock room. All in vivo and in vitro experimental work
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is carried out in negatively pressurized class 3 isolators or class 3 biosafety
cabinets, respectively. The facility is secured by procedures recognized as
appropriate by the institutional biosafety officers and facility management at
Erasmus MC, as well as Dutch and U.S. government inspectors.

Before and during the research, biosafety officers of Erasmus MC and
inspectors from the Dutch government, as well as from the U.S. Centers
for Disease Control and Prevention, approved the facilities and procedures.
Explicit permits for research on genetically modified airborne-transmissible
H5N1 virus were obtained from the Dutch government. The research
was performed strictly in accordance with the Dutch Code of Conduct for
Biosecurity (101). All personnel were instructed and trained extensively for
working in the ABSL3+ facility, handling (highly pathogenic) influenza virus,
and controlling incidents (such as spills). To further prevent occupational
risks, research personnel used protective equipment and were offered
seasonal and H5N1 influenza vaccines. For emergency purposes, Erasmus
MC holds supplies of oseltamivir and has quarantine hospital rooms.

Using a combination of targeted mutagenesis followed by serial virus passage
in ferrets, we investigated whether H5N1 virus can acquire mutations that
would increase the risk of mammalian transmission (102). We have previously
shown that several amino acid substitutions in the RBS of the HA surface
glycoprotein of A/lIndonesia/5/2005 change the binding preference from the
avian a-2,3-linked SA receptors to the human a-2,6—linked SA receptors
(103). A/Indonesia/5/2005 virus with amino acid substitutions N182K, Q222L/
G224S, or N182K/Q222L/G224S (numbers refer to amino acid positions in
the mature H5 HA protein; N, Asn; Q, GIn; L, Leu; G, Gly; S, Ser) in HA
display attachment patterns similar to those of human viruses to cells of the
respiratory tract of ferrets and humans (103). Of these changes, we know that
together, Q2221 and G224S switch the receptor binding specificity of H2 and
H3 subtype influenza viruses, as this switch contributed to the emergence
of the 1957 and 1968 pandemics (20). N182K has been found in a human
case of H5N1 virus infection (104). Our experimental rationale to obtain
transmissible H5N1 viruses was to select a mutant H5N1 virus with receptor
specificity for a-2,6-linked SA shed at high titers from the URT of ferrets.
Therefore, we used the QuickChange multisite-directed mutagenesis kit
(Agilent Technologies, Amstelveen, the Netherlands) to introduce amino acid
substitutions N182K, Q222L/G224S, or N182K/Q222L/G224S in the HA of
wildtype (WT) A/Indonesia/5/2005, resulting in H5N1 H5N1

HAN182K? HAQ222L,G2248?

and HONT, ek azoat c22es: EXPErIMeNtal details for experiments 1 to 9 are

provided in the supplementary materials. For experiment 1, we inoculated
these mutant viruses and the H5N1 , _ virus intranasally into groups of six
ferrets for each virus (Figure S3). Throat and nasal swabs were collected daily,
and virus titers were determined by end-point dilution in Madin Darby canine

kidney (MDCK) cells to quantify virus shedding from the ferret URT. Three
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animals were euthanized after day 3 to enable tissue sample collection. All
remaining animals were euthanized by day 7 when the same tissue samples
were taken. Virus titers were determined in the nasal turbinates, trachea,
and lungs collected postmortem from the euthanized ferrets. Throughout the
duration of experiment 1, ferrets inoculated intranasally with HSN1 ., virus
produced high titers in nose and throat swabs - up to 10 times more than
HON1, 1 00201 62245 Which yielded the highest virus titers of all three mutants
during the 7-day period (Figure 1). However, no significant difference was
observed between the virus shedding of ferrets inoculated with HSN1,,, .,
oo OF HONT, o during the first 3 days when six animals per group were
present. Thus, of the viruses with specificity for a-2,6-linked SA, H5N1
aoza c2oas Yi€lded the highest virus titers in the ferret URT (Figure 1).

As described above, amino acid substitution E627K in PB2 is one of the
most consistent hostrange determinants of influenza viruses (97-99).
For experiment 2 (Figure S4), we introduced E627K into the PB2 gene
of A/Indonesia/5/2005 by site-directed mutagenesis and produced the
recombinant virus HSN1,, 1,551 g204s pe2esorc- 1€ introduction of E627K in PB2
did not significantly affect virus shedding in ferrets, because virus titers in the
URT were similar to those seen in H5N1,,, ..., o,.us-iNOculated animals [up
to 1 x 10* 50% tissue culture infectious doses (TCID50)] (Mann-Whitney U
rank-sum test, P = 0.476) (Figure 1 and Figure S5). When four naive ferrets
were housed in cages adjacent to those with four inoculated animals to test
for airborne transmission as described previously (95), H5N1
paoeark Was not transmitted (Figure S9).

Because the mutant virus harboring the E627K mutation in PB2 and Q222L
and G224S in HA did not transmit in experiment 2, we designed an experiment
to force the virus to adapt to replication in the mammalian respiratory tract
and to select virus variants by repeated passage (10 passages in total)
of the constructed HSN1,, .00 coo4s a2 7k VirUS and HSN1 . virus in
the ferret URT (Figure 2 and Figure S6). In experiment 3, one ferret was
inoculated intranasally with H5N1 ..~ and one ferret with HSN1,, 0,00 c204s
ea2 eeo7i- 1roat and nose swabs were collected daily from live animals until
4 days postinoculation (dpi), at which time the animals were euthanized to
collect samples from nasal turbinates and lungs. The nasal turbinates were
homogenized in 3 ml of virus-transport medium, tissue debris was pelleted
by centrifugation, and 0.5 ml of the supernatant was subsequently used
to inoculate the next ferret intranasally (passage 2). This procedure was
repeated until passage 6.

From passage 6 onward, in addition to the samples described above, a nasal
wash was also collected at 3 dpi. To this end, 1 ml of phosphate-buffered
saline (PBS) was delivered dropwise to the nostrils of the ferrets to induce
sneezing. Approximately 200 ml of the “sneeze” was collected in a Petri dish,

and PBS was added to a final volume of 2 ml. The nasal-wash samples were

A

HAQ222L,G224S
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Table 1:
Lethality of WT and airborne-transmissible H5N1 virus in ferrets upon inoculation via different
routes. n, number of animals; N.A., not applicable.

Inoculation route Virus Dead or moribund Day .°f deathl
(no. dead/no. tested) postinoculation (no.)
Intratracheal A/H5N1W"mype 6/6* 2(n=2),3(n=4)
A/H5N1/F5 6/6 3(n=86)
Intranasal A/H5N1W"dtypelpw 2/2t 6(n=2)
AHSNTHA ., conas pez esormro 014 N.A.
A/H5N1/F2 0/2 N.A.
A/H5N1/F5 1/2 6(n=1)
Airborne A/H5N1 widtype N.A. N.A.
AHBNTHA 0 cooas pazesoree 013 N.A.
A/H5N1/F2 0/2 N.A.
A/H5N1/F5 0/1 N.A.

*These data refer to a published study (112).

tThese ferrets were inoculated with P10 H5N1W"mype virus, but data are consistent with previous studies
that used larger groups of animals inoculated with the original strain (106, 107).

Table 2:

Receptor specificity of the different mutant H5N1 viruses, as determined by a modified
TRBC hemagglutination assay. Introduction of Q222L and G224S in the H5N1 HA resulted
in a receptor binding preference switch from the avian a-2,3- to the human a-2,6-linked SA
receptor. Subsequent substitution of H103Y and T156A resulted in an increased affinity for
a-2,3- and a-2,6-linked SA, in agreement with glycan array studies (118). For details, see
supplementary experiment 9. HAU, hemagglutination units.

HA titer (HAU/50 pl)

Virus Subtype  1pBc  g.2,3-linked  a-2,6-linked
TRBC TRBC
AlNetherlands/213/03 H3N2 64 0 64
A/Vietnam/1194/04 H5N1 64 64 0
AH5NT H5N1 64 16 0
A/H5N1HAH103Y,T156AP82E627K H5N1 64 48 0
A/H5N1 H5N1 64 0 24

HA Q222L.,G224S PB2 E627K

A/H5N1 H5N1 64 4 32

HAH103Y,T156A,Q222L,G224S PB2 E627K
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used for intranasal inoculation of the ferrets for the subsequent passages
7 through 10. We changed the source of inoculum during the course of the
experiment, because passaging nasal washes may facilitate the selection of
viruses that were secreted from the URT. Because influenza viruses mutate
rapidly, we anticipated that 10 passages would be sufficient for the virus to
adapt to efficient replication in mammals.

Virus titers in the nasal turbinates of ferrets inoculated with HSN1 ,, ~ ranged
from ~1 x 10%to 1 x 107 TCID50/gram tissue throughout 10 serial passages
(Figure 3A and Figure S7). In ferrets inoculated with HSNT,, 0051 62045 pe2 £627%
virus, a moderate increase in virus titers in the nasal turbinates was observed
as the passage number increased. These titers ranged from 1 x 10* TCID50/
gram tissue at the start of the experiment to 3.2 x 10° to 1 x 10° TCID50/
gram tissue in the final passages (Figure 3A and Figure S7). Notably, virus
titers in the nose swabs of animals inoculated with HSN1,, ., 2045 pe2 £627K
also increased during the successive passages, with peak virus shedding of
1 x 10° TCID50 at 2 dpi after 10 passages (Figure 3B). These data indicate
that HON1,, 12001 6204s pe2 e627« WS deVeloping greater capacity to replicate in
the ferret URT after repeated passage, with evidence for such adaptation
becoming apparent by passage number 4. In contrast, virus titers in the nose
swabs of the ferrets collected at 1 to 4 dpi throughout 10 serial passages with
HON1 400 F€Vealed no changes in patterns of virus shedding.

Passaging of influenza viruses in ferrets should result in the natural selection
of heterogeneous mixtures of viruses in each animal with a variety of
mutations: so-called viral quasispecies (105). The genetic composition of the
viral quasi-species present in the nasal washes of ferrets after 10 passages
of HON1 40 @NA HONT L o0n conss pez ook WAS determined by sequence
analysis using the 454/Roche GS-FLX sequencing platform (Roche,
Woerden, the Netherlands) (Tables S1 and S2). The mutations introduced
iN HONT . 0ooot a204s pe2 6271 PY TEVETSE genetics remained present in the virus
population after 10 consecutive passages at a frequency >99.5% (Figure 4
and Table S1). Numerous additional nucleotide substitutions were detected
in all viral gene segments of HSN1 . . and HSNT,, 0,00 cr4s pez ecark ATtET
passaging, except in segment 7 (Tables S1 and S2). Of the 30 nucleotide
substitutions selected during serial passage, 53% resulted in amino acid
substitutions. The only amino acid substitution detected upon repeated
passage of both H5N1 ,, and H5N1,, 0.0 conus pez eeark WaS T156A (T, Thr;
A, Ala) in HA. This substitution removes a potential N-linked glycosylation
site (Asn-X-Thr/Ser; X, any amino acid) in HA and was detected in 99.6% of
the H5N1 sequences after 10 passages. T156A was detected in 89% of

wildtype
the H5N1 HAC:;ZL,GMS ra2 27 S€QUeNces after 10 passages, and the other 11%
of sequences possessed the substitution N154K, which removes the same
potential N-linked glycosylation site in HA.

In experiment 4 (see supplementary materials), we investigated whether
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airborne-transmissible viruses were present in the heterogeneous virus
population generated during virus passaging in ferrets (Figure S4). Nasal-
wash samples, collected at 3 dpi from ferrets at passage 10, were used in
transmission experiments to test whether airborne-transmissible virus was
present in the virus quasispecies. For this purpose, nasal-wash samples
were diluted 1:2 in PBS and subsequently used to inoculate six naive
ferrets intranasally: two for passage 10 H5N1 and four for passage 10
H5N1 HA Q222L,G224S PB2 E627K VirUS.

The following day, a naive recipient ferret was placed in a cage adjacent to
each inoculated donor ferret. These cages are designed to prevent direct
contact between animals but allow airflow from a donor ferret to a neighboring
recipient ferret (Figure S1) (95). Although mutations had accumulated in
the viral genome after passaging of H5N1 . . in ferrets, we did not detect
replicating virus upon inoculation of MDCK cells with swabs collected from
naive recipient ferrets after they were paired with donor ferrets inoculated
with passage 10 H5N1 . . virus (Figure 5, A and B). In contrast, we did
detect virus in recipient ferrets paired with those inoculated with passage
10 H5NT,, 0ooat 62248 pe2 627 VirUs. Three (F1 to F3) out of four (F1 to F4)
naive recipient ferrets became infected as confirmed by the presence of
replicating virus in the collected nasal and throat swabs (Figure 5, C and D).
A throat-swab sample obtained from recipient ferret F2, which contained the
highest virus titer among the ferrets in the first transmission experiment, was
subsequently used for intranasal inoculation of two additional donor ferrets.
Both of these animals, when placed in the transmission cage setup (Figure
S1), again transmitted the virus to the recipient ferrets (F5 and F6) (Figure 6,
A and B). A virus isolate was obtained after inoculation of MDCK cells with a
nose swab collected from ferret F5 at 7 dpi. The virus from F5 was inoculated
intranasally into two more donor ferrets. One day later, these animals were
paired with two recipient ferrets (F7 and F8) in transmission cages, one of
which (F7) subsequently became infected (Figure 6, C and D).

We used conventional Sanger sequencing to determine the consensus
genome sequences of viruses recovered from the six ferrets (F1 to F3
and F5 to F7) that acquired virus via airborne transmission (Figure 4 and
Table S3). All six samples still harbored substitutions Q222L, G224S, and
E627K that had been introduced by reverse genetics. Surprisingly, only two
additional amino acid substitutions, both in HA, were consistently detected in
all six airborne-transmissible viruses: (i) H103Y (H, His; Y, Tyr), which forms
part of the HA trimer interface, and (ii) T156A, which is proximal but not
immediately adjacent to the RBS (Figure S8). Although we observed several
other mutations, their occurrence was not consistent among the airborne
viruses, indicating that of the heterogeneous virus populations generated
by passaging in ferrets, viruses with different genotypes were transmissible.
In addition, a single transmission experiment is not sufficient to select for

wildtype
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clonal airborne-transmissible viruses because, for example, the consensus
sequence of virus isolated from F6 differed from the sequence of parental
virus isolated from F2.

Together, these results suggest that as few as five amino acid substitutions
(four in HA and one in PB2) may be sufficient to confer airborne transmission
of HPAI H5N1 virus between mammals. The airborne-transmissible virus
isolate with the least number of amino acid substitutions, compared with
the H5N1 ..., Was recovered from ferret F5. This virus isolate had a total
of nine amino acid substitutions; in addition to the three mutations that we
introduced (Q222L and G224S in HA and E627K in PB2), this virus harbored
H103Y and T156A in HA, H99Y and 1368V (I, lle; V, Val) in PB1, and R99K
(R, Arg) and S345N in NP (Table S3). Reverse genetics will be needed to
identify which of the five to nine amino acid substitutions in this virus are
essential to confer airborne transmission.

During the course of the transmission experiments with the airborne-
transmissible viruses, ferrets displayed lethargy, loss of appetite, and ruffled
fur after intranasal inoculation. One of eight inoculated animals died upon
intranasal inoculation (Table 1). In previously published experiments, ferrets
inoculated intranasally with WT A/Indonesia/5/2005 virus at a dose of 1 x
10® TCID50 showed neurological disease and/or death (106, 107). It should
be noted that inoculation of immunologically naive ferrets with a dose of
1 x 108 TCID50 of H5N1 virus and the subsequent course of disease is
not representative of the natural situation in humans. Importantly, although
the six ferrets that became infected via respiratory droplets or aerosol also
displayed lethargy, loss of appetite, and ruffled fur, none of these animals died
within the course of the experiment. Moreover, previous infections of humans
with seasonal influenza viruses are likely to induce heterosubtypic immunity
that would offer some protection against the development of severe disease
(108, 109). It has been shown that mice and ferrets previously infected with
an H3N2 virus are clinically protected against intranasal challenge infection
with an H5N1 virus (110, 111).

After intratracheal inoculation (experiment 5; Figure S9), six ferrets
inoculated with 1 x 108 TCID50 of airborne-transmissible virus F5 in a 3 ml
volume of PBS died or were moribund at day 3. Intratracheal inoculations
at such high doses do not represent the natural route of infection and are
generally used only to test the ability of viruses to cause pneumonia (112),
as is done for vaccination-challenge studies. At necropsy, the six ferrets
revealed macroscopic lesions affecting 80 to 100% of the lung parenchyma
with average virus titers of 7.9 x 10 TCID50/gram lung (Figure S10). These
data are similar to those described previously for H5N1 . - in ferrets (Table
1). Thus, although the airborne-transmissible virus is lethal to ferrets upon
intratracheal inoculation at high doses, the virus was not lethal after airborne
transmission.

To test the effect of the mutations in HA in the airborne-transmissible virus on
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its sensitivity to antiviral drugs, we used virus isolated from F5 (experiment 6).
This airborne-transmissible virus with nine amino acid substitutions displayed
sensitivity to the antiviral drug oseltamivir similar to that of HSN1 Table
S4).

In experiment 7, we evaluated the recognition of the airborne-transmissible
virus by antisera raised against potential HSN1 vaccine strains. Because
only HA recognition by antibodies is evaluated in this assay, chimeric viruses
were generated based on six gene segments of the mouse-adapted A/Puerto
Rico/8/34 (PR8) virus with the HA and PB2 genes of the transmissible virus
harboring amino acid substitutions H103Y, T156A, Q222L, and G224S in
HA and E627K in PB2. We replaced the MBCS of the HA by a monobasic
cleavage site, allowing us to do these experiments under BSL2 conditions.
The chimeric PR8/H5 virus reacted well with ferret antisera raised against
A/Indonesia/5/2005 and several other prepandemic vaccine strains (Table
S5). In fact, the presence of the four HA mutations increased the reactivity
with H5 antisera by twofold or more.

We subsequently used the same PR8/H5 chimeric virus in experiment 8 to
evaluate the presence of existing immunity against the airborne-transmissible
virus in sera obtained from human volunteers more than 70 years of age.
The introduction of receptor-binding site mutations Q222L/G224S and the
mutations H103Y and T156A in HA, acquired during ferret passage, did
not result in increased cross-reactivity with human antisera (Table S6),
indicating that humans do not have antibodies against the HA of the airborne-
transmissible H5N1 virus that was selected in our experiments.
Substitutions Q222L and G224S have previously been shown to be sufficient
to switch receptor-binding specificity of avian influenza strains (i.e., a-2,3-
linked SA) to that of human strains (i.e., a-2,6-linked SA) (91, 103, 113,
114). Amino acid position 103 is distal from the RBS, forms part of the trimer
interface, and is unlikely to affect receptor specificity (Figure S8). T156 is part
of a N-glycosylation sequon, and T156A (as well as N154K) would delete
this potential glycosylation site (Figure S8); amino acid T156 is proximal but
not immediately adjacent to the RBS. Loss of N-glycosylation sites at the tip
of HA has been shown to affect receptor binding of H1 (115, 116) and the
virulence of H5 virus (117). We evaluated the impact of the HA mutations
that emerged during passaging in ferrets in a modified turkey red blood
cell (TRBC) assay (Table 2). In this assay, the binding of influenza viruses,
with a mutated HA, to normal TRBCs (expressing both a-2,3-linked SA and
a-2,6-linked SA) and modified TRBCs with either a-2,3-linked SA or a-2,6-
linked SA on the cell surface was evaluated and compared to two reference
viruses with known receptor binding preference: avian H5N1 and human
H3N2 viruses. As expected and shown before, introduction of the Q222L and
G224S mutations in the HA of H5N1 changed the receptor binding preference
from a-2,3-linked SA to a-2,6-linked SA (103). Furthermore, in our hands, the

wildtype (
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introduction of substitutions H103Y and T156A not only enhanced binding of
HONT, s q2a1 62248 pe2 £c27k 10 O-2,6-linked SA, as expected from glycan array
studies (118), but also increased the affinity for a-2,3-linked SA. When these
two mutations were introduced in the H3N1 ;. HA, the affinity for a-2,3-
linked SA also increased.

Substitutions Q222L and G224S have previously emerged in avian H2
and H3 viruses in nature (20, 119), and mutations associated with similar
changes in receptor binding specificity have been detected repeatedly in H5
viruses for instance, substitution N182K has been reported nine times (104,
118), which is why we initially selected it for our investigations. The other
three substitutions we found consistently in airborne-transmissible viruses
have all previously been detected in HPAlI H5N1 viruses circulating in the
field (120). Only a minor fraction of the H5N1 viruses that have circulated in
outbreaks have been sequenced (estimated to be <0.001%) (120, 121). Yet
the individual substitutions we obtained, as well as combinations of T156A
and H103Y or T156A and E627K, have already been reported in public
sequence databases (120); thus, we conclude that these mutations do not
appear to have a detrimental effect on virus fitness. Substitution H103Y has
only been found once, in combination with T156A in a duck in China (120).
Substitution E627K in PB2 has been found in ~27% of avian H5N1 virus
sequences and in ~29% of human H5N1 viruses (120). Substitution T156Ain
HA has been reported in >50% of the viruses sequenced and was detected
in 100% of the viruses from human cases in Egypt (120).

Investigations of viral quasi-species during a massive avian influenza H7N7
virus outbreak in the Netherlands indicated that viruses with human adaptation
markers, including HA mutations that alter receptor specificity and mutations
in polymerase proteins that increase polymerase activity like E627K in PB2,
emerged rapidly in poultry (122-124). Given the large numbers of HPAI H5N1
virus-infected hosts globally, the high viral mutation rate, and the apparent
lack of detrimental effects on fitness of the mutations that confer airborne
transmission, it may simply be a matter of chance and time before a human-
to-human transmissible H5N1 virus emerges.

The specific mutations we identified in these experiments that are associated
with airborne transmission represent biological traits that may be determined
by a set of different amino acid substitutions. For example, amino acid
substitutions D701N (D, Asp) or S590G/R591Q in PB2 vyield a similar
phenotype to E627K (97). N182K and other substitutions in the RBS of
HA may yield a similar phenotype to Q222L/G224S (103). Such mutations
should be considered for HSN1 surveillance studies in outbreak areas. Imai
et al. recently identified different RBS changes (N220K, Q222L) along with
N154D (affecting the same N-glycosylation sequon as T156A) and T314I
in HA as determinants of airborne transmission of an H5 virus (125). This
airborne virus contained seven genes of the 2009 pandemic H1N1 virus
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(which has S590G/R591Q in PB2 rather than E627K), with the HA of H5N1
virus A/Vietnam/1203/2004 (125). These data indicate that different lineages
of H5N1 virus and different amino acid substitutions that affect particular
biological ftraits (receptor binding, glycosylation, replication) can yield
airborne-transmissible H5N1 viruses.

Although our experiments showed that H5N1 virus can acquire a capacity for
airborne transmission, the efficiency of this mode remains unclear. Previous
data have indicated that the 2009 pandemic H1N1 virus transmits efficiently
among ferrets and that naive animals shed high amounts of virus as early as
1 or 2 days after exposure (95). When we compare the H5N1 transmission
data with that of reference (95), keeping in mind that our experimental design
for studying transmission is not quantitative, the data shown in Figs. 5 and
6 suggest that H5N1 airborne transmission was less robust, with less and
delayed virus shedding compared with pandemic H1N1 virus.

Airborne transmission could be tested in a second mammalian model system
such as guinea pigs (126), but this would still not provide conclusive evidence
that transmission among humans would occur. The mutations we identified
need to be tested for their effect on transmission in other H5N1 virus lineages
(127) , and experiments are needed to quantify how they affect viral fitness
and virulence in birds and mammals. For pandemic preparedness’, antiviral
drugs and vaccine candidates against airborne-transmissible virus should be
evaluated in depth. Mechanistic studies on the phenotypic traits associated
with each of the identified amino acid substitutions should provide insights
into the key determinants of airborne virus transmission. Our findings indicate
that HPAI H5N1 viruses have the potential to evolve directly to transmit by
aerosol or respiratory droplets between mammals’, without reassortment
in any intermediate host’, and thus pose a risk of becoming pandemic in
humans. ldentification of the minimal requirements for virus transmission
between mammals may have prognostic and diagnostic value for improving
pandemic preparedness (102).
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SUPPLEMENTAL MATERIAL

Risk assessments prior to start of research

The research on transmission of H5N1 virus has been discussed among staff
members of the Department of Virology at Erasmus MC since 1998. The work
did not commence until much later because we considered the laboratory
facilities available at the Rotterdam site at that time inappropriate for this
type of work. Between 1998 and 2007, the H5N1 transmission experiments
were discussed explicitly and extensively among the staff members of the
Department of Virology, followed by discussions with biosafety officers and
facility managers of Erasmus MC, as well as with numerous specialists
from the influenza and general infectious disease fields around the globe
(128). Throughout these discussions, and upon site- visits of facilities where
research with class 3 and class 4 pathogens is conducted routinely, a
plan was drawn to develop adequate research facilities, to obtain permits
for working with genetically modified organisms (GMO), and for review of
research proposals.

Following a Broad Agency Announcement of the National Institute of Allergy
and Infectious Diseases and National Institutes of Health (BAA NIH-NIAID-
DMID-07-20) in 2005, the Department of Virology, along with partners in
the USA, drafted a research proposal to become an NIAID/NIH Center of
Excellence for Influenza Research and Surveillance to support the research
agenda ofthe US Department of Health and Human Services (HHS) Pandemic
Influenza Plan in the USA. This proposal was reviewed favorably by NIAID/
NIH in consultation with HHS and supported by external expert advisors.
Upon signing the research contract, a new GMO permit - explicitly for
conducting work with airborne-transmissible H5N1 virus and early pandemic
viruses - was obtained from the Dutch Ministry for Infrastructure and the
Environment (1&M) in 2007. To this end, I1&M was advised by the Committee
Genetic Modification (COGEM), which is an independent scientific advisory
committee for the Dutch government. I&M and COGEM concluded that the
proposed work could be performed with negligible risk to humans and the
environment under the conditions realized (permit 1G-07-038). The COGEM
advice is available on-line (129).The COGEM advice is available on-line
(129).

In 2007, a “Code of Conduct for Biosecurity” was drafted by the Royal
Netherlands Academy of Arts and Sciences (KNAW) upon request of the
Dutch Ministry of Education, Culture and Science (OCW) as required by the
Biological and Toxin Weapons Convention (BTWC) ratified in 1972 and the
Statement on Biosecurity issued by the InterAcademy Panel (IAP) in 2005
(101). As R.A.M. Fouchier was a member of the Biosecurity Focus Group
that advised during the conception of this Code of Conduct for Biosecurity,
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the department of Virology of Erasmus MC was well aware of the Code prior
to its publication in 2007, and adhered strictly to this Code at all times. The
principles and procedures outlined in the Dutch Code of Conduct are similar
to those agreed upon in the USA.

Biosafety and biosecurity measures

All experiments were conducted within the enhanced animal biosafety level 3
(ABSL3+) facility of Erasmus MC that was completed in 2007. The ABSL3+
facility consists of a negative pressurized (-30 Pa) laboratory in which all in
vivo and in vitro experimental work is carried out in class 3 isolators or class
3 biosafety cabinets, which are also negative pressurized (< -200 Pa). Air
released from the class 3 units is filtered twice by High Efficiency Particulate
Air (HEPA) filters and then leaves via the facility ventilation system, again
via double HEPA filters. Only authorized personnel that have received the
appropriate training can access the ABSL3+ facility. For animal handling
in the facilities, personnel always work in pairs. The facility is secured by
procedures recognized as appropriate by the institutional biosafety officers
and facility management at ErasmusMC and Dutch and United States
government inspectors.

All facilities, procedures, training records, safety drills, inventory records,
and logbooks, are subject to inspection and oversight by the institutional
biosafety officers of Erasmus MC in close consultation with the facility
management. The facilities, personnel, and procedures are further inspected
by the US Centers for Disease Control and Prevention (CDC) every 3 years
in agreement with the US select agent regulations for oversees laboratories
and by the Dutch government (VROM inspection). The most recent CDC
inspections took place in February 2011 and March 2012 at which time no
shortcomings in biosafety and biosecurity measures were identified.

Occupational health risk

Although the laboratory is considered ‘clean’ because all experiments are
conducted in closed class 3 cabinets and isolators, special personal protective
equipment, including laboratory suits, gloves and FFP3 facemasks, is used
and all personnel are offered seasonal and prototype H5N1 influenza vaccines
with informed consent. Additional immunizations with H5N1 vaccine were
administered if seroconversion could not be demonstrated. Consent records
are held by the Department of Virology at ErasmusMC.

All personnel are given basic training in laboratory safety under BSL2
conditions. Employees are trained for a further 3 months under standard
BSL3 conditions, supervised by highly experienced personnel. Following
initial BSL3 training and a period of independent work under BSL3 conditions,
employees are trained for a further 3 months in the ABSL3+ facility, again
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under the constant supervision of highly experienced personnel with >8
years of research experience. These training programs consist of hands-
on work under supervision, following theory components on facilities,
procedures and safety drills. Upon completion of the supervised training
period, the supervisors judge whether trainees fulfill all requirements for
working independently in the facilities. Annual refreshment training sessions
on biosafety and biosecurity are provided by the principal investigators,
biosafety officers, and facility managers.

All equipment in the facilities is monitored electronically and both acoustic
and telephone alarms are employed to ensure that workers do not enter the
facilities if equipment is malfunctioning. All personnel have been instructed
and trained how to act in case of incidents. All incidents are handled with
consultation between a senior staff member of the Virology Department, a
clinical microbiologist, the biosafety officers, and the facility management.
Antiviral drugs (oseltamivir and zanamivir) are directly available. Erasmus
MC has isolation hospital rooms (negative pressure rooms with interlocks)
with trained nursing and medical staff to be used in case of serious incidents
and to quarantine the infected individual to prevent further dissemination of
the pathogen.
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MATERIALS AND METHODS

Viruses

Influenza virus A/Indonesia/5/2005 (H5N1) was isolated from a human case
of HPAI virus infection and passaged once in embryonated chicken eggs
followed by a single passage in Madin-Darby Canine Kidney (MDCK) cells.
All eight gene segments were amplified by reverse transcription polymerase
chain reaction and cloned in a modified version of the bidirectional reverse
genetics plasmid pHW2000 (100, 130). Mutations of interest (N182K,
Q222L, G224S in HA and E627K in PB2) were introduced in reverse
genetics vectors using the QuikChange multi-site-directed mutagenesis kit
(Agilent, Amstelveen, The Netherlands) according to the instructions of the
manufacturer. Recombinant viruses were produced upon transfection of
293T cells and virus stocks were propagated and titrated in MDCK cells as
described (100).

Cells

MDCK cells were cultured in Eagle’s minimal essential medium (EMEM,
Lonza Benelux BV, Breda, the Netherlands) supplemented with 10% fetal calf
serum (FCS), 100 1U/ml penicillin, 100 ug/ml streptomycin, 2 mM glutamine,
1.5 mg/ml sodium bicarbonate (Lonza), 10 mM Hepes (Lonza), and non-
essential amino acids (MP Biomedicals Europe, lllkirch, France). 293T
cells were cultured in Dulbecco modified Eagle’s medium (DMEM, Lonza)
supplemented with 10% FCS, 100 IU/ml penicillin, 100 mg/ml streptomycin,
2 mM glutamine, 1 mM sodium pyruvate, and non-essential amino acids.

Virus titration in MDCK cells

Virus titrations were performed as described previously (95). Briefly, MDCK
cells were inoculated with tenfold serial dilutions of virus preparations,
homogenized tissues, nose swabs, and throat swabs. Cells were washed
with PBS one hour after inoculation and cultured in 200 pl of infection media,
consisting of EMEM supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin, 2 mM glutamine, 1.5 mg/ml sodium bicarbonate, 10 mM Hepes,
non-essential amino acids, and 20 yg/ml trypsin (Lonza). Three days after
inoculation, supernatants of infected cell cultures were tested for agglutinating
activity using turkey erythrocytes as an indicator of virus replication in the
cells. Infectious virus titers were calculated from four replicates each of the
homogenized tissue samples, nose swabs, and throat swabs and for ten
replicates of the virus preparations by the method of Spearman-Karber (131).
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Ferret experiments

An independent animal experimentation ethical review committee, approved
by Dutch Government (Stichting DEC Consult) approved all animal studies.
All experiments with ferrets were performed under animal biosafety level 3+
conditions in class 3 isolator cages.

INOCULATED FERRET 2y NAIVE FERRET 3

Supplemental Figure 1:

Schematic presentation (A) and a photograph (B) of paired transmission cages. The
transmission cages were specifically designed to allow transmission experiments to be
conducted in negatively pressurized isolator cages (1.6 x 1 x 1 m) in the ABSL3+ facility.
The ferrets are housed in clear Perspex cages, in which each inoculated animal was housed
individually next to a naive ferret. Each ferret cage was 30 x 30 x 55 cm (W x H x L) and the
two cages were separated by two stainless steel grids (1), with a grid size of 0.5 cm2, 10 cm
apart. Negative pressure within the isolator cage is used to direct a modest (< 0.1 m/sec) flow
of HEPA-filtered air (2) from the inoculated to the naive ferret. The outlet airflow (3) is HEPA
filtered to prevent continuous circulation of infectious influenza A virus particles and to prevent
cross-contamination. Animals are housed on solid rubber floor tiles, which do not generate
dust and avoid unwanted fomite transmission among animals. Arrows indicate airflow.
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*= a2,3SA *=a 26 SA

Supplemental Figure 2: Influenza virus receptor distribution in the respiratory and enteric
tract of chickens, and the respiratory tract of ferrets and humans. Avian and human influenza
viruses preferentially bind to a-2,3-linked (red) and a-2,6-linked (blue) sialic acid (SA) receptors,
respectively. In chicken, although both a-2,3-linked SA and a-2,6-linked SA are present
throughout the respiratory tract and gut, a-2,3-linked SA are expressed more abundantly. In
contrast, humans and ferrets predominantly express a-2,6-linked SA receptors in the upper
respiratory tract (URT) and trachea, and a-2,3-linked SA receptors in the lower respiratory
tract (96). The size of the red and blue symbols correlates with the relative abundance of SA
receptors.

Experiment 1

To evaluate the effect of receptor binding site (RBS) mutations on H5N1
virus replication in the ferret respiratory tract, four groups of six influenza
virus seronegative female ferrets (Mustela putorius furo) were inoculated
intranasally with 1 x 10° TCID50 of H5N1 e? HONTu nreaxe HONT s qooat g20ss
or HONT ,, N1sar qzeoL s22ss (2 X 250 pL, divided over both nostrils), respectively
(Figure S3). Nose and throat swabs were collected daily and immediately
suspended in 1 ml of virus transport medium (VTM) containing glycerol and
antibiotics. Three animals of each group were euthanized at 3 and 7 days
post inoculation (dpi), and nasal turbinates (narrow and curled bone shelves
that stick out into the breathing passage of the nose), trachea and lungs were
collected, homogenized in 3 ml of VTM, after which the supernatant was
collected and stored at -80°C. Virus titers in swabs and respiratory tissues
were determined by end-point titration in MDCK cells as described above.
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Supplemental Figure 3:
Schematic overview of experiment 1 to evaluate replication of HSN1
H5N1 or H5N1 in ferrets. NT; nasal turbinates.

HAN182K, HEN1HA Q222L,G224S’ HAN182K,Q222L,G224S

wildtype’

Experiment 2

Amino acid substitution E672K in PB2 is one of the most consistent host-
range determinants of influenza viruses. To test its effect on airborne-
transmission of an H5N1 virus with specificity for the human a-2,6-linked
SA receptor, we introduced this E627K mutations in virus HSN1,,, 0,001 c20s
that was used in experiment 1. Airborne transmission experiments were
performed as described previously (95). In short, four female adult ferrets
were inoculated intranasally with 1 x 10° TCIDS0 of HON1,,, 0,00 62045 pe2 E627k
by applying 250 uL of virus suspension to each nostril. Each donor ferret was
then placed in a transmission cage (Figure S1). One day after inoculation,
one naive recipient ferret was placed opposite each inoculated ferret. Each
transmission pair was housed in a separate transmission cage designed to
prevent direct contact between the inoculated and naive ferrets but allowing
airflow from the donor to the recipient ferret. Nose and throat swabs were
collected on 1, 3, 5, and 7 dpi for donor ferrets and on 1, 3, 5, 7, 9 and 11
days post exposure (dpe) for the recipient ferrets as described for experiment
1. Virus titers in swabs were determined by end-point titration in MDCK cells.
If virus shedding was detected in the recipient ferrets upon exposure to the
donor ferrets, this was judged as evidence for airborne transmission.
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Supplemental Figure 4:
Schematic overview of experiments to test airborne transmission of influenza virus in

experiments 2 and 4.

Supplemental Figure 5:

Shedding of influenza virus HON1, .\ .00 co4s pe2 627 IN fEITELS N transmission experiments
(experiment 2). (A) Nose (white bars) and throat swabs (black bars) were collected on days 1,
3, 5, and 7 after inoculation from ferrets inoculated intranasally and (B) on days 1, 3, 5, 7, 9,
and 11 after exposure for naive ferrets in an adjoining cage. Virus titers were determined by
end-point titration in MDCK cells. The geometric mean titers of positive samples are displayed,
with error bars indicating standard deviations. Numbers in panel B indicate the number of
ferrets infected via airborne transmission.
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Experiment 3
Since no airborne transmission was observed in experiment 2, H5N1 . . and

HON1, 1 qozo1 62245 pe2 £627¢ WETE S€rially passaged in ferrets to allow adaptation
for efficient replication in mammals. Each virus was inoculated intranasally
with 1 x 108 TCID50 in one ferret (2 x 250 pl, divided over both nostrils). Nose
and throat swabs were collected daily, as described for experiment 1. Animals
were euthanized at 4 dpi and nasal turbinates and lungs were collected as
described for experiment 1. Nasal turbinates were homogenized in VTM, and
this homogenate was used to inoculate the next ferret intranasally, resulting in
passage 2 (Figure 2, Figure S6). Subsequent passages 3 - 6 were performed
in the same way. From passage six onwards, nasal washes were collected
at 3 dpi in addition to the nasal swabs. To this end, one milliliter of PBS was
delivered drop wise to the nostrils of the ferrets, thereby inducing sneezing.
Approximately 200 ul of the ‘sneeze’ was collected in a Petri dish, and PBS
was added to a final volume of 2 ml. For passage 7 through 10, the nasal
wash sample was used for the following passages in ferrets. The passage-10
nasal washes of the ferrets inoculated with H5N1 - and HON1,, o0 c04s
ea2 eeo7k WETe used for sequence analyses using the 454/Roche GS-FLX
sequencing platform, as well as for transmission experiments (experiment 4).

Passage 1-6 Passage 7-10
Intranasal inoculation of 1 Euthanize || Next passage: Intranasal Col Euthanize || Next passage:
ferret with 10° TCID.,of ferrets, Intranasal inoculation N° etlﬂ ferrets, Intranasal
A/H5N1,,,  or collect NT || inoculation with with NT sample a:: collect NT || inoculation with
L 3L e — andlung || NT sample of passage 6 wa and lung || nasal wash

L 1 L 1 1 1. i | L 1 1 1 1 I J

I I I I I I | I I I I 1 1 |
Day 0 1 2 3 4 DayO 1 Day 0 1 2 3 4 DayO0 1

Collect nose and throat swabs daily Collect nose and throat swabs daily

Supplemental Figure 6:
Schematic overview of experiment 3 to allow adaptation for efficient replication in the upper
respiratory tract by serial passaging in ferrets. NT; nasal turbinates.
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A A/H5N1 wildtype B A/HS5N1 HA Q2221 G224S PB2 E627K

Nasal turbinates
log10 TCID50 / g tissue

It

12 83 4 5 6 7 8 9 10

Lung
log10 TCID50 / g tissue

Passage

Inoculation

dose
log10 TCIDSO

6 49 5 5 5 47 34 22 29 29 6 34 39 34 47 47 34 37 1.4 47

Supplemental Figure 7:

Virus titers in the nasal turbinates (A, B) and lungs (C, D) collected on day 4 from ferrets
inoculated with H5N1Wildtype (A, C) and H5N1,, 0501 o24s P2 627k (B D) throughout the ten serial
passages as numbered on the x axes. Virus titers were determined by end- point titration
in MDCK cells. The total virus dose for each inoculation is shown below panels C and D;
these numbers also correspond to parts A and B, respectively. This virus dose was given in
a 0.5 ml volume (0.25 ml/nostril). After inoculation with H5N1W"dtype, virus titers in the nasal
turbinates were variable but high, ranging from 1.6 x 10° to 7.9 x 10® TCID50/gram tissue
(panel A), with no further increase observed with repeated passage. After inoculation with
HONT s q2221 62245 P2 627 Virus titers in nasal turbinates averaged 1.6 x 10% in the first three
passages, 2.5 x 10° in passage four to seven and 6.3 x 10° TCID50/gram tissue in the last
three passages, suggestive of improved replication and virus adaptation. In the lungs, no
apparent adaptation was observed for animals inoculated with either virus. Virus titers in lungs
were highly variable; presumably it was a matter of chance whether the virus reached the
lower airways.
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Sequencing of virus quasispecies using a 454 sequencing

platform
Viral RNA was extracted from nasal washes of ferrets after 10 passages
with influenza viruses H5N1 and H5N1 using the High

. . wildtype HA Q222L,6224S PB2 E627K .
Pure RNA Isolation Kit (Roche). RNA was subjected to reverse transcriptase

polymerase chain reaction (RT-PCR), using 32 primer sets that cover the full
viral genome (132). These fragments, approximately 400-600 nucleotides
in length, were sequenced using the 454/Roche GS-FLX sequencing
platform. The fragment library was created for each sample according to
the manufacturer’s protocol without DNA fragmentation (GS FLX Titanium
Rapid Library Preparation, Roche). The emulsion PCR (Amplification
Method Lib-L) and GS junior sequencing runs were performed according to
instructions of the manufacturer (Roche). Sequence reads from the GS-FLX
sequencing data were sorted by bar code and aligned to reference sequence
A/Indonesia/5/2005 using CLC Genomics software 4.6.1. The sequence
reads were trimmed at 30 nucleotides from the 3’ and 5’ ends to remove
all primer sequences. The threshold for the detection of single nucleotide
polymorphisms was manually set at 10% (Table S1, Table S2).
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Supplemental Table 1:

Sequence analysis of virus quasispecies present in nasal wash sample of a ferret after 10
passages with H5N1,, 0o cons pez ecork VirUS, using the 454/Roche GS-FLX sequencing
platform (ferret P10 in figure 4 of the main text). The viral gene segment is indicated, along
with the nucleotide substitutions, the frequency (percent) of sequence reads with the detected
mutations, the coverage (total number of sequence reads covering the position), and the
nucleotide (nt) and amino acid (aa) positions. All changes from H5N1 are shown that

wildtype
have a frequency > 10; the introduced mutations are underlined. ”

Segment Reference Mutation Frequency Coverage ntposition aa position aa aa subst

PB2 G A 26.4 416 252 75 Gin s!
PB2 G A 99.6 260 1906 627 Glu Lys
PB1 c T 45.0 464 319 99 His Tyr
PB1 G T 343 542 885 287 Arg Ser
PB1 G A 39.2 102 982 320 Ala Thr
PB1 A G 50.8 177 1126 368 lle Val
PB1 c T 18.2 390 1500 492 Phe S
PA G A 10.6 416 579 185 Arg S
PA c T 15.0 360 1569 515 Thr S
PA T c 54.6 646 1653 543 Leu S
PA A G 27.7 913 1864 614 Asn  Asp
HA c T 85.3 225 383 103 His Tyr
HA c A 11.1 814 538 154 Asn  Lys
HA A G 89.9 975 542 156 Thr  Ala
HA A T 99.9 932 741 222 GIn Leu
HA G A 99.7 998 746 224 Gly Ser
HA A c 99.9 1033 748 224 Gly Ser
HA G A 15.1 436 977 301 Glu Lys
HA c T 12.9 708 1020 315 Thr lle
HA G A 17.4 619 1156 360 GIn S
HA G A 11.8 977 1611 512 Gly Glu
NP c T 11.1 36 29 NCR?

NP G A 18.1 1189 341 99 Arg Lys
NP G A 22.2 1083 1430 462 Gly Glu
NP A G 12.0 1296 1431 462 Gly S
NA A G 217 650 981 321 Asn  Asp
NS G A 414 596 219 65 Val Met

1. S; silent substitution, 2. NCR; non-coding region.
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Supplemental Table 2:

Sequence analysis of virus quasispecies present in nasal wash sample of a ferret after 10
passages with H5N1Wildtype virus, using the 454/Roche GS-FLX sequencing platform. The viral
gene segment is indicated, along with the nucleotide substitutions, the frequency (percent) of
sequence reads with the detected mutations, the coverage (total number of sequence reads
covering the position), and the nucleotide (nt) and amino acid (aa) positions. All changes from

H5N1 4.0 @re shown that have a frequency > 10.
wildtype

Segment Reference Mutation Frequency Coverage ntposition aa position aa aa subst

PB2 A G 100.0 415 1296 423 Arg s!
PB2 G A 100.0 37 2008 661 Ala Thr
PB1 T C 99.8 567 303 93 Ala S
PB1 A G 121 174 1398 458 Gly S
PA G A 100.0 522 816 264 Thr S
PA G A 99.8 515 1821 599 Glu S
HA A G 99.6 926 542 156 Thr Ala
HA T C 99.5 605 1123 349 Asp S
NP G A 17.9 1497 1430 462 Gly Glu
NA C T 100.0 561 1337 439 Asp S

1. S; silent substitution

Experiment 4

Nasal wash samples collected at 3 dpi from ferrets at passage ten (experiment
3) were used in transmission experiments, to test if airborne-transmissible
virus was present in the virus quasispecies. Transmission experiments
were done as described above for experiment 2 (Figure S4). Four and two
donor ferrets were inoculated intranasally with nasal wash samples collected
from passage 10 (P10) of the HON1,. .., cons pe2 ook @Nd HONT Lo
virus, respectively. As shown in figure 5 of the main text, three out of four
recipients ferrets became infected upon airborne transmission of the P10
HONT ) gooo s22s pe2 627k VIrUS (F1, F2 and F3). As shown in Figure 6A and 6B
of the main text, virus isolated from a throat swab collected at 3 dpi from ferret
F2 was subsequently used to inoculate two additional donor ferrets and both
of these animals again transmitted the virus to two other recipient ferrets (F5,
F6). As shown in figure 6C and 6D of the main text, a virus isolate from F5
that was passaged once in MDCK cells, was next inoculated intranasally into
two more donor ferrets. When these ferrets were paired with two recipient
ferrets (F7, F8) the next day, one of them (F7) became infected. See Figure

4 of the main text for overall summary.
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Sanger sequencing to determine the consensus genome

sequences of airborne-transmissible viruses

To determine the consensus sequence of airborne-transmissible viruses
in throat and nose swabs obtained from recipient ferrets in experiment 4,
viral RNA was extracted using the High Pure RNA Isolation Kit (Roche).
All eight influenza virus gene segments were amplified by RT-PCR (133)
using 32 primer sets that cover the full viral genome (132) and sequenced
using a BigDye Terminator v3.1 Cycle sequencing kit (Applied Biosystems,
Nieuwerkerk a/d IJssel, the Netherlands) and a 3130XL genetic analyzer
(Applied Biosystems), according to the instructions of the manufacturer
(Table S3, Figure 4).

Supplemental Table 3:

Sequence analysis of virus quasispecies present in nasal wash sample of a ferret after 10
passages with H5N1Wildtype virus, using the 454/Roche GS-FLX sequencing platform. The viral
gene segment is indicated, along with the nucleotide substitutions, the frequency (percent) of
sequence reads with the detected mutations, the coverage (total number of sequence reads
covering the position), and the nucleotide (nt) and amino acid (aa) positions. All changes from

H5N1 ... @re shown that have a frequency > 10.
ype
nt nt nt aa aa aa Transmission ~ Transm  Transm

Segment pos wildtype mutant pos  wildtype ~mutant 1 2 3
F1 F2 F3 F5 F6 F7

PB2 1298 C T 424 Ala Val X

PB2 1884 A G 619  Leu s’ X

PB2 1906 G A 627 Glu Lys X X X X X X

PB1 319 C T 99 His Tyr X X X

PB1 591 G A 189 Arg S X X X

PB1 885 G T 287 Arg Ser X X

PB1 982 G A 320 Ala Thr X

PB1 1113 G A 363 Lys S X

PB1 1126 A G 368 lle Val X X X X

PB1 1500 C T 492 Phe S X

PB1 1672 C T 550 Leu S X X X X

PA 1719 G A 565 Val S X

PA 1864 A G 614  Asn Asp X

HA 383 C T 103 His Tyr X X X X X X

HA 538 C A 154  Asn Lys X

HA 542 A G 156 Thr Ala X X X X X X

HA 741 A T 222 Gln Leu X X X X X X

HA 746 G A 224 Gly Ser X X X X X X

HA 748 A C 224 Gly Ser X X X X X X

HA 1020 Cc T 315 Thr lle X

NP 29 c T NCR? ¢ T X

NP 341 G A 99 Arg Lys X X X X X

NP 1079 G A 345 Ser Asn X X

NA 324 A G 102 lle Val X

NA 447 G A 143 Val Met X

NA 995 G A 325 Gly S X

NS1 219 G A 65 Val Met X X
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Glycosylation site

Supplemental Figure 8:

Cartoon representation of a model of the trimer structure HA of A/Indonesia/5/2005 (134) (PDB
ID: 1JSM). One monomer is colored cyan for clarity. The structure of the three- sugar glycan
NeuAca2,6GalB1-4GIcNAc is docked into the receptor binding site (RBS). The substitutions
discussed in the text are shown as sticks and balls and colored red (H103, T156, Q222 and
G224). N154 of the 154-156 potential N-glycosylation site at the tip of HA is also shown as
sticks and balls and colored green.

Amino acid T156 is proximal but not immediately adjacent to the RBS and does not interact
directly with the three-sugar glycan that is depicted in the figure. Thus, T156A is unlikely to
affect binding to three sugar glycans. Longer glycans may interact with positions as distal from
the RBS as amino acid position 156, but little is currently known for such binding. Residue
T156 is part of a N-glycosylation sequon (Asn-X-Thr/Ser) and mutation at T156A (as well
as N154K) would delete this potential glycosylation site. Wang et al. have shown that this
N-glycosylation site is used in H5N1 viruses (135). Loss of N-glycosylation sites at the tip
of HA has been shown to enhance virulence of strains of H1 (115, 116) and H5 (117). Mir-
Shekari et al. (116) postulated that large, complex N-linked glycans at a site so close to the
RBS may occlude binding to the cells, and loss of such a site may improve binding to sialic
acids. The T156A substitution was detected in 99.6% of the H5N1 ,, ~ sequences after ten
passages. While T156A was detected in only 89% of the HON1,,, ..,,1 coous pe2 cea7k SEQUENCES
after ten passages, the other 11% of sequences had N154K, which removes the same
potential N-linked glycosylation site in HA.

Substitutions Q222L and G224S have previously been shown to be sufficient to switch receptor-
binding specificity of avian influenza strains to that of human strains (91, 103, 113, 114) G224S
can form an additional polar interaction with atom O9 of the NeuAc sugar and Q222L forms
favorable van der Waals interactions with the C8 atom of NeuAc as well as the C6 atom of the
a-2,6-linkage (113). Amino acid position 103 is distal from the RBS and thus H103Y is unlikely
to affect receptor specificity directly. This amino acid forms part of the trimer interface, making
both hydrophobic interactions and charge interactions with neighboring amino acids. H103Y
maintains the aromatic characteristic at this position but with a slight increase in size. Thus,
we expect H103Y would largely maintain its ability to form polar interactions.
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Experiment 5

To testwhether the airborne-transmissible H5N1 virus could cause pneumonia
upon high- dose intra-tracheal challenge, six ferrets were inoculated with
1 x 10® TCID50 of virus in a 3 ml volume (Figure S9). This virus was obtained
from a nose swab collected from ferret F5 at 7 dpi (experiment 4) and
passaged once in MDCK cells. After inoculation, animals were monitored
daily for clinical signs. We initially planned to euthanize 3 ferrets each at
3 and 7 dpi, however two animals were found dead at 3 dpi and all other
animals were moribund, requiring euthanasia at 3 dpi. Necropsies were
performed and nasal turbinates, trachea and lungs were collected for
virological examination (Fig S9).

Supplemental Figure 9:

Schematic overview of experiment 5, to test whether airborne-transmissible H5N1 virus
caused pneumonia upon high dose intratracheal inoculation. The experiment was halted at
day 3.
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Supplemental Figure 10:

(A) Virus titers and (B) relative lung weight in six ferrets inoculated intratracheally with
1 x 108 TCID50 (in 3 ml) airborne-transmissible H5N1 virus obtained from the nose swab of
transmission ferret F5 (H5N1 7dpi ose)» Which was passaged once in MDCK cells and used
as inoculum. At 3 dpi, lungs, nasal turbinates (NT) and trachea were collected and virus
titers were determined by means of end-point titration in MDCK cells. Geometric mean titer
+ SD is indicated. At 3 dpi, two out of six ferrets had succumbed to the infection. The four
remaining animals were euthanized at this time point since they were moribund. Intratracheal
inoculation with the wildtype H5N1 A/Indonesia/5/2005 virus had a similar effect (112). In this
previous work two and four animals were euthanized when they were moribund at 2 and 3 dpi
respectively. Mean virus titers in the lungs of animals inoculated with the airborne-transmissible
H5N1 virus obtained in this passage experiment (6.9 + 0.4 log,, TCIDS0/gram) were slightly
but not significantly higher than titers found in H5N1W"dtype-inoculated animals (6.2 + 0.6 log,,
TCID50/gram) (p=0.093, Mann-Whitney). The relative lung weights of animals inoculated with
H5N1W"dtype were slightly higher compared to those of the HON1_; 7dpi wse-iNOculated animals

(0,024 + 0,006 and 0,018 + 0,004 respectively, p=0.180, Mann-Whitney) (112).

Experiment 6: Antiviral resistance

MDCK cells were seeded at 3 x 10* cells per well in 96-well plates and
cultured overnight. Virus stocks of interest were diluted to 1 x 103 TCID50/
ml, and added to cells in a volume of 100 ml per well. After incubation for one
hour at 37°C, 100 ml of serially diluted oseltamivir carboxylate was added
(range 170 pM — 50 uM) in four replicates. After three days of incubation
at 37°C, the presence of virus was determined in the supernatant of cell
cultures using the agglutinating activity of turkey erythrocytes as an indicator
of virus replication in the cells to calculate the 50% inhibitory concentration
(1C50).
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Supplemental Table 3:

Evaluation of the 50% inhibitory concentration (IC50) of oseltamivir for H5N1 . .
H5N1 HAH103Y,T156A,Q222L,G224S PB2 E627K and H5N1HA0222L,(3224S PB2 E627K" The 2009 pandemic H1 N1 VirUS
A/Netherlands/602/2009 was used as a control in this assay. Introduction of the well-known
H275Y mutation or the 1223R mutation in the A/Netherlands/602/09 NA resulted in a decreased
susceptibility for oseltamivir as described previously (136). Introduction of mutations found in

airborne-transmissible H5N1 viruses did not affect the sensitivity of HSN1 virus to oseltamivir.

Virus IC50 (nM)
AHEN yidype 5000
A/H5N 1 HA H103Y,T156A,Q222L,G224S PB2 E627K 1 1 OO
A/H5N 1 HA Q2221.,G224S PB2 E627K 1 700
A/Netherlands/602/2009 5000
A/Netherlands/602/2009ya H27sy > 50000
A/Netherlands/602/2009ya 1223r > 50000

Experiment 7: Hemagglutination inhibition assay with ferret sera
The hemagglutination inhibition (HI) assay is based on the ability of the
influenza virus HA protein to cause agglutination of red blood cells (RBCs)
and of specific antisera to block this reaction. HI assays were performed
as described previously (137). Briefly, serum samples were first pre-treated
with Vibrio cholerae neuraminidase to remove non-specific inhibitors of
hemagglutination activity. Two-fold serial dilutions of the antisera (in 50
ml) were incubated with four hemagglutinating units of virus (in 25 ml)
and incubated at 37°C for 30 minutes. Next, 25 ml of turkey RBCs were
added, followed by one-hour incubation at 4°C. The highest serum dilution
able to block the agglutination of RBCs was recorded as the Hl-titer. For
these experiments, ferret antisera raised against potential H5N1 vaccine
strains were used to evaluate if pre-pandemic H5 vaccine candidates
sufficiently matched the airborne-transmissible virus (Table S5). For all HI
assays, we used recombinant viruses with six gene segments of influenza
virus A/PR/8/34 and the HA and PB2 gene segments of H5N1 virus with
or without substitutions Q222L, G224S, H103Y, T156A, and E627K. The
multi basic cleavage site in HA was removed by changing the cleavage site
PQRERRRKKR|G in the H5 HA to PQIETR|G by RT-PCR with specific
primers as described (103). Due to this genetic modification, the HI assays
could be performed under BSL2 conditions.
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Supplemental Table S5:

Hemagglutination inhibition (HI) assay with ferret antisera raised against a panel of candidate
H5N1 vaccine viruses for pandemic preparedness selected by the WHO network. Reactivity
of ferret post-infection sera is shown for PR8/H5 recombinant influenza viruses with HA and
PB2 Of H5N1wi|dt e’ H5N1HA H103Y,T156A,Q222L,G224S PB2 627K and H5N1HA H103Y,T156A PB2 E627K" NUmberS
in bold indicate Hl-titers to wildtype A/Indonesia/5/2005 virus antiserum. The antiserum to
Al/Indonesia/5/2005 reacted with high titers with the HA of airborne-transmissible virus. HA
of airborne-transmissible virus cross-reacted better with sera raised against other candidate
vaccine viruses representing other clades of H5N1 virus, compared with H5N1_,, ~ (indicated
in italic), presumably owing to changes in the receptor binding site and loss of the potential
glycosylation site (135).

Ferret antisera raised against:
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Viruses S ¥ % 3 %% 2 x %
AHEN T wigtype <10 <20 10 1280 <10 10 <10 <10 <10
A/H5N1HA H103Y,T156A,Q222L,G2245 P2 E627K 20 80 80 2560 480 120 <10 <10 <10
AH5N1HA H103Y. T156A, PB2 E627K <10 <20 10 1280 160 10 <10 <10 <10
Serum control <10 10 <10 <10 <10 <10 <10 <10 <10

Experiment 8: Hemagglutination inhibition assay with human

sera

The effect of the introduced RBS mutations Q222L/G224S and co-mutations
H103Y and T156A in HA on cross-reactivity with human sera was tested
using HIl assays as described for experiment 7. For this purpose, the reactivity
of 24 human sera obtained from individuals over 70 years of age (chosen
because these persons are more likely to have had a history of exposure to
pandemic influenza viruses), to the HA of the airborne-transmissible H5N1
and to the currently circulating 2009 pandemic H1N1, seasonal H1N1 and
seasonal H3N2 viruses was investigated (Table S6).



chapter 2: Generation of airborne A/H5N1

Supplemental Table S6:

Hemagglutination inhibition assay using sera from human volunteers older than 70 years
of age. The virus tested was a PR8/H5 recombinant influenza virus with HA and PB2 of
HONT a t10av T156m.a222L cozas pe2 eearke 11tETS Of human sera against the vaccine strains NYMC-
IVR-148 (seasonal H1N1, A/Brisbane/059/2007), NYMC X-181 (pandemic H1N1,
A/California/7/2009) and NYMC X-187 (seasonal H3N2, A/Victoria/210/2009) were included as
controls. Human sera did not react with the HA of airborne-transmissible HSN1 virus. In contrast,

22 of 24 human sera reacted with one or more H1N1 and H3N2 viruses (numbers in boldface).

Serum# Serum control H5N1 sH1N1 pH1N1 H3N2

1 <10 <10 80 80 240
2 <10 <10 <10 20 320
3 <10 <10 30 20 10

4 <10 <10 30 40 60

5 <10 <10 10 <10 <10
6 <10 <10 30 <10 10

7 20 <30 80 <30 <30
8 <10 <10 80 40 160
9 40 <60 80 <60 <60
10 30 <40 40 <40 <40
11 120 <160 <160 <160 <160
12 <10 <10 40 <10 640
13 <10 <10 <10 30 1920
14 20 <30 30 240 640
15 <10 <10 <10 10 40

16 <10 <10 20 40 40

17 <10 <10 <10 20 240
18 <10 <10 640 40 <10
19 <10 <10 20 40 160
20 80 <120 <120 <120 <120
21 <10 <10 20 <10 <10
22 <10 <10 40 120 160
23 <10 <10 80 320 320
24 <10 <10 20 160 80
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Experiment 9: Modified TRBC hemagglutination assay

For the experiment shown in Table 2 of the main text, modified turkey red
blood cells (TRBC) were prepared as described previously (138). Briefly, all
a-2,3-, a-2,6-, a-2,8-, and a-2,9- linked sialic acids (SA) were removed from
the surface of TRBC by incubating 62.5 ml of 1% TRBC in PBS with 50 mU
Vibrio cholerae neuraminidase (VCNA; Roche, Almere, Netherlands) in 8 mM
calcium chloride at 37°C for 1 hour. Removal of sialic acids was confirmed
by observation of complete loss of hemagglutination of the TRBC by control
influenza A viruses. Subsequently, resialylation was performed using 0.5
mU of a-2,3-(N)-sialyltransferase (Calbiochem, San Diego, CA) or 2 mU of
a-2,6-(N)-sialyltransferase (Japan Tobacco, Inc., Shizuoka, Japan) and 1.5
mM CMP-sialic acid (Sigma-Aldrich, Zwijndrecht, Netherlands) at 37°C in
75 ml for 2 h to produce a-2,3-TRBC and a-2,6-TRBC, respectively. After a
washing step, the TRBC were resuspended in PBS containing 1% bovine
serum albumin to a final concentration of 0.5% TRBC. Resialylation was
confirmed by hemagglutination of viruses with known receptor specificity;
chimeric PR8 viruses with the HA of A/Vietnam/1194/2004 (H5N1, no MBCS;
affinity for a-2,3-TRBC) or A/Netherlands/213/2003 (H3N2; affinity for
a-2,6-TRBC). The receptor specificity of recombinant viruses with six gene
segments of PR8 and the HA and PB2 gene segments of H5N1 virus with or
without substitutions Q222L, G224S, H103Y, T156A, and E627K, was tested
by performing a standard hemagglutination assay with the modified TRBC.
Serial two-fold dilutions of virus in PBS were made in a 50 ml volume; 50
ml of 0.5% TRBC was added, followed by incubation for 1 h at 4°C before
determining the hemagglutination titer.
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SUMMARY

Recently, H5N1 influenza viruses were shown to acquire airborne
transmissibility between ferrets upon targeted mutagenesis and virus
passage. The critical genetic changes in airborne A/Indonesia/5/05 were not
yet identified. Here, five substitutions proved to be sufficient to determine this
airborne transmission phenotype. Substitutions in PB1 and PB2 collectively
caused enhanced transcription and virus replication. One substitution
increased HA thermostability and lowered the pH of membrane fusion. Two
substitutions independently changed HA binding preference from a-2,3-linked
to a-2,6-linked sialic acid receptors. The loss of a glycosylation site in HA
enhanced overall binding to receptors. The acquired substitutions emerged
early during ferret passage as minor variants and became dominant rapidly.
Identification of substitutions that are essential for airborne transmission of
avian influenza viruses between ferrets and their associated phenotypes
advances our fundamental understanding of virus transmission and will
increase the value of future surveillance programs and public health risk
assessments.

INTRODUCTION

Since the first detection in the late 1990s (139), highly pathogenic avian
influenza (HPAI) H5N1 viruses continue to circulate in poultry in Asia and
the Middle East. Hundreds of millions of domestic birds have died as a result
of infection and during culling activities to control the spread of the H5N1
virus. Occasional cross-species transmission events have been reported for
several species of wild birds, pigs, felids, dogs, and mustelids. To date, 650
laboratory-confirmed cases of H5N1 virus infection in humans have been
reported to the World Health Organization from 16 countries, of which ~60%
had fatal outcome. Sustained human-to-human transmission has not yet
been described. However, the enzootic nature of H5N1 virus, its broad host
range, the large number of infected hosts, and the observed accumulation of
mammalian adaptive substitutions in the virus could potentially increase the
risk of a future H5N1 virus pandemic.

For 15 years, one of the key questions for pandemic preparedness has been
whether the H5N1 virus might acquire the ability to transmit via aerosols
or respiratory droplets (“airborne transmission”) among humans, a trait
necessary for the virus to become pandemic. It was recently shown that a
fully avian H5N1 virus can become airborne transmissible between ferrets
(140). Three other groups demonstrated that reassortant viruses between
H5N1 and 2009 pandemic H1N1 viruses that contain the H5 hemagglutinin
(HA) were also transmitted between ferrets or guinea pigs via the airborne
route (125, 141, 142).

Herfst et al. (140) introduced the well-known glutamic acid to lysine
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substitution at position 627 (E627K) of the basic polymerase 2 protein (PB2)
that is associated with increased replication in mammalian cells at relatively
low temperatures (13, 56, 143) and was shown to be important for airborne
transmission of 1918 H1N1 and 1999 H3N2 viruses between ferrets and
guinea pigs (98, 99). In addition, two substitutions were introduced in the
receptor binding site (RBS) of HA that are known to switch receptor specificity
from “avian” a-2,3-linked sialic acids (a-2,3-SA) to “human” a-2,6-SA (119),
glutamine to leucine at position 222, and glycine to serine at position 224
(Q222L, G224S in H5 HA numbering). These three substitutions or other
polymerase and RBS mutations with similar phenotypes were found in all
pandemic influenza viruses of the last century and were therefore postulated
to represent minimal requirements for adaptation of animal influenza viruses
to humans to yield pandemic strains (1, 103). This “triple mutant” virus was
passaged ten times in the upper respiratory tract of ferrets to yield mutant
H5N1 viruses that were able to transmit via the airborne route between
ferrets. In addition to the three substitutions introduced by reverse genetics,
two substitutions in HA (H103Y and T156A) were consistently found in all
transmitted H5N1 viruses. However, all airborne-transmitted viruses had
accumulated additional substitutions. The transmissible virus with the lowest
number of amino acid substitutions compared to the H5N1_,, _ virus had a
total of nine substitutions.

Here, we describe the identification of a minimal set of substitutions required
for airborne transmission of influenza virus A/Indonesia/5/05 between ferrets
and provide a detailed characterization of the phenotypic changes caused
by each of these substitutions. We show that the substitutions acquired upon
ferret passage of the triple mutant A/Indonesia/5/05 virus emerged rapidly,
which is suggestive for strong natural selection. The identification of previously
unrecognized substitutions and phenotypic traits responsible for influenza
virus transmission is key to increasing our fundamental understanding of
airborne spread of influenza virus and may ultimately increase prognostic
capabilities and diagnostic value of surveillance studies necessary for
pandemic preparedness.

RESULTS

Airborne Transmission of H5N1 Virus between Ferrets Is

Determined by a Minimum of Five Amino Acid Substitutions

To define a minimal number of substitutions in A/Indonesia/5/05 that confer
airborne transmission between ferrets, transmission experiments were
performed as described previously (95). First, a recombinant virus was
produced based on the consensus sequence of a previously identified virus
that was airborne transmissible and that contained the lowest number of
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substitutions (n = 9) compared to the wildtype virus (PB2-E627K, PB1-HI9Y,
and PB1-1368V; HA-H103Y, HA-T156A, HA-Q222L, and HA-G224S; and
NP-R99K and NP-S345N) (140). This virus was transmitted to two out of
two recipient ferrets, thus reproducing with a recombinant clonal virus our
earlier results with a virus isolate (Figure 1A, V1). Next, we omitted either the
two substitutions in nucleoprotein (NP) (V2) or the two substitutions in PB1
(V3). Whereas the recombinant virus missing two substitutions in NP was
transmitted to two out of two animals, the virus missing two substitutions in
PB1 was not transmitted (Figure 1A, V2 and V3). To investigate this further,
the two substitutions in PB1 (H99Y and 1368V) were tested individually. The
virus harboring 1368V in addition to the set of five substitutions consistently
found inthe airborne transmitted viruses (PB2-E627K, HA-H103Y, HA-T156A,
HA-Q222L, HA-G224S) was not transmitted to recipient ferrets (Figure 1A,
V4), whereas the addition of PB1-H99Y yielded a recombinant virus that was
detected in three out of four exposed ferrets (Figure 1A, V5).

Starting with virus V5 that had six substitutions compared to wildtype
AlIndonesia/5/05 (HA-Q222L, HA-G224S, HA-H103Y, HA-T156A, PB2-
E627K, and PB1-H99Y), all individual substitutions were omitted one by
one (V7-V12). Viruses lacking either the receptor-binding substitution HA-
G224S or HA-Q222L were detected in one and two out of four naive ferrets,
respectively, upon exposure to inoculated ferrets (Figure 1B, V7 and V8). In
contrast, when both HA-Q222L and HA-G224S were omitted, the virus was
not transmitted between ferrets (Figure 1B, V6). Viruses lacking HA-T156A,
HA-H103Y, PB1-H99Y, or PB2-E627K were not detected in recipient ferrets
upon exposure either (Figure 1B, V9 - V12). From this set of experiments, we
conclude that PB2-E627K, PB1-HI99Y, HA-H103Y, HA-T156A, and either HA-
Q222L or HA-G224S in HA represent minimal sets of substitutions required
for airborne transmission of A/Indonesia/5/05 between ferrets. Individual
virus titers of nose and throat samples obtained from all donor-recipient pairs
are shown in Figure S1.

Rapid Emergence of Substitutions Required for Airborne

Transmission of H5N1 in Ferrets

We next determined at which passage substitutions H99Y in PB1 and H103Y
and T156A in HA emerged during the ten repeated passages of the triple
mutant A/Indonesia/5/05. To this end, primers were designed to amplify virus
genome fragments covering these amino acid positions, and RT-PCR was
performed on RNA isolated from nasal turbinates, lungs, and nasal swabs
or washes collected from the ferrets after each passage. Amplicons were
sequenced using the Roche 454 GS Junior platform.

PB1-99Y was already detected as a minor variant in the nasal turbinates
in passage 1 and increased during subsequent passages to become the
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Figure 3:

Receptor Binding Properties of Wildtype and Mutant HSN1 HA Proteins

(A) Attachment patterns of viruses expressing wildtype or mutant H5 HA to tissue sections of
ferret and human nasal turbinates. Red color represents binding of influenza viruses. Images
were chosen to reflect representative attachment patterns.

(B) Direct binding of viruses expressing wildtype or mutant H5 HA to fetuin containing either
0-2,3-SA (red bars) or a-2,6-SA (blue bars). A/dk/Bav/1/77 and HK/1/68 represent avian and
human prototype strains A/duck/Bavaria/1/1977 (H1N1) and Hong Kong/1/1968 (H3N2),
respectively. Error bars represent the SD of the mean values (n = 2). See also Figure S2.

(C) Agglutination of TRBCs by viruses expressing wildtype or mutant H5 HA. TRBCs were
left untreated, stripped from SA using Vibrio cholerae neuraminidase (VCNA), or modified to
contain either a-2,3-SA or a-2,6-SA. Numbers show the HA titers determined with the indicated
TRBCs using various mutant viruses. A/Netherlands/213/03 served as a typical human virus
with 0-2,6 SA preference.
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Analysis of pH Threshold for Fusion and Thermostability of Wildtype and Mutant H5N1 HA
Proteins

(A) Syncytium formation in MDCK cells upon expression of wildtype or mutant HA proteins
after exposure to different pH. The red line marks the range of pH values at which fusion was
detected microscopically. HA of Hong Kong/156/97 (H5N1) and A/Netherlands/213/03 (H3N2)
were included as typical avian and human control viruses.

(B—D) Quantification of fusion as measured by the expression of a CAT reporter gene in a cell
content mixing assay for (B) influenza virus A/Indonesia/5/05 HA ,, . (solid line) and HA,, .,
(dotted line); (C) HAL jsx qasar a224s (SOlD lin€) @nd HA 1.y 1156a qooat. 2245 (dOttEd line); and (D)
Hong Kong/156/97 (H5N1, solid line) and A/Netherlands/213/03 (H3N2, dotted line). Arrows
indicate the pH threshold value at which syncytia were detected visually in (A).

(E) HA protein stability as measured by the ability of viruses to agglutinate TRBCs after
incubation at indicated temperatures for 30 min. Colors indicate the HA titers upon treatment
at various temperatures for 30 min as shown in the legend.

ildtype
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Figure 4:

Effect of HO9Y in PB1 and E627K in PB2 on Polymerase Activity and Virus Replication

(A) Minigenome reporter assay. Plasmids encoding PB2, PB1, PA, and NP were cotransfected
with a VRNA reporter encoding firefly luciferase. Luminescence of firefly luciferase was
standardized using a plasmid constitutively expressing Renilla luciferase. Results are
calculated as relative light units (firefly luciferase/ Renilla luciferase) and plotted as fold
increase over wildtype. Error bars indicate the SD from the average of two independent
experiments.

(B) Primer extension assay. MDCK cells were inoculated at an MOI of 1 with wildtype or
mutant A/Indonesia/5/05 viruses. At 3 h postinoculation, cells were lysed, and viral RNA levels
were determined by primer extension analysis using primers specific for mMRNA, cRNA, or
VRNA of PB1. Determination of the 5S RNA levels served as an internal loading control.

(C) Plaque assay. MDCK cells were inoculated with A/lIndonesia/5/05 viruses containing the
indicated substitutions. After 48 h, plaque formation was visualized by influenza NP-specific
staining. Digital images were analyzed using ImageQuant TL software to determine plaque
size. The surface of individual plaques in pixels is plotted using boxplots indicating the
median value and quartiles. Differences between individual groups were significant (p < 0.01)
in Student’s t test. In all panels, the mutations in PB1 and PB2 are indicated, with dashes
representing the wildtype sequences.
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dominant variant in all tissues from passage 7 onward (Figure 2). HA-103Y
was first detected in the nasal swabs of passage 2, was detected again in
passages 5 and 6, and became the major variant from passage 7 onward.
Of note, nasal washes instead of nasal turbinates were used to inoculate
the ferrets from passage 6 onward, which may have contributed to rapid
increase in the proportion of mutants containing HA-103Y after passage 7
(and perhaps also PB1-99Y). HA-156A was detected as a minor variant in
passage 1 to rapidly become the dominant variant from passage 3 onward.
Thus, the three substitutions that emerged during ferret passage and that
contributed to aerosol transmissibility of HSN1 virus arose as early as after
one or two passages and became dominant by passage 7.

Nucleotide Variations in the Full Genomes of H5N1Wildtype

and H5N1 during Ferret Passaging and

HA Q222L, G224S PB2 E627K
Transmission

We next compared the full genome sequences of viruses described in
Herfst et al. (140) present in passage 4, 8, and 10 nasal turbinates of ferrets
inoculated with H5N1 . - or HONT | 0 conus pez esork (T@DlE S1). These
samples were selected because they contained high copy numbers of viral
RNA as determined by real-time PCR. Substitutions PB2-T23P, PA-T363P,
PA-P211T, PA-L498F, NP-G462E, and NA-E239G emerged upon passage
with both HSN1 - and HONT, 0,00 conss peo eeorx PUt did not become
dominant variants. In contrast, T156A became a major variant upon passage
of both viruses. Thus, whereas substitutions H99Y in PB1 and H103Y in
HA emerged only upon passage of H5N1,, .00 coms pe2 oo HA-T156A
emergence was independent of PB2-E627K, HA-Q222L, and HA-G224S,
which were introduced by reverse genetics. The latter three substitutions
remained dominant (>96.2%) throughout all passages tested and were not
detected throughout passage of H5N1 . (Table S1).

To study the effect of airborne transmission on the viral intra-host nucleotide
sequence variation, we compared the full virus genome sequences present
in nasal wash samples of ferrets inoculated with HSN1,, 0., 2045 peo 627k aftET
ten passages in ferrets to nose swab samples of ferrets after two consecutive
airborne transmission events (ferrets F5 and F6, Table S2). The number of
nucleotide variations present in specimens from F5 (n = 12) and F6 (n = 16)
was substantially less as compared to those in the passage 10 nasal wash
sample (n = 28). Moreover, substitution PB1-99Y increased in frequency
from 44.9% in passage 10 nasal wash to 100% and 73.3% in F5 and F6
after the two consecutive airborne transmission events. Similarly, HA-103Y
increased from 87.6% to 100% and 100%, and HA-156A increased from
89.9% to 99% and 98.8%. These collective data are indicative of a strong

selection bottleneck occurring on intra-host nucleotide sequence variation.
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HA Substitutions Q222L, G224S, and T156A Affect Receptor
Binding

To study the impact of the HA substitutions associated with airborne
transmission on receptor preference, the attachment patterns of A/Puerto
Rico/8/1934 (PR8) viruses harboring wildtype or mutant H5N1 HA proteins
were first characterized using formalin-fixed paraffin-embedded tissue
sections of ferret and human nasal turbinates, known to express “human-
like” a-2,6-SA receptors abundantly. PR8 virus with the wildtype H5 HA did
not attach to nasal turbinate sections, whereas the same virus with a control
human H3 HA showed abundant attachment, as expected (Figure 3A).
Introduction of Q222L and G224S in wildtype H5 HA resulted in abundant
virus attachment to the nasal turbinate sections, comparable to the H3 HA
control, as shown previously (103). Introduction of H103Y and T156A in
either the wildtype H5 HA or HA,,, ,,,s did not result in obvious changes
in these patterns of virus attachment. The attachment patterns of HAs to the
ferret and human nasal turbinate tissue sections were indistinguishable.

We used two solid-phase enzyme-linked receptor-binding assays to determine
HA binding of virus immobilized on a 96-well plate to receptor analogs in
solution: a direct binding assay and a binding inhibition assay (144). PR8
viruses that harbor wildtype or mutant H5 HAs were tested in direct binding
assays with receptor analogs 3’-fetuin and 6’-fetuin (Figure 3B). Introduction
of the Q222L and G224S in HA, . resulted in a switch in receptor binding
specificity from a-2,3-SA to a-2,6-SA as expected, with no residual a-2,3-SA
binding. Introduction of H103Y and T156AINHA,,, ,,,s resultedinincreased
binding to a-2,6-SA receptors but also low binding to a-2,3-SA. Introduction
of H103Y and T156A in HA resulted in increased binding to a-2,3-SA

wildtype

and low binding to a-2,6-SA. Thus, in both the context of HA ,, - and HA,,,
aaas SUbstitutions H103Y and T156A resulted in increased binding avidity
and limited dual receptor specificity. A direct binding assay performed with
3’-sialyl-N-acetyllactosamine and 6’-sialyl-N-acetyllactosamine-containing
synthetic sialylglycopolymers rather than 3’-fetuin and 6’-fetuin yielded
similar results (Figure S2A). In a fetuin-binding inhibition assay, we compared
binding of the viruses to a panel of sialylglycopolymers containing several
different sialyloligosaccharide moieties (Figure S2B). In this assay, the
wildtype and mutant H5 viruses in general bound less avidly as compared to
the control avian H1N1 virus A/Duck/Bavaria/1/1977 and human H3N2 virus
HongKong/1/1968. HA and HA bound stronger to various a-2,3-

wildtype H103Y, T156A

SAanalogs than to a-2,6-SA, whereas HA ,,, 5505 @3N HA 550 c204s 1103y, T156a
showed the opposite binding preference (Figure S2B), thus yielding similar
results as the direct binding assays.

In a third approach, we assessed the binding of PR8 viruses expressing

wildtype or mutant H5 HA in a HA assay using normal turkey red blood
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cells (TRBC) that contain both a-2,3-SA and a-2,6-SA or modified TRBC
that contain either a-2,3-SA or a-2,6-SA alone or no SA (Figure 3C). As
shown previously, introduction of Q222L and G224S in H5 HA resulted in
a switch in receptor binding preference from a-2,3-SA to a-2,6-SA (103).
Additional introduction of the H103Y and T156A substitutions required for
airborne transmission increased the HA titers to both a-2,3-SA and a-2,6-SA
containing TRBC. Each of the individual receptor-binding site substitutions
Q222L and G224S in the context of changes H103Y and T156A displayed
binding to a-2,6-SA containing TRBC, which is in agreement with the fact that
single RBS substitutions were sufficient for airborne transmission (Figure
1B).

IntrOdUCtion Of H103Y in HAwiIdtype’ HAT156A’ HAQ222L, G224S? and HAT156A, Q222L, G224S
did not result in consistent changes in HA titers. In contrast, introduction of
T156A in HAwiIdtype’ HAH103Y’ HAQ222L, G224S? and H'A\H‘IOSY, Q222L, G224S reSUIted in dual
receptor specificity as indicated by a consistent 22-fold increase in HA titers,
irrespective of the HA used.

Collectively, we conclude from these studies that H103Y had no discernable
effect on receptor binding preference, whereas T156A increased overall
virus binding to both a-2,3-SA and a-2,6-SA, thus resulting in dual receptor
specificity.

HA Substitution H103Y Affects Acid and Temperature Stability

Upon virus attachment to SA receptors on the cell surface and internalization
into endosomes, a low-pH-triggered conformational change of HA mediates
fusion of the viral and endosomal membranes to release the virus genome
in the cytoplasm (76). We measured the pH threshold required for fusion of
wildtype and mutant HAs. Vero cells were transfected with HA-expression
plasmids and exposed to trypsin to cleave and activate the HA, followed by
acidification of the cell culture at a pH range of 5.2 to 6.0. Visual inspection
of the cell cultures for the presence of syncytia (multinucleated cells) was
used to determine the pH threshold required for fusion (Figure 4A). Fusion of
HA, 0. Was triggered at pH < 5.6, similar to the threshold pH of the control
H5 HA of Hongkong/156/97 (pH < 5.8). HA of the control human H3N2 virus
A/Netherlands/213/03 required a lower pH (< 5.2) for fusion to occur. These
data are in agreement with the observation that avian influenza virus HAs
generally trigger fusion at a higher pH than human virus HAs (145). The three
substitutions that affect receptor binding (T156A, Q222L, G224S; see above)
did not result in a reduction of the threshold pH for fusion as compared to
HA, iqpe- IN CONtrast, upon introduction of H103Y in HA |, - .and HA ., ..o
fusion was triggered only at pH 5.2 and lower. Moreover, HA,, ., 11s6a
and HA also triggered fusion at relatively low pH (pH < 5.2

Q2221 H103Y, T156A, G224S

and pH < 5.4, respectively).

G2248’
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As a second readout for fusion, we used a “cell content mixing assay,” in
which two populations of Vero cells were transfected with HA and either
a chloramphenicol-acetyl-transferase construct under control of the HIV-1
promoter (LTR-CAT) or an HIV-1 transactivator construct (pTat). Upon mixing
of the two cell populations and after acidification of the cell culture at a pH
range of 5.2 to 6.0, fusion was quantified by measuring CAT expression that
is dependent on the expression of Tat. Also in this assay, introduction of
H103Y in HA 400 @Nd HA o 0000 c224s TESUItEd in a lower threshold pH for
fusion, as indicated by the dotted lines in Figures 4B and 4C, respectively.
The difference in pH required for fusion between HA with and without H103Y
was similar to that observed for the reference H3N2 and H5N1 HAs (Figure
4D).

The switch of influenza virus HA from a metastable nonfusogenic to a stable
fusogenic conformation can also be triggered at neutral pH when the HA
is exposed to increasing temperature. This conformational change of HA is
biochemically indistinguishable from the change triggered by low pH (146)
and results in a loss in the ability to bind receptor. To further investigate HA
stability, PR8 viruses harboring wildtype or mutant HAs were incubated at
increasing temperatures, after which the ability of the viruses to agglutinate
TRBCs was quantified. The PR8 virus with the H3 HA of A/Netherlands/213/03
retained HA activity even upon treatment for 30 min at 60°C. In contrast, PR8
with H5 HA of A/Indonesia/5/05 lost HA activity upon treatment at 56°C for
30 min. Irrespective of the presence or absence of substitutions affecting
receptor blndlng (HAwiIdtype’ HAT156A’ HA0222L, G2248? and HAT156A, Q222L, G224S were
tested), H103Y resulted in increased temperature stability as measured in
the HA assay (Figure 4E).

Collectively, these data indicate that H103Y has a stabilizing effect on the
HA of A/Indonesia/5/05 - with respect to both low pH and high temperature
treatment - irrespective of the presence or absence of substitutions that
affect receptor binding.
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PB2-E627K and PB1-H99Y Affect Polymerase Activity

The influenza virus polymerase complex—consisting of the polymerase
proteins PA, PB1, and PB2—transcribes the negative sense viral RNA
((-)vRNA) in mRNA and positive sense copy RNA ((+)cRNA), the latter of
which is used as the template to yield newly synthesized (-)vRNA. To read
out polymerase complex function, we used a (-)vRNA reporter construct
consisting of the firefly luciferase open reading frame flanked by the noncoding
regions of segment 8 of influenza A virus (123). Upon cotransfection of the
reporter with expression plasmids encoding PB1, PB2, PA, and NP, the (-)
VRNA reporter is transcribed and the firefly luciferase protein is expressed.
A plasmid that constitutively expresses Renilla luciferase was cotransfected
as an internal control to standardize transfection efficiency and sample
processing. Substitution E627K in PB2 resulted in a 12-fold increase in firefly
luciferase expression as compared to the wildtype PB2. Substitution H99Y
in PB1 resulted in a 3-fold increase. The polymerase complex with both
PB2-E627K and PB1-H99Y yielded a 25-fold increase in firefly luciferase
expression as compared to the polymerase complex of the wildtype virus
(Figure 5A).

To study the levels of transcription of (-)vRNA, (+)cRNA, and mRNA during
the course of a viral infection, we performed primer extension assays using
total cellular RNA isolated upon virus inoculation of MDCK cells. Three hours
afterinoculation with H5N1 . . . all three RNA species were detected (Figure
5B). Introduction of E627K in PB2 resulted in elevated levels of the viral
RNAs, predominantly increasing the amount of (-)vRNA and (+)cRNA, while
marginally changing mRNA. Substitution H99Y in PB1 resulted in slightly
reduced levels of all detected RNA species as compared with H5N1_ ., .
Upon inoculation with a virus containing both PB2-E627K and PB1-H99Y,
the ratio between (-)vRNA, (+)cRNA, and mRNA was similar as observed for
HON1 400 PUt With higher overall levels of all three RNA species.

As a third test of polymerase function, we studied in vitro replication of
the recombinant H5N1 viruses with and without polymerase substitutions
by measuring plaque sizes upon inoculation of MDCK cells. At 48 h after
inoculation, cells were fixed and stained with an anti-NP antibody, and
the number of pixels representing ~100 to 500 plaques on digital images
was quantified. As compared to H5N1_ . -, HSN1_., ... and H5N1 . ..
displayed a slight reduction in plaque size. However, combination of these
two substitutions (HSN1 g, .o,/ pe11eey) Yi€lded plaques that were significantly
larger than those observed for HSN1 . (Figure 5C). From these assays, we
conclude that PB2-E627K and PB1-H99Y collectively resulted in increased
levels of (-)vRNA, (+)cRNA, and mRNA transcription and increased virus
replication in MDCK cells.
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DISCUSSION

Here, we show that, of the nine substitutions observed in an airborne
transmissible H5N1 virus (140), two alternative sets of five mutations are
identified (E627K in PB2; H99Y in PB1; H103Y, T156A, and either Q222L or
G224S in HA), either of which is sufficient to confer ferret transmissibility on
A/Indonesia/5/05. Keeping in mind that the design of this ferret transmission
model is qualitative rather than quantitative and that such studies need
to take the principles of replacement, reduction, and refinement in animal
experiments into account (147, 148), it should be noted that the present
study is limited by the number of animals that were used and was purposely
designed to define a minimal set of substitutions rather than the definitive
minimal set of substitutions required for airborne transmission in ferrets.
Starting with the recombinant H5N1 virus harboring nine substitutions,
omission of two substitutions in NP still yielded virus transmission to five out
of six airborne-exposed ferrets (V2 and V5). Subsequently, a virus lacking
PB1-H99Y (V4) was not detected by virus isolation and serology in two out
of two airborne-exposed ferrets, whereas a virus lacking PB1-1386V was
detected by virus isolation in three out of four airborne exposed ferrets,
thus providing evidence that H99Y and not 1386V was required for airborne
transmission. In the subsequent experiment, all individual substitutions from
the remaining set of six (PB2-E627K, PB1-H99Y, HA-H103Y, HA-T156A, HA-
Q222L, and HA-G224S; Figure 1B) were eliminated one by one. Viruses
lacking either HA-Q222L or HA-G224S still resulted in airborne transmission
in two and one of four ferrets tested, indicating that a single receptor-binding
site substitution was sufficient for transmission. In contrast, in transmission
experiments using viruses from which each of the other single substitutions
were eliminated, virus was not detected in exposed ferrets. However, some
of these exposed animals seroconverted despite a lack of virus detection.
Apparently, although transmission may occur for some viruses with five
substitutions as measured by serology or single time points of virus detection
(Figure S1), the viruses were insufficiently replication competent to cause
robust infection and seroconversion consistently in the exposed ferrets. As a
consequence, refining the minimal set of substitutions required for airborne
transmission would require substantial numbers of ferret pairs, given the
statistical considerations for this type of experiment (147, 149).

The substitutions required for airborne transmission in ferrets were determined
in in vitro assays to either affect HA binding to receptors, HA stability, or activity
of the polymerase complex. Two substitutions introduced by reverse genetics
(Q222L and G224S) are known to change the receptor binding preference of
the H5 HA from avian-like a-2,3-SAto human-like a-2,6-SA (103). This change
in receptor binding preference, either through single or double substitutions,
was required for airborne transmissibility, which is in agreement with loss-
of-function transmission studies using 1918 H1N1 and 1957 H2N2 viruses
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(70, 72). Although HAs with single Q222L or G224S substitutions were less
efficient in binding a-2,6-SA-containing TRBC as compared to the double
mutant, viruses with the single RBS substitutions were still transmissible. HA
substitution T156A increased virus binding to both a-2,6-SA and a-2,3-SA in
quantitative binding assays. Imai et al. (125) showed that substitution N154D
in HA also affected transmission of a reassortant H5 virus. T156A and N154D
result in the loss of the same glycosylation site in HA, suggesting that loss of
this glycosylation site rather than the specific amino acid substitutions were
important for the change in phenotype. Loss of glycosylation in H5 HA in
combination with substitutions Q222L and G224S was previously shown to
enhance virus replication in ferrets (135). The airborne-transmissible H5 virus
of Imai et al. (125) also contained Q222L in HA but had N220K as a second
substitution in the RBS. In a third study, Q222L/G224S, along with Q192R
in the context of A/Vietnam/1203/04 HA, also resulted in slightly increased
transmission in ferrets (141). These studies thus indicate that changes in
receptor specificity critically contribute to airborne transmission of H5 viruses
in ferrets. Affinity measurements using A/Indonesia/5/05, A/Vietnam/1203/04
and A/Vietnam/1194/04 HAs with substitutions associated with airborne
transmission revealed a binding preference for human receptors (Figure 3)
(150-153).

Structural studies of HA further showed that human and avian receptor
analogs were bound in the RBS in the same “folded-back” conformation as
seen for HA from H1, H2, and H3 pandemic viruses, which is distinct from
typical avian virus HAs, including H5 (151-153) . In these studies’, the affinity
of the mutant H5 HA was relatively low as compared to HA of human H2 and
H3 viruses (152-155). Although it was speculated that an N-linked glycan at
the tip of HA might sterically hinder SA binding (152), direct evidence from
structural studies on HA of the airborne transmissible viruses is still lacking.
Arguably, one of the more intriguing findings of the Imai et al. (125) and Herfst
et al. (140) studies is the requirement of HA mutations that affect stability
in terms of temperature and pH. H103Y in A/Indonesia/5/05 HA resulted
in increased temperature stability and requirement of lower pH treatment
to trigger membrane fusion, similar as described for T315] by Imai et al.
(125). H103Y was recently shown to increase the thermostability of HA (150),
and temperature-dependent circular dichroism spectroscopic experiments
revealed hydrogen bond formation between 103Y and 413N in adjacent
monomers that stabilized the trimeric protein (153). In contrast, T315I stabilized
the position of the fusion peptide within the HA monomer (152), indicating
that multiple mechanisms can lead to increased HA stability. Galloway et al.
(145) suggested that an altered pH of fusion may be associated with virus
adaptation to new hosts. Furthermore, substitutions that decrease the pH of
fusion increased virus replication in the upper respiratory tract of ferrets and
in mice (156-158). Although the contribution of H103Y and T315I to increase
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airborne transmission between ferrets may be related to the pH of fusion or
thermostability, these properties may merely be a surrogate for another - as
yet unknown - phenotype, such as stability of HA in aerosols, resistance to
drought, stability in mucus, or altered pH in the host environment.

The requirement of increased polymerase activity to yield an airborne
transmissible H5 virus was also expected (1). PB2 E627K has been identified
as a major determinant of host adaptation of pandemic influenza viruses
(13, 56, 98, 99, 143). Here, E627K also resulted in increased polymerase
activity. More importantly however, we identified a substitution acting in
concert with E627K to increase polymerase activity. Like PB2 E627K, PB1
H99Y alone resulted in increased polymerase activity in minigenome assays
but decreased virus replication. When combined, these two substitutions had
a synergistic effect in minigenome assays and increased virus replication.
In primer extension assays, PB2 E627K predominantly caused an increase
in VRNA and cRNA, changing the ratio between RNA replication and mRNA
transcription. Addition of PB1 H99Y lowered VRNA and cRNA while further
increasing mRNA levels, yielding a similar ratio as observed for HSN1 -~ but
at overall increased levels. Here, we thus describe an “adaptive” substitution
in PB1 that potentially improved the levels of, and balance among, VRNA,
mRNA, and cRNA in concert with PB2 E627K in A/Indonesia/5/05. Beyond
HA, only these two amino acid substitutions were required to generate
airborne-transmissible H5N1 virus. Such conclusion cannot be obtained from
the H5 virus transmission experiments that use reassortant viruses. Zhang et
al. (142) showed that the PA or NS1 genes of a pH1N1 virus contributed to
airborne transmission of reassortant H5N1 viruses in guinea pigs. At present,
itis unclear how the guinea pig and ferret models compare with respect to H5
virus transmission studies.

Although some substitutions leading to an airborne phenotype have been
observed in nature, the required combination of substitutions has not yet
been detected (140, 148, 159). Keeping in mind that the ferret model may
not be predictive for airborne H5N1 virus emergence in humans, it is of
interest to note that, upon acquisition of PB2 E627K and the receptor binding
changes Q222L/G224S, the additional substitutions associated with the
airborne phenotype of H5N1 emerged within only one or two passages in
ferrets, became dominant after six passages, and appeared to be selected
for during transmission events. Other sets of mutations than those identified
here that similarly result in altered receptor specificity and stability of HA and
polymerase function in mammalian cells may also be sufficient to increase
airborne transmission. The specific mutations to increase transmission
may be dependent on virus strain or subtype (160). Given that some of the
required substitutions (PB2-E627K and HA-T156A) are commonly found
in field isolates and that functionally equivalent substitutions exist for most
of the identified substitutions, emergence of transmissible H5N1 influenza
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A viruses in nature cannot be excluded (148). In this light, the H7N9 virus
outbreak in China is a cause of concern, as some H7N9 field strains contain
E627K in PB2 and Q222L in HA, and this H7 lineage lacks a glycosylation
site at the tip of HA (161). These viruses were shown to have increased
preference for a-2,6-SA and decreased binding to a-2,3-SA (41, 162, 163).
Although airborne H7N9 virus transmission in ferrets was shown to be limited
(41, 164-166), it cannot be excluded that fully avian viruses adapt upon
repeated passage in mammals to gain transmissibility. In analogy to H5, it
can be speculated that the H7N9 virus needs to acquire increased binding
preference for a-2,6-SA over a-2,3-SA, increased HA stability, and increased
polymerase activity. For both H5N1 and H7N9, appropriate surveillance
for emergence of mutations that affect HA receptor binding, HA stability,
polymerase activity, and transmission is thus warranted. It has been argued
that different sets of substitutions may lead to similar virus phenotypes, and
hence, sequence-based virus surveillance may be misleading. However,
such surveillance may be improved by including phenotyping assays - using
relatively simple methods as described here - in the future. Such surveillance
may be further improved by deep sequencing, in addition to sequencing
CoNnsensus virus genomes.

Although it is clear that studies in ferrets may not be predictive for influenza
virus outbreaks in humans, the ferret transmission model is one of the
best models for influenza available today (94). Experiments like the ones
presented here are crucial to increase our basic understanding of airborne
virus transmission, as such knowledge is currently very limited. The results
of this study do not imply that an H5 influenza pandemic is imminent but
warrant an intensified and broadened approach to detect emerging influenza
viruses early and take immediate action once viruses naturally gain functions
that might enable them to become a pandemic threat.
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EXPERIMENTAL PROCEDURES

Viruses and Cells

Madin-Darby canine kidney (MDCK) cells, 293T (human kidney epithelial
cells), and subclone 118 of Vero-WHO cells (African green monkey kidney
epithelial cells) were used for virus propagation, plasmid transfections, and
fusion assays, respectively.

Influenza virus A/Indonesia/5/05 (H5N1) was isolated from a human case
of HPAI virus infection. All viruses used in this study were generated upon
transfection of 293T cells with reverse genetics plasmids. Recombinant
viruses were propagated in MDCK cells, and viral titers were determined by
end-point titration. For binding and stability assays, recombinant viruses with
seven gene segments of A/PR/8/34 and the wildtype or mutant HA segment
of A/Indonesia/5/05 were used.

Ferret Model for Airborne Transmission

Ethical, biosafety, and biosecurity considerations related to the experiments
are described in detail in the Supplemental Information.

One to 2-year-old ferrets (mustela putorius furo), free of antibodies against
H5 HA, were inoculated with virus. The next day, a second ferret was housed
in the same cage, which was divided into two separate sections by a pair of
metal grids, allowing the transfer of air between cage mates but preventing
direct contact. Nose and throat swabs of inoculated and naive animals were
taken every other day to test for virus presence. Blood from naive contact
animals was collected 14 days after first exposure to inoculated animals and
tested for the presence of antibodies against H5 HA.

Given that airborne transmission in ferrets has never been observed for
A/Indonesia/5/05 or any other avian H5N1 virus (Table S3), we define every
single event of virus detection in naive ferrets as “airborne transmission.”
The use of small group sizes could result in an underestimation of airborne
transmission. Thus, although “not transmissible” does not mean “will never
transmit,” “transmissible” is a clearly defined virus phenotype.

Deep Sequencing

Viral RNA was extracted from ferret samples upon virus passaging, converted
to cDNA, and amplified by PCR using primers covering the full viral genome.
PCR fragments for each virus were pooled in equal concentrations, and
libraries were created for each virus. Emulsion PCR and GS Junior sequencing
runs were performed according to instructions of the manufacturer (Roche).
Sequence reads were sorted by bar code, trimmed at 30 nucleotides from the
30 and 50 ends to remove primer sequences, and the 30 ends were further
trimmed to improve quality using a Phred score of 20. Reads were aligned to
reference sequence A/Indonesia/5/05 using CLC Genomics software 4.6.1.
The threshold for mutation detection was manually set at 1%.
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Virus Binding Assays

Formalin-fixed, paraffin-embedded tissues from ferrets and humans were
used for virus histochemistry. Sucrose-purified viruses were labeled with
fluorescein isothiocyanate (FITC) and incubated with the tissue sections
overnight. The FITC label was detected with a peroxidase-labeled anti-FITC
antibody, and the signal was amplified using a Tyramide Signal Amplification
System. Peroxidase was revealed with 3-amino-9-ethyl-cabazole, and
tissues were counterstained with hematoxylin and embedded in glycerol-
gelatin.

For direct fetuin binding assays, 96 well plates were first coated with bovine
fetuin and subsequently incubated with BPL-inactivated viruses, washed,
and blocked with desialylated bovine serum albumin. The virus-coated wells
were incubated with 2-fold dilutions of receptor analogs (resialylated fetuin
preparations containing either a-2,3-linked SAs [3’-fetuin] or a-2,6-linked
SAs [6'-fetuin] labeled with horseradish peroxidase). Plates were washed,
and tetramethylbenzidine substrate was added, after which the absorbance
at 450 nm was determined. The association constants (Kass) of virus
complexes with analogs were determined from the slopes of Scatchard plots.
For modified red blood cell assays, all SAs were removed from the surface of
TRBC by incubation with Vibrio cholerae neuraminidase. Complete removal
of SAs was confirmed by loss of HA using control viruses. Resialylation
was done using a-2,3-(N)-sialyltransferase or a-2,6-(N)-sialyltransferase to
produce a-2,3-TRBC and a-2,6-TRBC, respectively. Resialylation of either
a-2,3 or 0-2,6 was confirmed using viruses with known receptor specificity.
Viruses were tested in standard HA assay using native and resialylated
TRBCs.

Fusion Assays

HA-mediated membrane fusion was tested by transfecting populations of
Vero-118 cells with plasmids expressing HA and B-galactosidase (B-gal)
along with either pLTR-CAT (a chloramphenicol acetyltransferase [CAT] gene
under the control of the human immunodeficiency virus type 1 long terminal
repeat) or pTat (expressing the HIV-1 transactivator of transcription Tat). One
day after transfection, both cell populations were harvested, pooled, and
replated. The next morning, cells were exposed to PBS at different pH for 10
min. Cell lysates were harvested 24 h after the pH pulse, and CAT and B-gal
expression were quantified by enzyme-linked immunosorbent assays. As an
alternative to CAT quantification, cells were fixed, washed, and stained with
Giemsa for microscopy.

85



86

chapter 3: Characterisation of airborne A/H5N1

Stability Assay

Viruses were incubated for 30 min at different temperatures before performing
an HA assay using TRBCs. Two-fold dilutions of virus in PBS containing
0.25% red blood cells were prepared in a U-shaped 96 well plate and were
incubated for 1 h at 4°C, and agglutination was recorded.

Minigenome Assay

A model VRNA, consisting of the firefly luciferase flanked by the noncoding
regions of segment 8 of influenza A virus, under the control of a T7 RNA
polymerase promoter, was transfected into 293T cells, along with plasmids
expressing T7 RNA polymerase, PB2, PB1, PA, and NP, and a constitutive
Renilla luciferase expression plasmid. 24 h after transfection, firefly and
Renilla luminescence was measured. Relative light units were calculated as
the ratio of firefly and Renilla luciferase.

Plaque Assay

MDCK cells were inoculated with virus and grown with an Avicel (FMC
biopolymers, Brussels) overlay. Two days later, cells were washed, fixed,
permeabilized, and stained with anti-NP monoclonal antibody and goat-anti-
mouse-HRP. True blue reagent (KPL) was added to the cells, and digital
images were taken to quantify plaque size using ImageQuant TL software
(GE Healthcare Life Sciences).

Primer Extension Assay

MDCK cells were inoculated with virus, and RNA was isolated 3 h later
using Trizol reagent (Invitrogen). Radioactive-labeled primers specific for
MmRNA/ cRNA, vRNA of PB1, and 5S rRNA were annealed to prime a reverse
transcription reaction. The reaction was stopped, and transcription products
were separated on 6% polyacrylamide gels containing 7 M urea in trisborate-
EDTA buffer and detected using autoradiography films.
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EXTENDED EXPERIMENTAL PROCEDURES

Biocontainment

All experiments involving highly pathogenic H5N1 viruses were conducted at
enhanced animal biosafety level 3 (ABSL3+). The ABSL3+ facility of Erasmus
MC consists of a negative pressurized (-30 Pa) laboratory in which all in vivo
and in vitro experimental work is carried out in class 3 isolators or class 3
biosafety cabinets, which are also negative pressurized (<-200 Pa). Although
the laboratory is considered “clean” because all experiments are conducted in
closed class 3 cabinets and isolators, special personal protective equipment,
including laboratory suits, gloves and FFP3 facemasks is used. Air released
from the class 3 units is filtered by High Efficiency Particulate Air (HEPA) filters
and then leaves the facility via a second set of HEPA filters. Only authorized
personnel that received the appropriate training can access the ABSL3+
facility. All personnel working in the facility is vaccinated against seasonal
and H5N1 influenza viruses. For animal handling in the facilities, personnel
always work in pairs. The facility is secured by procedures recognized as
appropriate by the institutional biosafety officers and facility management at
Erasmus MC and Dutch and United States government inspectors. Antiviral
drugs (oseltamivir and zanamivir) and personnel isolation facilities are directly
available to further mitigate risks upon incidents.

Publication Considerations

Prior to submission of the manuscript, all authors read and commented
on all aspects of the study (design, realization, scientific value, ethical
considerations, integrity of data, presentation of experimental outcomes,
biosafety and biosecurity aspects etc.). We concluded that research involving
airborne transmissible H5N1 influenza viruses must be considered DUR (dual-
use research), but that the present study does not qualify as DURC (dual-
use research of concern), since no increase in virulence or transmissibility
compared to previously published studies is described. Furthermore, we
also cannot foresee any direct misapplication of the presented work resulting
in a threat to public health. In contrast, the gain of knowledge and future
applications of this work will be beneficial for science and society.

The manuscript was sent for clearance to the Biosafety Office of Erasmus
MC, representing the institutional Biosafety Advisory Board. Subsequently,
we requested (under formal protest) an export license issued by the Dutch
government for communication of the manuscript to NIAID (National Institutes
of Allergy and Infectious Diseases) and the publisher. Next, members of
the Biosecurity Committee and the Ethical Advisory Board of the EU FP7
program “ANTIGONE” endorsed publication of the manuscript and delivered
comments that were carefully incorporated in the manuscript. NIAID as
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another funding agency requested an appendix 5 procedure to account for
possible biosafety and biosecurity risks and to develop a communication
plan. The final version of the manuscript was sent to the funders and all
individuals involved in the evaluation process, after which the manuscript
was submitted for publication.

Cells

Madin-Darby Canine kidney (MDCK) cells were cultured in Eagle’s minimal
essential medium (EMEM, Lonza, Breda, the Netherlands) supplemented
with 10% fetal calf serum (FCS), 100 IU/ml penicillin, 100 mg/ml streptomycin,
2 mM glutamine, 1.5 mg/ml sodiumbicarbonate (Lonza), 10 mM HEPES
(Lonza), and non-essential amino acids (MP Biomedicals Europe, llkirch,
France). 293T cells were cultured in Dulbecco modified Eagle’s medium
(DMEM, Lonza) supplemented with 10% FCS, 100 IU/ml penicillin, 100 mg/
ml streptomycin, 2 mM glutamine, 1 mM sodium pyruvate, and non-essential
amino acids. Subclone 118 of Vero-WHO cells (Vero-118) was cultured in
Iscove’s modified Dulbecco’s medium (IMDM; BioWhittaker) supplemented
with 10 % fetal calf serum (FCS), 100 IU/ml penicillin, 100 mg streptomycin
and 2 mM glutamine (167).

Viruses

Influenza virus A/Indonesia/5/05 (H5N1) was isolated from a human case of
HPAI virus infection and passaged once in embryonated chicken eggs followed
by one passage in MDCK cells. All eight gene segments were amplified by
reverse transcription polymerase chain reaction and cloned in a modified
version of the bidirectional reverse genetics plasmid pHW2000 (100, 168).
Substitutions of interest (H103Y, T156A, Q222L and G224S in HA, E627K in
PB2, R99K and S345N in NP and H99Y and 1368V in PB1) were introduced
by reverse genetics using the QuikChange multi-site-directed mutagenesis
kit (Stratagene, Leusden, Netherlands) according to the instructions of the
manufacturer. Recombinant viruses were produced upon transfection of
293T cells and virus stocks were propagated and titrated in MDCK cells. For
binding assays, and stability assays, reassortant viruses consisting of seven
gene segments of influenza virus A/PR/8/34 and the HA segment of H5N1
were produced using a previously described reverse genetics system for
influenza virus A/PR/8/34 (100). For binding studies, viruses were inactivated
by treatment with B-propiolactone (BPL, Ferak Berlin) (169), concentrated by
pelleting through a 20% sucrose cushion and stored in 0.02% sodium azide
(Sigma-Aldrich).
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Virus Titration in MDCK Cells

Virus titers were determined by end-point titration in MDCK cells. MDCK cells
were inoculated with tenfold serial dilutions of virus stocks, nose swabs, or
throat swabs. Cells were washed with PBS one hour after inoculation and
cultured in 200 ml of infection media, consisting of EMEM supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM glutamine, 1.5 mg/ml
sodiumbicarbonate, 10 mM HEPES, non-essential amino acids, and 20 mg/
ml trypsin (Lonza). Three days after inoculation, supernatants of infected cell
cultures were tested for agglutinating activity using TRBCs as an indicator
of virus replication in the cells. Infectious virus titers were calculated from 4
replicates (nose swabs, and throat swabs) or 10 replicates (virus stocks) by
the method of Spearman-Karber.

Airborne Transmission of H5N1 Virus in the Ferret Model

An independent animal experimentation ethical review committee (Dutch
Stichting Dier Experimenten Commissie Consult) approved all animal
studies. 64 female ferrets between 1 and 2 years of age were obtained from
an accredited ferret breeder. All animals were tested for the presence of
antibodies against H5, H3 and H1 prototype influenza A viruses and Aleutian
Disease Virus, were microchipped and received hormonal treatment to
prevent estrus.

Aerosol or respiratory droplet transmission experiments were performed as
described previously (95). In short, 2 or 4 seronegative female adult ferrets
(Mustela putorius furo) were inoculated intranasally with 10% TCID50 of virus
by applying 250 ml of virus suspension to each nostril. Each ferret was then
placed in a transmission cage. One day after inoculation, one naive ferret
was placed opposite to each inoculated ferret. Each transmission pair was
housed in a separate transmission cage designed to prevent direct contact
between the inoculated and naive ferrets but allowing airflow from the
inoculated to the naive ferret. Nose and throat swabs were collected on 1,
3, 5, and 7 days post inoculation (dpi) for inoculated ferrets and on 1, 3, 5,
7, and 9 days post exposure (dpe) for the naive ferrets. Virus titers in swabs
were determined by end-point titration in MDCK cells.

Clinical manifestations observed in animals upon inoculation of a virus
suspension or infection via aerosols or respiratory droplets included ruffled
fur, loss of appetite, and lethargy. Two animals that died in the course of the
experiments were examined for the presence of influenza virus in respiratory
organs and were found to be free of detectable levels of viral protein. We
concluded that these ferrets died due to reasons unrelated to the effect of
virus infection. No animals required withdrawal from the study on animal
welfare grounds. All animals were humanely killed at the end of the in-vivo
phase of the study.
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Statistical Considerations for Ferret Transmission Experiments

Given that airborne transmission in ferrets has never been observed for
A/Indonesia/5/05 or any other avian H5N1 virus (Table S3), we define every
single event of airborne transmission of mutant A/Indonesia/5/05 virus as
detected by the presence of virus in naive ferrets as “airborne transmission.”
The use of small group sizes could result in an underestimation of airborne
transmission, e.g., when 0 of 2 animals show airborne transmission, it could
be possible that upon testing of another 2 or 4 animals, airborne transmission
would be detected. Thus, while “not transmissible” does not mean “will
never transmit,” “transmissible” is a clearly defined virus phenotype.
In support of this and other statistical considerations, we performed an
extensive analysis of influenza A virus airborne transmission studies in
ferrets, extending beyond the analysis by Belser et al. (147) and discussions
therein. A search for published literature via http://www.ncbi.nlm.nih.gov/
pubmed/ using search terms ”influenza,” “transmission,” and “ferret” was
performed on 27-12-2013. Studies that did not report airborne transmission
between ferrets based on virus replication data or that tested swine viruses
exclusively were discarded from the set. We added two articles manually
that were not retrieved automatically in this search and that we were aware
of (170, 171). From the total of 48 full-text articles that were selected, we
report the wildtype viruses that were tested, the group size of the experiment
and the number of airborne transmission events that were reported (Table
S3). From this analysis, it was clear that wildtype H5N1 viruses have never
been shown to transmit via the airborne route between ferrets (0/28 ferret
pairs in 7 published studies) and that the same holds true for various
A/Indonesia/5/05 strains (0/8 pairs). Moreover, other avian influenza viruses
(with the exception of 2013 H7N9 viruses) were shown to be not transmitted
between 73 ferret pairs tested in 10 studies, with the exception of 1 study
reporting transmission of a single avian H1N1 virus. In sharp contrast, human
influenza viruses were transmitted in 132/149 ferret pairs in 32 published
studies. Despite the small group sizes in most published studies, human
influenza viruses were transmitted in 32/32 studies, while avian H5N1 viruses
were transmitted in 0/7 studies. The 2013 H7N9 virus (which has several
mammalian adaptation markers) was transmissible in 19 of 44 ferret pairs
in 6 published studies, clearly intermediate in transmissibility between avian
and human influenza viruses. Despite small group sizes, also the results
with H7N9 virus were comparable (transmission in 1/3, 4/8, 9/18, 3/9, 1/3,
1/3 ferret pairs in the individual studies). Thus, although the statistical power
of transmission studies as performed here is insufficient for a quantitative
analysis of transmission efficiency due to small group size, sufficiently robust
data are generated to draw qualitative conclusions. We can therefore interpret
any event of airborne transmission of mutant H5N1 virus as an indicator of
increased transmission over wildtype H5N1 (never found to be transmitted),
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while we cannot draw strong conclusions about mutant H5N1 viruses that did
not transmit between small numbers of ferret pairs.

Serology

The presence of antibodies elicited against the tested viruses was confirmed
by HA inhibition (HI) assay using standard procedures (172) and A/
Indonesials/05 HA iy 156a qzo21. c22ss @S @ test antigen. Briefly, ferret antisera
were prepared upon intranasal inoculation and collecting blood 14 days later.
Antisera were pre-treated overnight with receptor destroying enzyme Vibrio
cholerae neuraminidase (VCNA) at 37°C, and incubated at 56°C for 1h the
next day. Twofold serial dilutions of the antisera, starting at a 1:20 dilution,
were mixed with 25 ml of a virus stock containing 4 hemagglutinating units
and were incubated at 37°C for 30 min. Subsequently, 25 ml 1% TRBCs was
added and the mixture was incubated at 4°C for 1h. HI was read and was
expressed as the reciprocal value of the highest dilution of the serum that
completely inhibited agglutination of virus and erythrocytes.

Analysis of Virus Nucleotide Sequence Variation Using a 454

Sequencing Platform

Viral RNA was extracted from ferret tracheal swabs, nasal swabs or nasal
washes upon passaging with influenza viruses H5N1 - and H5N1,, ...
aam4s peo esorice USING the High Pure RNA Isolation Kit (Roche). A SuperScript
[l One-Step reverse transcription kit (Invitrogen) was used to synthesize
cDNA from extracted RNA. The RT mixture contained 46 ml of RNA extract,
4 ml (2 pmol/ml) primer AGCRAAAGCAGG, 1 ml (40 U/ml) Ribonuclease
Inhibitor (Promega), and 4 ml (10 mM each) deoxynucleoside triphosphates
(Roche) in a 55 ml volume. After a 5 min incubation at 65°C for optimal
primer hybridization to template, 16 ml (10x) First-Strand buffer, 14 ml (0.1
M) DTT, 1 ml (40 U/ml) Ribonuclease Inhibitor (Promega) and 4 ml (200
U/ml) SuperScript Ill Reverse Transcriptase was added to the mixture in
a 80 ml volume. The RT mixture was sequentially incubated at 25°C for 5
min and 50°C for 1 h to obtain cDNA. cDNA was subjected to polymerase
chain reaction (PCR), using 32 primer sets (Table S4) that cover the full viral
genome (132).

The PCR mixtures contained 10 pmol of each forward and reverse primer,
3 ml of cDNA, 1 ml (10 mM each) deoxynucleoside triphosphate, 5 ml
PCR Gold buffer, 5 ml (25 mM) MgCl,, and 1 ml (2.5 U/ml) AmpliTaq Gold
DNA Polymerase (Applied Biosystems, Bleiswijk, The Netherlands). Water
was then added to achieve a final volume of 50 ml. The PCR mixture was
incubated at 95°C for 6 min, followed by 40 cycles at 95°C for 30 s, 45°C for
30 s, 72°C for 1 min, and a final extension at 72°C for 5 min. PCR fragments
were visualized by blue light after electrophoresis on a 1% agarose gel
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containing 1 x SYBR® Safe DNA Gel Stain (Life Technologies, Bleiswijk, The
Netherlands) in 1 x Tris-borate buffer (pH 8.0). SmartLadder (Eurogentec)
was used to estimate amplicon size. Fragments ranged from 426 to 627
nucleotides in length.

Fragments with the correct size, were extracted from the gel using the
MinElute Gel Extraction Kit (QIAGEN, Venlo, The Netherlands) according
to the manufacturers protocol, and subsequently DNA concentrations were
measured using a NanoDrop 1000 Spectrophotometer (Thermo Scientific).
Fragments for each virus were pooled in equal concentrations and libraries
were created for each virus according to the manufacturer’s protocol without
DNA fragmentation (GS FLX Titanium Rapid Library Preparation, Roche).
The emPCR (Amplification Method Lib-L) and GS Junior sequencing runs
were performed according to instructions of the manufacturer (Roche).
Sequence reads from the GS Junior sequencing data were sorted by barcode
and aligned to reference sequence A/lndonesia/5/05 using CLC Genomics
software 4.6.1. The sequence reads were trimmed at 30 nucleotides from the
30 and 50 ends to remove all primer sequences and the 30 end of the reads
were trimmed to improve quality, using a Phred score of 20. The threshold for
detection was manually set at 1%.

Virus Histochemistry

Viruses were purified on a sucrose gradient and labeled with fluorescein
isothiocyanate (FITC, Sigma-Aldrich) as described previously (173).
Briefly, MDCK cells were inoculated and virus-containing supernatant was
concentrated using a sucrose cushion and purified on sucrose gradients
before inactivation by dialysis against 0.1% formalin and labeling with an
equal volume of 0.1 mg/ml FITC.

All selected tissues were free of histological evidence for infection. Virus
histochemistry was performed as described previously (173). Briefly,
formalin-fixed paraffin-embedded tissues were deparaffinized with xylene
and rehydrated with graded alcohol. 50-100 hemagglutinating units of FITC-
labeled influenza viruses were incubated with the respective tissue sections
overnightat4°C. The FITC label was detected with a peroxidase-labeled rabbit
anti-FITC antibody (Dako, Heverlee, Belgium) and the signal was amplified
using a Tyramide Signal Amplification System (Perkin Elmer, Groningen, The
Netherlands) according to the instructions of the manufacturer. Peroxidase
was revealed with 3-amino-9-ethyl-cabazole (Sigma-Aldrich) and tissues
were counterstained with hematoxylin and embedded in glycerol-gelatin
(Merck, Darmstadt, Germany). Attachment of influenza virus to tissues was
visible as granular to diffuse red staining of the epithelium.
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Direct Receptor Binding Assay

For direct receptor binding assays and fetuin binding inhibition assay, virus
working dilutions were prepared as described previously (144). In addition,
equal absorption of the wildtype and mutant H5N1 viruses in the wells of
microplates was confirmed using a direct enzyme-linked immunosorbent
assay with PR/8 neuraminidase-specific antibodies (BEIl resources,
Manassas, USA). Biotinylated synthetic poly-N-(2-hydroxyethyl)acrylamide-
based sialylglycopolymers (SGPs) containing 20 mol% of Neu5Aca2,3GalB1-
4GIcNAcB (3'SLN) or Neu5Aca2,6GalB1-4GIcNAcB (6'SLN) (Lectinity
Holding, Inc., Moscow, Russia) were used as receptor analogs. Also re-
sialylated fetuin preparations, containing either a-2,3-linked SAs (3’Fetuin)
or a-2,6-linked SAs (6’Fetuin) labeled with horseradish peroxidase (HRP)
were tested for their binding to the viruses. Ninety-six well plates were
coated overnight at 4°C with bovine fetuin (5 mg/ml) in PBS, washed with
distilled water and dried at room temperature. Fetuin-coated plates were
incubated overnight at 4°C with BPL-inactivated viruses in PBS, washed
3 times with PBS and blocked with 0.1% solution of desialylated bovine
serum albumin (BSA-NA, Sigma-Aldrich) in PBS. After washing 3 times with
ice-cold washing buffer (PBS with 0.05% Tween-80), the replicate virus-
coated wells were incubated with two-fold dilutions of the receptor analogs
in incubation buffer (1 mM oseltamivir, 0.02% tween-80, 0.1% BSA) for 1
h at 4°C. To quantify binding of HRP-labeled fetuin, plates were washed
3 times, after which substrate (tetramethylbenzidine) was added to detect
HRP activity. To detect binding of biotinylated SGPs, plates were washed 3
times with ice-cold washing buffer, followed by incubation with streptavidin-
HRP. After subsequent washing, tetramethylbenzidine was added to quantify
binding. The absorbencies at 450 nm were determined, transferred to a PC
and processed with Microsoft Excel software. The data were converted to
Scatchard plots (A450/C versus A450), where C is the concentration of the
receptor analog in solution and A450 is the absorbency in the corresponding
well. Concentrations were expressed in arbitrary units (AU) for 3’ and 6’
fetuin and in mM of sialic acid for SGPs. The apparent association constants
(K,.,) of virus complexes with analogs were determined from the slopes of
the Scatchard plots.

Fetuin Inhibition Assay

In the fetuin binding-inhibition assay, the association constant (Kass) for
the virus complex with receptor analog is calculated based on the level of
its competition with fetuin-HRP (144). As receptor analogs, several SGPs
were used (Lectinity Holding, Inc., Moscow, Russia), which contained the
following sialyloligosaccharide ligands: Neu5Aca2,3Galf1-4GIcNACB
(3'SLN), Neu5Aca2,6GalB1-4GIcNAcB (6'SLN), Neu5Aca2,3Gal1-4(6-
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O-HSO,)GIcNAcB  (Su-3'SLN), NeubAca2,3GalB1-4(Fuca1-3)GIcNAcB
(SLeX),  NeubAca2,3GalB1-4(Fuca1-3)(6-O-HSO,)GIcNAcB  (Su-SLe*),
Neu5Aca2,3GalB1-3GIcNAcB  (SLe®),  NeudAca2,3GalB1-3(6-O-HSO,)
GIcNAcB (Su-SLe®) and Neub5Aca2,3Galp1-3(Fuca1-4)GIcNAcB (SLe?).
Viruses were first absorbed in fetuin-coated plates as described above.
Subsequently, two-fold dilutions of SGPs in HRP-labeled fetuin-HRP-
containing buffer were added to the wells, followed by incubation for 1 h at
4°C. After washing, tetramethylbenzidine was added and peroxidase activity
was measured. Association constants were calculated from the binding
inhibition data as described previously (144).

Modified Red Blood Cell Assay

Modified TRBC'’s were prepared as described (138) with slight modifications.
Briefly, all SAs were removed from the surface of TRBC by incubation of 62.5 ml
of 20% TRBC in PBS with 50 mU of VCNA (Roche, Almere, The Netherlands)
in 8 mM calcium chloride at 37°C for one hour. Complete removal of SAs was
confirmed by loss of HA of treated TRBC using control viruses. Resialylation
was done using 0.25 mU a-2,3-(N)-sialyltraferase (Calbiochem, California,
USA) or 12 mU a-2,6-(N)-sialyltransferase (Calbiochem, California, USA)
and 1.5 mM CMP-SA (Sigma-Aldrich, Zwijndrecht, the Netherlands) at 37°C
in 75 ml for 2 h to produce a-2,3-TRBC and a-2,6-TRBC respectively. After
washing, the TRBCs were resuspended in PBS containing 1% BSA to a final
concentration of 0.5%. Resialylation of either a-2,3 or a-2,6 was confirmed
by HA using viruses with known receptor specificity. Viruses were tested in
standard HA assay using native and resialylated TRBCs. In brief, twofold
dilutions of virus were made in PBS. An equal volume of 0.5% TRBCs was
added and incubated at 4°C for one hour before reading the HA titer.

Fusion Assay

Fusion was tested as previously described (174) in a cell content mixing
(CM) assay in which two 10 cm dishes containing Vero-118 cells were
each transfected with 5 mg of pCAGGS-HA and 1 mg of pTS27 plasmid,
a constitutive B-galactosidase (B-Gal) expression vector, using Xtremegene
transfection reagent (Roche). The cells in one dish were cotransfected with
4 mg of pLTR-CAT (containing the chloramphenicol acetyltransferase [CAT]
gene under the control of the human immunodeficiency virus type 1 [HIV-1]
long terminal repeat [LTR]), and the cells in the other dish were cotransfected
with 4 mg of pTat (expressing the HIV-1 transactivator of transcription Tat).
One day after transfection, both cell populations were harvested using trypsin-
EDTA, pooled, and plated in a six-well plate format. The next morning, cells
were exposed to PBS at different pH for 10 min. Cell lysates were harvested
24 h after the pH pulse, and CAT and B-Gal expression were quantified
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by enzyme-linked immunosorbent assays (Roche). HA-mediated fusion
of cellular membranes resulted in polykaryon formation and Tat-mediated
transactivation of the HIV-1 LTR resulted in induction of CAT expression.
Alternatively to CAT quantification, cells were fixed using 70% ice-cold
acetone, washed and stained using a 20% Giemsa mixture for microscopy
(Merck Millipore, Darmstadt, Germany).

HA Stability Assay

Viruses were incubated for 30 min at different temperatures before performing
an HA assay using TRBCs. Two-fold dilutions of virus in PBS containing
0.25% red blood cells were prepared in a U-shaped 96 well plate and were
incubated for one hour at 4°C and agglutination was recorded.

Minigenome Assay

A model vRNA, consisting of the firefly luciferase open reading frame flanked
by the noncoding regions (NCRs) of segment 8 of influenza A virus, under the
control of a T7 RNA polymerase promoter was used for minigenome assays
(123). The reporter plasmid (0.5 mg) was transfected into 293T cells in 6-well
plates, along with 0.5 mg of each of the pHW2000 plasmids encoding PB2,
PB1, PA,and NP; 1 mg of pAR3132 expressing T7 RNApolymerase (175); and
0.02 mg of the Renilla luciferase expression plasmid pRL (Promega, Leiden,
Netherlands) as an internal control. 24 h after transfection, luminescence was
measured using a Dual-Glo Luciferase Assay System (Promega) according
to the instructions of the manufacturer in a TECAN Infinite F200 machine
(Tecan Benelux bv, Giessen, Netherlands). Relative light units (RLU) were
calculated as the ratio of firefly and Renilla luciferase luminescence.



chapter 3: Characterisation of airborne A/H5N1

Plaque Assay

The assay was performed as described (176). In brief, MDCK cells (10° per
well) were seeded in a 6 well plate to reach 90% confluency the next day.
One hour after inoculation with 10® TCID50/ml, the inoculum was replaced
with 1:1 mixture of 2.4% Avicel (FMC biopolymers, Brussels, Belgium) with
2xEMEM infection medium. After 48 h, cells were washed 3 times with PBS
and 4% formalin solution was added. After two hours of incubation at room
temperature (RT) cells were washed twice and then permeabilized using
0.1% Triton X-100 (Sigma Aldrich, Zwijndrecht, the Netherlands). Fixed and
permeabilized cells were washed 3 times with PBS/Tween 0.05%, and then
incubated for 1 h at RT with mouse-anti-NP monoclonal antibody (1 mg/ml
HB65, ATCC) diluted 1:1000 in PBS with 2% milk powder. Following three
washes with PBS/Tween 0.05%, cells were incubated for 1 h at RT with
goat-anti-mouse-HRP (Invitrogen) 1:10.000 diluted in PBS/milk powder 2%.
True blue reagent (KPL Inc., Maryland, USA) was added to the cells and
incubated for 5 min or until full development of staining of the plaques. Cells
were washed twice with H,O and allowed to air dry. Digital images were
taken and were analyzed using ImageQuant TL software (GE Healthcare
Life Sciences). Plaque size was plotted as pixels in the original image.

Primer Extension Assay

For quantification of viral transcript levels in virus-infected MDCK cells,
primer extension assays were performed as described previously (177) with
slight modifications. Cells were seeded in 6-well plates and inoculated with
a multiplicity of infection (MOI) of 1 in infection media. At 3 h postinoculation,
cells were collected in 1 ml of Trizol and RNA was purified according to the
manufacturer’s protocol (Invitrogen). 8.5 ml of RNA was incubated for 3 min
at 95°C with 1.5 ml primer master mix containing 32P labeled specific primers
for the PB1 segment (MRNA and cRNA: TCTGTTGACTGTGTCCATGG,
VRNA: TCGAGTCTGGAAGGAT TAAG) and cellular ribosomal RNA (5S
rRNA: TCCCAGGCGGTCTCCCATCC). The mixture was cooled on ice and
transferred to 50°C. After 5 min, 10 ml of 2x SuperScript Il transcription mix
(Invitrogen) was added and incubated for 1 h. The reaction was stopped
by addition of 10 ml of 90% formamide and heating to 95°C. Transcription
products were separated on 6% polyacrylamide gels containing 7 M urea in
trisborate-EDTA buffer and detected using autoradiography films.
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throat, white circles and bars represent shedding from the nose. The indicated virus numbers
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that day were collected. Plus signs denote the death of two animals on day 11 post exposure.
These deaths appeared unrelated to the experiment since immunohistological analyses did
not detect influenza virus positive cells in tissue samples collected from these animals. Red
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Indonesia/5/05 HAH103Y, T156A, Q222L, G224S of sera collected from the airborne recipient

animals at the end of the experiment.
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Supplemental Figure 2:

Receptor-Binding Properties of Wildtype and Mutant H5N1 Viruses in Direct and Indirect
Binding Assays, Related to Figure 3 (A) Binding of wildtype and mutant A/Indonesia/5/05, A/
duck/Bavaria/1/1977 and Hong Kong/1/1968 to sialylglycopolymers containing a-2,3-SA (red
bars) or a-2,6-SA (blue bars). This analysis is similar to that shown in Figure 3B using fetuin.
Error bars represent the standard deviation from the mean values of two replicates.

(B) Fetuin binding-inhibition assay indicating binding patterns of the mutant and wildtype A/
Indonesia/5/05 viruses, A/duck/Bavaria/1/1977 (H1N1) and HongKong/1/1968 (H3N2) to
the specified receptor analogs. Red color in different shades represents oligosaccharides
containing a-2,3-SA, blue bars indicate an a-2,6-SA containing oligosaccharide. Data represent
mean values and standard deviations of K___ determined in the same experiment using two to
four different concentrations of the inhibitor. 3'SLN: Neu5Aca2,3Gal31-4GIcNAc; Su-3'SLN
NeubAca2,3GalB1-4(6-O-HSO,)GIcNAcB; SLe*: NeubSAca2,3GalB1-4(Fucal-3)GIcNACB;
SLe?: Neu5Aca2,3GalB1-3(Fuca1-4)GIcNAcB; SLec: Neu5Aca2,3GalB1-3GIcNAcb;

Su-SLe*: Neu5Aca2,3Galb1-4(Fuca1-3)(6-O-HSO3) GIcNAcB; and 6’'SLN: Neu5Aca2,6GalB1-

4GIcNACB.
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Supplemental Table 3:
Meta-Analysis of Studies on Airborne Transmission of Influenza A Virus in Ferrets, Related to
the Experimental Procedures

Subtype . Airbqrnt_e
(origin) Strain transmission Reference
(N positive/N tested)
H5N1 Alwild bird/HongKong/07035-1/2011 0/3 (Xu et al., 2013)
(avian) AlVietnam/1194/2004 0/3 (Xu et al., 2013)
A/Vietnam/1203/04 0/3 (Xu et al., 2014)
Alegret/Egypt/1162/2006 0/2 (Chen et al., 2012)
A/Hong Kong/486/97 0/3 (Maines et al., 2011)
A/Vietnam/1203/04 0/3 (Maines et al., 2011)
AlIndonesia/5/05 0/2* (Munster et al., 2009)
A/Thailand/16/04 0/3 (Jackson et al., 2009)
A/Hong Kong/486/97 0/3 (Maines et al., 2006)
A/Hong Kong/213/03 0/3 (Maines et al., 2006)
H1N1 A/shorebird/DE/300/2009 2/2 (Kocer et al., 2012)
(avian) Alduck/Alberta/35/76 0/3 (Itoh et al., 2009)
A/Duck/NewYork/96 0/3 (Van Hoeven et al., 2009)
A/Turkey/South Dakota/7034/86 0/3 (Van Hoeven et al., 2009)
A/Turkey/Kansas/4880/80 0/3 (Van Hoeven et al., 2009)
A/Mallard/Alberta/119/98 0/3 (Van Hoeven et al., 2009)
A/Duck/Alberta/35/76 0/3 (Van Hoeven et al., 2009)
A/Duck/NY/15024-21/96 0/3 (Van Hoeven et al., 2009)
A/duck/Alberta/35/76 0/3 (Tumpey et al., 2007)
H2N1 (avian) A/Mallard/Potsdam/177-4/1983 0/2 (Jones et al.,, 2014)
H2N2 A/Mallard/New York/6750/78 0/3 (Pappas et al., 2010)
(avian) A/Mallard/MT/Y61 0/2 (Jones et al., 2014)
A/Mallard/Potsdam/179/1983 0/2 (Jones et al., 2014)
A/Duck/Hong Kong/319/1978 0/2 (Jones et al., 2014)
A/Chicken/Jena/4705/1984 0/2 (Jones et al., 2014)
A/Duck/NewJersey/7872-27/1995 0/2 (Jones et al., 2014)
A/Duck/Hong Kong/273/1978 0/2 (Jones et al., 2014)
A/GuineaFowl/NewYork/13824/1995 0/2 (Jones et al., 2014)
A/Chicken/NewYork/13824/1995 0/2 (Jones et al., 2014)
H7N2 AlTurkey/Virginia/4529/02 0/3 (Belser et al., 2008)
(avian) A/NewYork/107/03 0/3 (Belser et al., 2008)
Alchicken/Conneticut/260413-02/03 0/3 (Belser et al., 2008)
H7N3 A/mallard/Alberta/24/01 0/3 (Song et al., 2009)
(avian) A/Canada/504/04 0/3 (Belser et al., 2008)
H7N7 A/Netherlands/219/03 0/3 (Belser et al., 2008)
(avian) A/Netherlands/230/03 0/3 (Belser et al., 2008)
avian H7N9 Alduck/Gunma/466/2011 0/3 (Watanabe et al., 2013)
(before 2013)
2013 H7N9 A/Anhui/1/2013 13 (Xu et al., 2014)
(avian) A/Anhui/1/2013 3/4 (Richard et al., 2013)
A/Anhui/1/2013 variant 1/4 (Richard et al., 2013)
Alchicken/Shanghai/S1053/2013 0/3 (Zhang et al., 2013)
Alpigeon/Shanghai/S1069/2013 13 (Zhang et al., 2013)
A/Shanghai/1/2013 13 (Zhang et al., 2013)
A/Shanghai/2/2013 113 (Zhang et al., 2013)
A/Anhui/1/2013 6/6 (Zhang et al., 2013)
A/Anhui/1/2013 2/6 (Belser et al., 2013a)
A/Shanghai/1/2013 13 (Belser et al., 2013a)
A/Anhui/1/2013 13 (Watanabe et al., 2013)
A/Shanghai/2/2013 1/3 (Zhu et al., 2013)
HI9N2 (avian) A/Guinea fowl/Hong Kong/WFD10/99 0/2 (Wan et al., 2008)

* 0/8 transmission events when A/lndonesia/5/05 wt passaged and PB2-627K HA-222L, 2248 is included
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(human)

Airborne
Subtype . transmission
(origin) Strain (N positive/N Reference
tested)
pH1N1 A/California/4/2009 3/3 (Watanabe et al., 2013)
(human) A/New York/1682/2009 2/3 (Zhou et al., 2013)
A/California/4/2009 3/3 (Zhu et al., 2013)
AlCalifornia/4/2009 2/2 (Martinez-Romero et al., 2013)
A/England/195/09 3/3 (Roberts et al., 2012)
A/Sichuan/1/2009 2/2 (Zhang et al., 2012)
A/California/04/2009 3/3 (Imai et al., 2012)
AlCalifornia/07/2009 7/9 (Lakdawala et al., 2011)
A/England/195/2009 3/3 (van Doremalen et al., 2011)
A/Netherlands/602/2009 4/4 (van der Vries et al., 2011)
A/California/4/2009 2/3 (Belser et al., 2011)
A/California/4/2009 3/3 (Yen et al., 2011b)
A/HK/415742/09 3/3 (Yen et al., 2011b)
A/Quebec/147023/2009 4/4 (Hamelin et al., 2011)
A/California/4/09 3/3 (Yen etal., 2011a)
A/California/4/09 2/3 (Jayaraman et al., 2011)
A/Netherlands/602/09 4/4 (Schrauwen et al., 2011)
A/Osaka/164/2009 3/3 (Kiso et al., 2010)
A/Vietnam/HCM9727/2009 3/3 (Kiso et al., 2010)
A/Netherlands/602/09 4/4 (Chutinimitkul et al., 2010a)
A/California/04/2009 17 (Seibert et al., 2010)
A/Hansa Hamburg/01/2009 7 (Seibert et al., 2010)
A/Denmark/524/09 112 (Duan et al., 2010)
A/Netherlands/602/09 4/4 (Herfst et al., 2010)
A/California/04/09 3/3 (Itoh et al., 2009)
A/Kawasaki/UTK-4/09 112 (Itoh et al., 2009)
A/Netherlands/602/2009 4/4 (Munster et al., 2009)
A/California/04/2009 3/3 (Maines et al., 2009)
AlTexas/15/2009 3/3 (Maines et al., 2009)
A/Mexico/4482/2009 3/3 (Maines et al., 2009)
sH1N1 A/Brisbane/59/07 1/3 (Belser et al., 2012)
(human) A/Netherlands/26/2007 3/4 (Munster et al., 2009)
A/Brisbane/59/2007 3/3 (Maines et al., 2009)
A/Solomon Islands/3/06 3/3 (Van Hoeven et al., 2009)
AlTexas/36/91 3/3 (Tumpey et al., 2007)
sH3N2 A/Perth/16/2009 2/3 (Houser et al., 2013)
(human) AlIndiana/08/2011 3/3 (Houser et al., 2013)
AlTexas/50/2012 3/3 (Belser et al., 2013a)
A/Panama/2007/99 1/3 (Belser et al., 2012)
A/Wuhan/359/95 2/3 (Yen et al., 2011b)
A/Wuhan/359/95 2/3 (Yen et al., 2011a)
AlVictoria/03/75 2/2 (Itoh et al., 2009)
A/Wyoming/3/03 2/2 (Jackson et al., 2009)
A/Memphis/14/98 2/2 (Wan et al., 2008)
A/Panama/2007/99 3/3 (Maines et al., 2006)
AlVictoria/3/75 3/3 (Maines et al., 2006)
‘Asian’ H2N2 A/Albany/6/58 3/3 (Pappas et al., 2010)
(human) AJEl Salvador/2/57 1/3 (Pappas et al., 2010)
‘Spanish’ H1N1 A/South Carolina/1/18 3/3 (Tumpey et al., 2007)
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Primers Used to Amplify the Complete A/H5N1 Virus Genome for Deep Sequencing, Related
to Figure 2 and Tables S1 and S2

Segment Fragment no. Sense Sequence
PB2 1 Forward CRAAAGCAGGTCAAWTATATTC
Reverse TCCATGATRACATCTTGTGCTTC
2 Forward AAGGTTGAAAGRTTAARACA
Reverse RTTTTGYCTAAGRATGTCYACC
3 Forward ATTGTNAGGAGRGCAACRG
Reverse CCATGACATTRTCRATDGGTTC
4 Forward AACAGAGCRAACCAAMG
Reverse GTTCTCACAAAYCCACTRTATTG
5 Forward CARTGGTCYCARGAYCC
Reverse AGTAGAAACAAGGTCGTTT
PB1 1 Forward RAAAGCAGGCAAACCAYTTGAATG
Reverse TTCTTCCTTATCCATTGATTCC
2 Forward CYGCTTTGGCCAAYACYATAG
Reverse CKAGGRTTYTGATTCTCATTCC
3 Forward GCTAAAYTGGCAAAYGTHGTRAG
Reverse TTCTTYTTRCTCATRTTGATYCC
4 Forward CAATCYTCYGATGAYTTYGC
Reverse CTDCCYTGRTARTCTTCATCC
5 Forward AGGACTGTTGRKTTCDGATGG
Reverse TTTTTTCAYGAAGGACAAGC
PA 1 Forward CRAAAGCAGGTACTGATYC
Reverse GTGWAYAGYCTGGTTTTRATTC
2 Forward CAYATYCACATHTTCTCATTCAC
Reverse TYAATTTHAGRGCATCCATCAG
3 Forward TTCYCAAATGTCVAAAGARG
Reverse RCTYGCDATGTGCTCAATTGG
4 Forward CARGAYATTGAAAATGAGG
Reverse TTYTCCCAYTTGTGTGGYTCC
5 Forward GATGTGGTAAACTTTGTGAGTATGG
Reverse ATCGAARGTHCCAGGTTCCAG
6 Forward CATGATYGARGCHGARTCTTC
Reverse AGTAGAAACAAGGTACYTTTT
HA 1 Forward AAAGCAGGGGTHYDATCTGTC
Reverse TTGTARCTYCTCTTTATBGTBGG
2 Forward GRGTRAGCKCAGCATGTCC
Reverse GDGTTTGRCACTTGGTGTTGC
3 Forward AGTAATGGRAATTTCATTGCYCC
Reverse ATTYTCCATKAGAACYAGRAGTTC
4 Forward ACTCARTTTGARGCHGTTGG
Reverse AGTAGAAACAAGGGTGTTTT
NP 1 Forward AGCRAAAGCAGGGTDKATA
Reverse GCATCATTYAGRTTKGAATGCC
2 Forward GAATGGTNCTCTCTGCVTTTG
Reverse TGAGTGCAGACCGHGCCAG
3 Forward RAAATTYCAAACAGCAGCAC
Reverse CTKATYTGYCCTGCVGATGC
4 Forward GTTCAAATTGCTTCAAATG
Reverse AGTAGAAACAAGGGTATTTT
NA 1 Forward CRAAAGCAGGAGTTYAAAATG
Reverse GCAACAGACTCAAAYCTYGAG
2 Forward AGCCYTRYTGAATGACAARC
Reverse YTGATTGAAAGAYACCCATGG
3 Forward TTACTGTWATGACWGAYGGACC
Reverse ACCCARAARCAAGGTCTYATGC
4 Reverse AATAGGRTAYATATGCAGYGG
Forward AGTAGAAACAAGGAGTTTTT
MA 1 Reverse AAAGCAGKTAGATRTTGAAARATG
Forward ACCATTCTGTTYTCATGYCTG
2 Reverse TAKTRTGTGCCACTTGTGAGC
Reverse AGTAGAAACAAGGTARKTTTT
NS 1 Forward CRAAAGCAGGGTGACAAAVAC
Reverse CCAATTGCAWTYTTGACATCCTC
2 Forward DCTKAGRGCVTTYACAGA
Reverse AGTAGAAMCAAGGGTGTTTT
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ABSTRACT

The 1957 H2N2 influenza virus caused an estimated 2 million fatalities
during the pandemic. Since viruses of the H2 subtype continue to infect
avian species and pigs, the threat of reintroduction into humans remains. To
determine factors involved in the zoonotic origin of the 1957 pandemic we
performed analyses on genetic sequences of 167 newly sequenced human
and avian H2N2 virus isolates and all publically available influenza virus
genomes.

TEXT

Influenza A viruses are ecologically successful pathogens that infect a
wide range of host species and that have periodically emerged in humans
to cause pandemics (75). The “Asian pandemic” of 1957 was caused by
a H2N2 influenza A virus generated by reassortment of the previously
circulating human H1N1 virus and an avian H2N2 virus that contributed the
polymerase basic 1 (PB1), haemagglutinin (HA), and neuraminidase (NA)
genes to the pandemic strain (60). Here we investigate genetic markers
that are linked to the generation of human H2N2 viruses, by studying the
genetic variation of H2N2 influenza A viruses in human hosts from 1957-
1968 based on newly generated sequences from this study and all available
sequences in public databases. The combined knowledge of which virus
subtypes can potentially become pandemic and the characterization of
changes essential for adaptation of individual viruses to humans will improve
pandemic preparedness by allowing surveillance activities to identify specific
genetic and phenotypic changes and allowing vaccine preparation for the
most urgent threats.

The complete genomes of the archived H2N2 influenza viruses were
sequenced using a high-throughput next-generation sequencing pipeline on
a 454/Roche GS-FLX and lllumina HiSeqTM 2000 platform, as described
previously (178-180), and consensus sequences were deposited in GenBank
(Table S1). Nucleotide sequences of each gene segment were initially aligned
using MAFFT (181) then manually corrected and assembled to only include
coding regions. To determine the closest related avian and human clade,
Maximum likelihood trees were inferred based on nucleotide alignments
using the program FastTree version 2.1.5 (182) under the generalized time
reversible (GTR) model with gamma-distributed rates among sites (GTR+I")
(Supp. Figure S1). The ML trees were used to select the avian viruses most
closely related to the human H2N2 viruses for further analysis. Temporal
phylogenies were then inferred using Bayesian Markov chain Monte Carlo
(MCMC) methods in BEASTv1.8.0. Nucleotide substitution rates and time
to most recent common ancestor (TMRCA) for H2 viruses were estimated
(Figure 1 A-B, Supp. Figure S2) under a relaxed clock model as described
previously (183, 184).
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Figure 1:

Evolution and reassortment of H2 viruses. Maximum-clade credibility temporal trees of H2N2
influenza A virus segments (A) HA and (B) NA of avian (brown) and human (blue) virus
isolates. Grey bars represent the 95% highest posterior density (HPD) of age for each node.
(C) Multidimensional scaling (MDS) plot of uncertainty of TMRCAs between samples of 500
trees for each segment of pandemic H2N2 viruses (n=54) sampled between 1957 - 1968. In
this analysis the tree-to-tree variation in posterior distribution of 500 trees for each segment is
plotted as a cloud of points where the mean is represented by the centroid of the cloud, while
the spread of points indicate the degree of statistical uncertainty in the phylogenetic history
of each gene segment. The space occupied by human H3N2 viruses is indicated by the oval
(190).
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Figure 2:

Uracil content patterns. Uracil content in H2N2 human (solid triangles) gene segments in
comparison to the respective H2 avian (open circles) or H1 mammalian (asterisks) isolates
from which each segment is derived, depicted per year. Best-fit regression lines are shown
with the 95% confidence interval shaded gray.
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The mean nucleotide substitution rate of human H2N2 HA genes from 1957-
1968 was estimated at 3.63 x 10 substitutions/site/year (subs/site/yr) (Table
1), comparable to the rate within the avian cluster (3.76 x 102 subs/site/
yr) and which is consistent with previous reports (185, 186). However, the
substitution rates of human H2N2 PB1 and NA genes (0.90 x10 and 0.85 x
10 subs/site/yr, respectively) were lower than previous estimates and those
of avian PB1 and NA (1.76 x 10 and 2.83 x 107 subs/site/yr, respectively).
The mean TMRCAs of the novel origin genes provide evidence suggesting
thatthe PB1 and NA genes (late 1952 and early 1951, respectively) circulated
in mammals before the HA was acquired (mid-1955) indicating a series of
reassortment events in the years before pandemic emergence, consistent
with previous analyses (184). This hypothesis is further supported by the
significantly lower substitution rates observed in the human H2N2 PB1 and
NA segments compared to the HA (Bayes factors >1000, calculated as
previously described (187)) suggesting prior mammalian adaptation. The
lack of avian viruses isolated before 1957 precludes further validation of this
hypothesis (184, 188).

To determine the degree of reassortment present in human H2N2 viruses,
we used a multidimensional scaling (MDS) plot of uncertainty of TMRCAs
between samples of 500 trees for each gene segment, as previously
described (189, 190). In this analysis we assume that gene segments with
similar evolutionary histories will occupy similar positions in the MDS plot.
Our analysis showed considerable overlap in the phylogenetic histories of all
H2N2 gene segments during the 11-year period they circulated in humans,
indicating a relatively homogenous virus population with little evidence for
ongoing reassortment in the human population (Figure 1C).

We investigated natural selection on the virus populations by estimating the
global ratio of nonsynonymous (dN) and synonymous (dS) substitutions per
codon (dN/dS ratio) for each gene using single-likelihood ancestor counting
(SLAC) as implemented in Datamonkey (191, 192). Results indicate that
H2N2 pandemic virus genes were generally under higher selection pressures
than those observed in avian hosts (Table 2). In particular, the H2N2 PB1,
HA and NA genes had a higher dN/dS ratio in the human clade compared to
the avian group, while the human H1N1-derived genes show increased dN/
dS compared to the ancestral H1N1 viruses circulating in mammals. These
results likely reflect increased adaptive pressure on the newly generated
H2N2 strain to both the new genome constellation and the new host.

A comparison of branch-wise dN/dS ratios of internal branches (ancestral
nodes) and external branches (tips of the tree) was made using the 2-ratio
model in CODEML (193). Pandemic H2N2 PB1, HA and NA genes have a
higher internal/external ratio compared to the avian background, indicating
accumulation of amino acid mutations in these genes, probably as a
consequence of adaptation to the new host (Table 2). The lower external
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dN/dS ratios suggest higher selective constraints resulting in deleterious
nonsynonymous changes that were ultimately not fixed in the population
(194), and may explain the lower evolutionary rates observed for this lineage.
The internal versus external dN/dS ratios of the remaining gene segments
that previously circulated in humans are comparable between the H2N2 and
H1N1 backgrounds, indicating the absence of particular adaptive pressures
after reassortment.

Previous studies on antibody profiling and comparative alignments of avian
and human H2N2 virus isolates have reported amino acid differences
between the two virus populations and suggested that they may be adaptive
(60, 119, 186, 195, 196). Here, we analyze the significance of these changes
by comparing selection pressures between human and avian viruses. Site-
specific selection on amino acids was analyzed using two different methods
and was considered relevant if both methods detected the same codons.
The mixed effects model of evolution (MEME) method detects both fixed
and episodic diversifying selection between branches (197), while the Tdg09
program (198) relies on the designation of host-specific lineages to determine
amino acid mutations that might have been important for the host-shift event.
Our analyses detected five positively selected sites in the HA gene only
(Table 2). Of these, two residues — Asn-192-Asp/Glu/Lys and Gly-223-Ser —
were in the receptor-binding site (RBS) of the HA protein (Supp Figure S3A).
The remaining three sites — Ser-72-Arg/lle, Asn-181-llu and Glu-211-Lys/Asp
— are in antigenic regions of the HA protein (185, 186, 196). The Gly-223-
Ser mutation (position 228 in H3 numbering) is known to be significant in the
adaptation of the H2N2 viruses in humans (70, 199), and results in increased
binding affinity to a-2,6 linked sialic acid host receptors in H3N2 viruses (70,
199, 200). It is also worth noting that, although not identified as being under
significant positive selection in our analysis, most of the avian precursor and
human H2N2 virus HA genes had a Glu-221-Lys mutation (position 226 in H3
numbering) that is also associated with a mammalian-like receptor-binding
switch (70, 199).

Studies on the adaptation of influenza A H1 and H3 viruses describe
a decrease in the observed to expected CpG content as an evolutionary
mechanism to evade immune responses through viral mimicry of the host
genome (201). Similarly, an increase in the uracil content of avian derived
influenza A viruses following establishment and circulation in mammalian
hosts is thought to reflect mammalian adaptation (202). However, our results
show either no change, or a slight decrease, in uracil content of the avian
derived PB1, HA and NA genes (Fig 2). Furthermore, analysis of CpG content
showed no consistent pattern with the PB1, HA and NA gene respectively
showing no change, a decrease and an increase in CpG content (Supp
Figure S3A).
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This analysis provides the first large-scale comparative genomic analysis
of the adaptation of pandemic H2N2 viruses to humans. We found that
pandemic H2N2 viruses have higher selection pressures across the genome
in comparison to their source populations, reflecting relaxed selective
constraints on the viruses during adaptation to humans. We identified five
amino acid residues under significant positive selection in the RBS and
antigenic regions of the HA protein involved in efficient binding to human-
like receptors and immune escape (60, 119, 196). Further means of viral
adaptation to humans such as decreased CpG and uracil content were
inconclusive, possibly due to the short circulation of H2N2 viruses in humans
(11 years), whereas previous studies looked at H1 and H3 viruses over a
period of 20 - 70 years (201, 202). Finally, our analysis on the temporal
phylogenies of the avian-origin genes supports, as previously reported, the
staggered introduction of each novel segment over 2 - 6 years prior to the
emergence of the 1957 pandemic (184).

Jones et al. (170) provide a comprehensive risk assessment for the potential
reintroduction in humans of H2N2 viruses currently circulating in wild birds
and found that while the risk was low, these viruses exhibited pathogenicity,
replicative competency and direct-contact transmission in experimental
mammalian systems. Moreover, a lack of sustained systematic global
influenza surveillance in birds and other animals severely limits the power
of any risk assessment. Consequently, as periodic bottlenecks can greatly
influence the genetic characteristics of circulating avian influenza viruses
(202), the deduced characteristics of the current avian population (i.e. after
1980) may not be the same as the virus population that provided genes to the
H2N2 pandemic strain. Although the exact mechanism of adaptation from the
zoonotic ancestor remains unknown, historical evidence of successful H2N2
infection and transmission in humans, combined with an immunologically
naive population for H2N2 below approximately 50 years of age, highlights
the need for continued monitoring of this subtype for pandemic preparedness
planning.
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FULL METHODS SUMMARY

Virus Sequencing

The complete genomes of the influenza viruses were sequenced using a high-
throughput Next-generation sequencing pipeline at the JCVI that includes
the 454/Roche GS-FLX and the Illumina HiSeqTM 2000. Viral RNA was
isolated using the ZR 96 Viral RNA kit (Zymo Research Corporation, Irvine,
CA, USA). The influenza A genomic RNA segments were simultaneously
amplified from 3 uL of purified RNA using a multi-segment RT-PCR strategy
(180, 203). The influenza M-RTPCR amplicons were barcoded and amplified
using an optimized SISPA protocol (178, 179, 204). Subsequently, the SISPA
amplicons were purified, pooled and size selected (~800 bp or ~200 bp) and
the pools were used for both Roche 454 (Roche Diagnostics Corporation,
Indianapolis, IN) and lllumina (lllumina, Inc., San Diego, CA, USA) library
construction (~50) viruses per library. Samples were sequenced on the 454/
Roche-FLX and lllumina HISeq2000 platforms. Libraries were prepared for
sequencing on the 454/Roche GS-FLX platform using Titanium chemistry
or for sequencing on the lllumina HiSeqTM 2000. The sequence reads
were sorted by barcode, trimmed, searched by TBLASTX against custom
nucleotide databases of full-length influenza A segments downloaded from
GenBank to filter out both chimeric influenza sequences and non-influenza
sequences amplified during the random hexamer-primed amplification. The
reads binned by segment, and lllumina reads were de novo assembled using
CLCBio’s clc_novo_assemble program. The resulting contigs were searched
against the corresponding custom full-length influenza segment nucleotide
database to find the closest reference sequence for each segment. Both
454/Roche GS-FLX and lllumina HiSeqTM 2000 reads were then mapped
to the selected reference influenza A virus segments using the clc_ref
assemble_long program. At loci where both GS-FLX and lllumina sequence
data agreed on a variation (as compared to the reference sequence), the
reference sequence was updated to reflect the difference. A final mapping of
all next-generation sequences to the updated reference sequences was then
performed. Any regions of the viral genomes that were poorly covered or
ambiguous after Next Generation sequencing were amplified and sequenced
using standard Sanger sequencing approach. The consensus sequences
were deposited in GenBank (Table S1).

Sequence Selection for Phylogenetic Analysis. We downloaded complete
influenza A gene segments of different subtypes and of different host origin
from NCBI Influenza database on 28 November 2013. 11285 sequences were
downloaded, supplemented by full genomes of 175 isolates newly sequenced
for this project, adding to a total of 12685 sequences used. Nucleotide
sequences of the coding regions of each of the segments were aligned using
MAFFT (181) and were further manually adjusted and assembled to only
include coding regions of each gene segment.
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Phylogenetic Analysis

Maximum likelihood trees for the large dataset were inferred based on
nucleotide alignments using the program FastTree 2.1.5 under the generalized
time reversible (GTR) model with gamma-distributed rates among sites
(GTR+I) (205). To conduct a temporal phylogenetic analysis, sequences
were also downloaded with associated metadata of date of isolation. If
the exact day and month of the year was not available, sequences were
given a mid-year root. However, since we were interested in the adaptation
involved in the host species jump, greater temporal resolution was required
for the first year of pandemic transmission. Hence, dates of isolation were
extrapolated (to month of transmission) from available epidemiological and
scientific reports of the period (205-207). Temporal phylogenies and rates
of evolution were inferred with the program BEAST v1.8.0 using a relaxed
clock model that allows rates to vary among lineages within a Bayesian
Markov chain Monte Carlo (MCMC) framework (183). This method was used
to sample phylogenies and dates of divergences between viruses from their
joint posterior distribution, in which the sequences are constrained by their
known date of sampling. For the analyses using Bayesian MCMC sampling,
in all cases chain lengths of at least 100 million steps were used and a 10-
20% ‘burn-in’ was removed. At least two independent runs of each were
performed and compared or combined to ensure adequate sampling.
Reassortment Analysis. Reassortment within the H2N2 pandemic clade
(n=49) was evaluated by comparing the patristic distances of trees estimated
independently for each gene segment. A distance matrix was calculated
from the posterior distributions of a sample of 500 trees obtained from a
MCMC analysis with a GTR+G substitution model as described above. The
resulting distance matrix was visualized with a multi-dimensional scaling plot
to characterize the phylogenetic relationships between the gene segments
using the R statistical software package (208).

Selection Analysis

To determine the degree of natural selection, the ratio of nonsynonymous (dN)
and synonymous (dS) substitutions per codon (dN/dS ratio) were estimated
for the entire tree (global model) using single-likelihood ancestor counting
(SLAC) method (192), implemented through the Datamonkey webserver
(191). The selection pressures acting on the internal and external branches
of the tree were measured using the 2-ratio model of the CODEML program
in the PAML suite (193). Selection on specific sites was analyzed using two
methodologies and sites were considered relevant if both methods detected
the same positively selected codons. The first method used was the mixed
effects model of evolution (MEME), which is a useful tool in the detection
of both fixed and episodic diversifying selection between branches (197). A
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p-value of 0.05 was used as a statistical cutoff for a positively selected site
in this method. The second method used to detect specific sites undergoing
selective pressure was employed through the Tdg09 program (198), which
allows for the definition of host-specific linages to determine sites that
contribute to the host-shift event. Sites with a false discovery rate (fdr) less
than 0.05 was used reported as significant in this method.

Uracil and CpG Content

The nucleotide content of pandemic H2N2 gene segments were assessed
to determine adaptation levels of adaptation in a human/mammalian hosts.
To estimate the observed to expected CpG ratios, a custom perl script was
executed using the following formula: 100*(‘CG’/(G*C)*(A+U+G+C)), where
A, U, G, C represents the counts of the respective nucleotides and ‘CG’
the number of adjacent C and G representing the CpG pattern (209). Uracil
content values were measured using PAUP* 4.0b10 (194), as it has been
postulated that the uracil content of the Influenza A virus genomes tends
to increase steadily in mammalian hosts (202, 210). Uracil content values
and CpG ratios were visualized and plotted using the R statistical software
package (208).

Positions of Positively Selected Sites in HA Structure

The positions identified as significant positively selected sites were plotted
on the crystal structure of the A/Singapore/1/1957(H2N2) virus HA [PDB
accession code 2WR7] using MacPyMOL (The PyMOL Molecular Graphics
System, Version 1.3, Schrodinger, LLC) for visualization of the trimer.
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Supplemental Figure 1:

Maximum likelihood (ML) trees of the PB2 (A), PB1 (B), PA(C), HA (D), NP (E), NA (F), M (G),
and NS (H) segments used in this study. ML trees inferred using FastTree v2.1.5 under the
generalized time reversible (GTR) nucleotide substitution model for all 8 segments of Influenza
A isolates. Human H2N2 isolates represented in blue; human H3N2 isolates represented in
orange; human H1N1 isolates represented in brown; all swine isolates represented in green;
and all avian isolates represented in black.

Isolates used for further temporal phylogenetic and selection analyses indicated by large
bracket lines. Images can be zoomed in in the online version to visualize details.

Supplemental Figure 2:

Temporal Phylogenies of human H2N2 (blue) virus gene segments and their associated avian
H2N2 (brown) or human H1N1 (black) sister clades. Swine sequences denoted in green.
Temporal phylogenies inferred using an uncorrelated log- normal distribution (ucld) clock
model and a Gaussian Markov random field (GMRF) Bayesian skyride coalescent tree prior.
Blue horizontal bars at nodes represent the 95% HPDs of TMRCAs.

Supplemental Table 1:
For the list of GenBank accession numbers used in this study, please refer to the online
version of the manuscript.

Supplemental Figure 3:

A. The positions identified as significant positively selected sites plotted on the crystal
structure of the A/Singapore/1/1957(H2N2) virus HA trimer [PDB accession code 2WR7] using
MacPyMOL (The PyMOL Molecular Graphics System, Version 1.3, Schrodinger, LLC). The
positions that are predicted to be significant in adaptation to human hosts in red. B. Observed
to Expected CpG ratios in each segment of the human H2N2 isolates (light brown bars) and
the respective background/sister clade (dark brown) plotted by year. Error bars represent the
standard deviation (SD) by year. Best-fit regression lines (black) shown with 95% confidence
interval (grey).
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ABSTRACT

Influenza A/H2N2 viruses caused a pandemic in 1957 and continued to
circulate in humans until 1968. The antigenic evolution of A/H2N2 viruses
over time and the amino acid substitutions responsible for this antigenic
evolution are not known. Here, the antigenic diversity of a representative set of
human A/H2N2 vi ruses isolated between 1957 and 1968 was characterized.
The antigenic change of influenza A/H2N2 viruses during the 12 years that
this virus circulated was modest. Two amino acid substitutions, T128D and
N139K, located in the head domain of the H2 hemagglutinin (HA) molecule,
were identified as important determinants of antigenic change during A/H2N2
virus evolution. The rate of A/H2N2 virus antigenic evolution during the 12-
year period after introduction in humans was half that of A/H3N2 viruses,
despite similar rates of genetic change.

IMPORTANCE

While influenza A viruses of subtype H2N2 were at the origin of the Asian
influenza pandemic, little is known about the antigenic changes that occurred
during the twelve years of circulation in humans, the role of preexisting
immunity, and the evolutionary rates of the virus. In this study, the antigenic
map derived from hemagglutination inhibition (HI) titers of cell-cultured
virus isolates and ferret postinfection sera displayed a directional evolution
of viruses away from earlier isolates. Furthermore, individual mutations in
close proximity to the receptor-binding site of the HA molecule determined
the antigenic reactivity, confirming that individual amino acid substitutions in
A/H2N2 viruses can confer major antigenic changes. This study adds to our
understanding of virus evolution with respect to antigenic variability, rates of
virus evolution, and potential escape mutants of A/H2NZ2.

Influenza A viruses of the H2N2 subtype initiated a pandemic in 1957, causing
morbidity and mortality in humans, an event also known as the “Asian flu
pandemic” (188, 211, 212). No surveillance systems were in place in 1957
to accurately detect and record the A/H2N2 pandemic outbreak scenario.
Based on death certificates and newspaper articles, excess mortality
was found to occur in waves, with the highest number of events between
October 1957 and March 1958 in 5to 14-year-olds (213). The A/H2N2 virus
originated upon reassortment between a previously circulating seasonal
human A/H1N1 virus and an avian A/H2N2 virus. The latter virus contributed
the HA, neuraminidase (NA), and polymerase basic protein 1 (PB1) gene
segments to the pandemic A/H2N2 virus (60, 61, 186). This virus circulated
in the human population until it was replaced by an A/H3N2 influenza virus
in 1968. Today, more than 50 years after the last detected A/H2N2 virus
infection in humans, immunity against A/H2N2 viruses is waning. The threat
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of reintroduction and spread of H2 viruses in humans remains, because
A/H2N2 viruses and other influenza A viruses with combinations of H2 and
various NA genes continuously circulate in avian species and incidentally
in swine (62, 214, 215). Several vaccine candidates have been developed
for pandemic preparedness (216-218), and prophylactic vaccination of
individuals at increased risk has been proposed (219).

The HA glycoprotein of influenza A viruses is the major target for neutralizing
antibodies and continuously undergoes antigenic evolution by acquiring
substitutions to escape antibody-mediated immunity (137). Five antigenic
sites in the HA molecule have been identified to determine antigenic
properties of seasonal human influenza viruses (220-222). In the case of
A/H2N2 influenza viruses, six antigenic sites (I-A to I-D, II-A, and 1I-B) in the
HA have been recognized to play a major role in antigenic change (196).
These sites structurally correspond to the five sites described for A/H3N2
influenza viruses (designated A to E). Site 1l-A is unique for A/H2NZ2 influenza
viruses, highly conserved, and located in the HA stem domain.

After seminal studies that described the structural importance of the HA
receptor binding site (RBS) for antigenic variation (19, 155, 221), it was shown
recently that a mere seven amino acid positions on HA located immediately
adjacent to the receptor binding site (RBS) largely determined antigenic
changes that occurred during A/H3NZ2 influenza virus circulation in humans
from 1968 to 2003 (223). Similarly, a study on clade 2.1 A/H5N1 viruses
showed that substitutions in close proximity to the RBS dictated antigenic
change of avian A/H5N1 influenza viruses emerging in poultry (224), and
amino acid changes close to the RBS were found to induce antigenic change
in A/HIN1pdmO09 viruses (225-227). Substitutions in the head domain of
the HA molecule have also been demonstrated to determine the antigenic
phenotype of equine and swine influenza A viruses (228, 229). Combined,
these studies demonstrate the importance of RBS-proximal substitutions for
antigenic drift of influenza A viruses.

In this study, the antigenic properties of a representative set of human
A/H2N2 virus isolates spanning the period from 1957 to 1968 were assessed
with respect to their reactivity to ferret postinfection sera in hemagglutination
inhibition (HI) assays. The substitutions responsible for major antigenic
differences between A/H2N2 influenza viruses were mapped by site-directed
mutagenesis and generation of recombinant viruses.
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Figure 1:

Maximum likelihood phylogenetic tree based on HA1 amino acid sequences of human
A/H2N2 viruses. Virus isolates used for antigenic characterization are highlighted in red.
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RESULTS

Genetic and antigenic diversity of A/H2N2 viruses

The genetic variation of human A/H2N2 influenza viruses isolated between
1957 and 1968 was assessed by maximum likelihood algorithms in an
HA1 amino acid phylogenetic tree (Fig. 1). The tree displays a ladder-like
structure that indicates gradual accumulation of mutations over time. A set of
18 human A/H2N2 influenza virus isolates representative of genetic variation
over the 12-year period and that was available in our laboratory was compiled
(highlighted in red in Fig. 1).

HI titers of the set of 18 A/H2N2 viruses and 6 A/H2N2 ferret postinfection
sera revealed a typical pattern of influenza virus antigenic drift, with high
antibody titers of antisera against homologous and contemporary viruses
and lower titers against noncontemporary strains (Table 1). HI titers were
processed using antigenic cartography methods to yield an antigenic map
(Fig. 2), revealing directional antigenic progression of later isolates away
from early strains over time. Viruses isolated in the same or subsequent
years generally grouped together in the map and thus were antigenically
similar. Exceptions were A/Sydney/2/64 and the latest A/H2N2 viruses. In
this study, the maximum antigenic distance between any pair of wild-type
viruses was 6.4 antigenic units (AU) between A/Netherlands/M1/1958
(NL/M1/58) and A/Netherlands/B2/1968 (NL/B2/68). Viruses isolated
in 1964 were antigenically highly diverse; whereas A/England/12/1964
(EN/12/64) and A/Taiwan1/64 (TW/1/64) drifted 3.9 antigenic units away from
NL/M1/57, A/Sydney/2/1964 (SY/2/64) was only 1.6 antigenic units away from
NL/M1/57. The three viruses isolated shortly before the introduction of the first
A/H3N2 virus in 1968 (NL/61/68, NL/B1/68, and NL/B2/68) were particularly
divergent in the antigenic map, with 3.2 antigenic units of difference between
NL/61/68 and NL/B2/68.

Molecular basis of antigenic change in A/H2N2 viruses

The head domain of the HA molecule is the main target of neutralizing
antibodies (221, 230). Previous studies indicated that amino acid substitutions
near the RBS and exposed on the surface of the HAmolecule were responsible
for major antigenic drift of influenza A/H3N2, A/H5N1 viruses, and influenza
B virus (224, 226, 231). Amino acid changes on positions 100 to 250 were
compared as a coarse outline of the globular head domain, including the RBS
area of the H2 HA. A set of 7 amino acid substitutions (T126E, T128D, R132K,
N139K, S154P, A184T, and A188T) was consistently found in later A/H2N2
virus isolates compared to the earlier strains and hence could explain the
antigenic differences between early and late strains. Throughout this study,
amino acid positions are numbered as suggested by Burke and Smith (232).
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Single amino acid substitutions and combinations thereof were introduced
and tested in recombinant viruses harboring the HA gene of NL/M1/57 or NL/
B1/68 in a backbone of A/Puerto Rico/8/34 (A/H1N1). All reverse genetics
viruses were rescued, with the exception of NL/B1/68 HA K132R mutant
virus, which was not rescued despite three independent rescue attempts.

A substitution at position 139 was responsible for a substantial antigenic
change of 2.9 antigenic units (AU) when tested in viruses containing HA
genes of NL/M1/57 and NL/B1/68 (Fig. 3A and B, Table 2). This position
is surface exposed and located on a protruding loop adjacent to the RBS
(Fig. 3E). All other individual mutations in NL/ M1/57 and NL/B1/68 had an
antigenic effect of less than 1.7 AU compared to the wild-type virus. The
effect of N139K in NL/M1/57 increased with the addition of T128D to a 3.6-
AU distance from the NL/M1/57 virus carrying the NL/M1/57 wild-type HA
(Fig. 3C). When the combination of K139N and D128T was tested in NL/
B1/68 HA, only a rather small difference in antigenic effect (1.1 AU) was
measured compared to K139N alone (Fig. 3D). Here, a combination of six
amino acid substitutions (E126T, D128T, K139N, S154P, A184T, and A188T)
was necessary in order for the virus to be antigenically similar to NL/M1/57
and located 5.4 antigenic units from NL/B1/68. Each substitution in addition
to K139N had a rather small but incremental effect on the antigenic reactivity
of the H2N2 HA.

Evolutionary rates of A/H2N2 and A/H3N2

Next, the genetic and antigenic change over time after introduction of the
new influenza virus subtype in the human population was investigated (Fig.
4). The rate of evolution of A/H2N2 HA1 was estimated and compared to
the rate of HA1 evolution during the first 12 years of A/H3N2 circulation after
its introduction in the human population in 1968, based on phylogenetic
trees generated here and by Smith et al. (137). The average rate of genetic
evolution (nucleotide substitutions per site per year) estimated in this
analysis was 8.47 X 1072 for H2N2 and 7.53 X 107 for H3N2 (Fig. 4A). The
average rate of antigenic evolution for A/H2N2 from 1957 to 1968 was 0.4
AUs per year, calculated from the slope of the best-fit regression line of the
distances in the antigenic map (Fig. 4B). Using the A/H3N2 data set reported
by Smith et al. (137), the maximum distance in the antigenic map during the
first 12 years of circulation (1968 to 1979) was 13.3 AUs between isolates
A/Bilthoven/16190/1968 and A/Bangkok/1/1979, resulting in an average
evolutionary rate of 0.9 AUs per year, somewhat lower than the rate reported
over the 35-year period from 1968 to 2003 of 1.2 AUs per year (137). Thus, the
antigenic evolution of the A/H2N2 virus was approximately two times slower
than antigenic evolution of A/H3N2 during the first 12 years of circulation and
three times slower than that over the 35-year period.

To investigate if these differences in antigenic evolution were potentially due
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Figure 2:

Antigenic map of human A/H2N2 influenza viruses as measured in HI assays with ferret
postinfection antisera. Circles indicate the position of viruses, squares represent two ferret
antisera raised against each of the viruses A/Japan/305/57, A/Singapore/1/57, A/Netherlands/
K1/63, A/England/1/66, A/Tokyo/3/67, and A/Netherlands/B1/68. The underlying grid depicts
the scale of antigenic difference between the viruses, with each square representing one
antigenic unit or a 2-fold difference in HI titer. Years of isolation of the A/H2N2 virus isolates
are indicated, ranging from 1957 (red) to 1968 (blue).
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to increased evolutionary pressures to select antigenic escape mutants or
were the consequence of an overall increased rate of nucleotide substitution
in HA1, the nucleotide substitution rates were estimated using Bayesian
Evolutionary Analysis Sampling Trees (BEAST) version 1.8.1 with a relaxed
log-normal clock and the Bayesian skyride time-aware model. All available
sequences in public databases were downloaded, which resulted after
curation in alignments of 98 sequences for A/H2N2 virus HA1 and 103
sequences for H3N2 virus HA1. The mean rate of nucleotide substitution for
A/H2N2 HA1 was determined to be 4.88 X 10~ nucleotide substitutions per
site per year (highest posterior density [HPD], 3.68 X 102 to 6.21 X 103).
The nucleotide substitution rate of A/H3N2 virus HA1 was determined to be
4.48 X 10 (HPD, 3.57 X 10 to 5.49 X 10%), comparable to previous results
obtained for A/H3N2 HA1 at 5.15 X 102 (HPD, 4.62 X 102 to 5.70 X 10%)
(230). This rate of A/H3N2 virus evolution was not statistically significantly
different from the A/H2N2 virus rate (Bayes factors: H2 > H3, 1.533;
H3 > H2, 0.651).

DISCUSSION

Using a unique and comprehensive collection of human A/H2N2 viruses
with low passage history and matching ferret postinfection sera spanning
the time of circulation of A/H2NZ2 viruses in humans, the antigenic evolution
of A/H2N2 viruses over time was analyzed. Phylogenetic analysis of HA
sequences of human A/H2N2 viruses resulted in the ladder-like structure of
the phylogenetic tree (Fig. 1) due to the gradual accumulation of mutations
characteristic for human influenza A viruses (184, 233). All H2N2 virus
isolates available at our institute were amplified by PCR and sequenced.
They were confirmed to be representative of the major genetic diversity and
were tested in HI assays for their reactivity to corresponding ferret antisera
and to construct antigenic maps. The antigenic evolution of A/H2N2 viruses
did not demonstrate obvious clustering of virus isolates in contrast to A/H3N2
viruses (223) but a rather gradual pattern of antigenic change over time.
However, the number of strains included in the current analysis and the short
time span of A/H2N2 virus circulation may simply be insufficient for clustering
to be obvious.

A single amino acid change from asparagine (N) to lysine (K) at position
139 in the HA molecule played a prominent role in determining the antigenic
properties of A/H2N2 viruses. When introduced in either NL/M1/57 or
NL/B1/68, this substitution had an antigenic effect of 2.9 antigenic units,
describing roughly half of the observed antigenic diversity of A/H2N2 HA. No
other single amino acid substitution was responsible for a greater antigenic
effect than D128T in the context of NL/B1/68 (Fig. 3C and D). Both positions
128 and 139 are located close to the RBS in the HA protein, similarly to the
substitutions that were previously shown to be important for major antigenic
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change of other influenza A viruses and influenza B virus (223, 224, 226).
Additional individual substitutions at positions 126, 132, 154, 184, and 188
had only minor antigenic effects, but collectively with positions 139 and 128
explained the major antigenic changes observed in A/H2N2 viruses. Also,
these changes were located in close proximity to the RBS (Fig. 3). For the
antigenic evolution of A/H3N2 virus, major antigenic change was caused by
substitutions at only seven positions around the RBS, with relatively small
effects of additional substitutions. For A/H2N2 virus, a single amino acid
substitution also determined the antigenic phenotype of subsequent major
drift variants, but the effect of additional substitutions was more substantial,
potentially due to the different time scales at which the antigenic evolution
was measured and the lack of clustering of strains in the A/H2N2 map.
Whereas A/H1N1pdmO09 viruses remained remarkably antigenically stable
since their introduction in humans (234, 235), A/H3N2 viruses displayed
a more rapid accumulation of substitutions with major impact on antigenic
evolution over time, possibly implying differential abilities of various HA
subtypes to accommodate substitutions that affect antigenic properties
(226, 236). The antigenic evolution of influenza B virus was also found to
be relatively slow compared to that of A/H3N2 virus (223, 231). Here, the
antigenic evolution of A/H2N2 was found to be two times slower than the
antigenic evolution of A/H3N2 virus during its first twelve years of circulation,
and three times slower than that during the period of A/H3N2 virus circulation
from 1968 to 2003, while their respective nucleotide substitution rates differed
only slightly in the first 12 years of virus circulation in humans. Although the
exact factors contributing to this difference in rates of antigenic evolution are
not known, antibody-mediated selection of escape mutants likely played an
important role. Human sera obtained before 1957 from the elderly contained
antibodies that react to A/H2N2 virus, suggesting that the pandemic of 1889
to 1890 was also caused by an influenza A virus of the H2 subtype (55).
However, this preexisting immunity in the population apparently did not result
in increased antibody-mediated selection for A/H2N2 virus variants, similar
to the lack of rapid natural selection of escape mutants for A/H1N1pdmQ9
virus.

Combined, the genetic variability of A/H2N2 was comparable to that of
other influenza A subtypes, whereas the antigenic evolution was relatively
slow, indicating that population immunity to A/H2N2 did not facilitate rapid
antigenic evolution at the time of virus introduction. The genetic data indicate
that the size of the susceptible population, as well as virus turnover, was
likely similar to that of other influenza virus subtypes. We hypothesize that a
combination of factors, including the intrinsic capacity of the influenza virus
HA to accumulate mutations responsible for antigenic evolution, preexisting
immunity at the time of introduction, susceptible population size, and prior
circulation of a certain subtype leading to human adaptation, have a combined
effect on antigenic evolution of the HA.
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This study describes directional antigenic evolution of A/H2N2 viruses during
circulation in humans and highlights the importance of amino acid sites in
close proximity to the RBS for antigenic reactivity of A/H2N2 HA. Rates
of antigenic evolution in A/H2N2 viruses were lower than those in A/H3N2
viruses, possibly implying differences in the structural freedom of the HA
molecules to evolve.
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Figure 4:

Rates of genetic and antigenic evolution of A/H2N2 and A/H3N2 virus during 12 years of
circulation in humans. Genetic (A) and antigenic (B) distances of the A/H2N2 (red squares)
and A/H3N2 (blue circles) viruses from the first human virus isolates in 1957 (A/Netherlands/
M1/1957) and 1968 (A/Bilthoven/16190/1968). Rates are derived from the slope of the best-fit
regression line.
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MATERIALS AND METHODS

Biosafety considerations

All experiments involving A/H2N2 viruses were conducted under biosafety
level 3 (BSL3) conditions. Reassortant viruses in the backbone of A/Puerto
Rico/8/34 (H1N1) harboring the HA gene of A/H2N2 viruses were used under
BSL2 conditions.

Ferret antisera

Ferret postinfection antisera were prepared against virus isolates
A/Japan/305/1957 (JP/305/57), A/Singapore/1/1957 (SP/1/57),
A/Netherlands/K1/1963 (NL/K1/63), A/England/1/66 (EN/1/66), A/Tokyo/3/67
(TY/3/67), and A/Netherlands/B1/1968 (NL/B1/68). To this end, male ferrets
(Mustela putorios furo) were obtained from an accredited ferret breeder. All
animals tested negative prior to the start of the experiments for antibodies
against H1, H2, and H3 influenza A viruses, influenza B virus, and Aleutian
disease virus. Ferret antisera were prepared by intranasal inoculation of the
animals with the respective viruses, and antisera were collected 14 days
after inoculation. Ferret housing and animal experiments were conducted
in strict compliance with European guidelines (EU directive on animal
testing 86/609/EEC) and Dutch legislation (Experiments on Animal Act,
1997). The experimental protocol was approved by an independent animal
experimentation ethical review committee (“Stichting Dier Experimenten
Commissie Consult’). Animal welfare was monitored daily, and all
animal handling was performed under sedation to minimize discomfort.

Viruses and cells

The following 18 A/H2N2 viruses were used in this study (GenBank accession
numbers for HA genes in parentheses): A/Netherlands/M1/57 (KM402801),
A/Netherlands/M2/57  (KM885170), A/Singapore/1/57  (CY125894),
A/Netherlands/M1/58 (CY077741), A/Netherlands/N1/59 (CY077904),
A/Netherlands/H1/60 (CYOQ77786), A/Netherlands/67/63 (CY125886),
A/Netherlands/K1/1963  (CY077733), A/England/12/64  (AY209967),
A/Sydney/2/64 (KP412320), A/Taiwan/1/1964 (DQ508881),
A/Moscow/56/65 (CY031603), A/England/1/66 (KP412318), A/England/10/67
(AY209980), A/Tokyo/3/67 (AY209987), A/Netherlands/61/68 (KP412319),
A/Netherlands/B1/68 (KM402809), and A/Netherlands/ B2/68 (KM885174).
Human A/H2N2 virus samples from the Netherlands were collected from
individuals with influenza-like symptoms during the years 1957 to 1968.
From these samples, virus isolates were obtained by culture in tertiary
monkey kidney cells (tMK) and Madin-Darby canine kidney cells (MDCK)
for a maximum of five passages, without prior inoculation in embryonated
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chicken eggs. Complete HA genes of viruses A/Netherlands/M1/1957 and
A/Netherlands/B2/1968 were amplified from low-passage viruses and cloned
in a modified pHW2000 expression plasmid as described previously (100).
Recombinant viruses consisting of the HAgene of A/H2N2 and the 7 remaining
gene segments of A/Puerto Rico/8/34 (A/H1N1) were generated by reverse
genetics (130). Introduction of mutations in the HA gene was performed using
the QuikChange multisite directed mutagenesis kit (Agilent Technologies,
Amstelveen, The Netherlands) according to the manufacturer’s instructions.
The presence or absence of mutations was confirmed by sequence analysis
of the HA gene. Virus stocks were generated by inoculation of MDCK cells
with 293T transfection supernatant. The inoculum was removed after 2 h
and replaced by MDCK infection medium, consisting of Eagle’s minimal
essential medium (EMEM), 100 IU/ml penicillin, 100 pg/ml streptomycin,
2 mM glutamine, 1.5 mg/ml sodium bicarbonate, 10 mM HEPES, nonessential
amino acids, and 25 pg/ml N-tosyl-L-phenylalanine chloromethyl ketone
(TPCK)-treated trypsin. Subsequently, cells were incubated at 37°C and
5% CO2, and virus-containing supernatant was harvested 3 days after
inoculation.

293T cells were cultured in Dulbecco modified Eagle’s medium (DMEM; Lonza
Benelux, Breda, the Netherlands) supplemented with 10% fetal calf serum
(FCS), 100 IU/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine, 1 mM
sodium pyruvate, and nonessential amino acids (MP Biomedicals). MDCK
cells were cultured in Eagle’s minimal essential medium (EMEM; Lonza)
supplemented with 10% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin,
2 mM glutamine, 1.5 mg/ml sodium bicarbonate (Lonza), 10 mM HEPES
(Lonza), and nonessential amino acids (MP Biomedicals).

Hemagglutination inhibition assays

HI assays using a panel of postinfection ferret antisera were performed as
described previously (137). Briefly, ferret antisera were treated with receptor-
destroying enzyme (Vibrio cholerae neuraminidase) and incubated at 37°C
overnight, followed by inactivation of the enzyme at 56°C for one hour.
Twofold serial dilutions of the antisera, starting at a 1:20 dilution, were mixed
with 25 ul phosphate-buffered saline (PBS) containing four hemagglutinating
units of virus and were incubated at 37°C for 30 min. Subsequently, 25 ul 1%
turkey erythrocytes were added, and the mixture was incubated at 4°C for
one hour. HI titers were read and expressed as the reciprocal value of the
highest dilution of the serum that completely inhibited agglutination of virus
and erythrocytes.
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Computational analyses

Amino acid sequences of human A/H2N2 HA1 were aligned and analyzed
by maximum likelihood phylogeny using PhyML 3.0 software (237). The
sequence of avian A/H2N2 isolate A/mallard/Netherlands/31/2006 (GenBank
accession number ACR58563) was used as an outgroup.

Antigenic maps were constructed as described previously (137). Antigenic
cartography is a method for the quantitative analysis and visualization
of HI data. In an antigenic map, the distance between antiserum point S
and antigen point A corresponds to the difference between the log2 of the
maximum titer observed for antiserum S against any antigen and the log2 of
the titer for antiserum S against antigen A. Each titer in an HI table can be
thought of as specifying a target distance for the points in an antigenic map.
Modified multidimensional scaling methods are used to arrange the antigen
and antiserum points in the antigenic map to best satisfy the target distances
as specified by the HI data. The result is a map in which the distance between
the points represents antigenic distance as measured by the HI assay, in
which the distances between antigens and antisera are inversely related to
the log2 HI titer. Since antisera are tested against multiple antigens, and
antigens are tested against multiple antisera, many measurements can be
used to determine the position of the antigen and antiserum in an antigenic
map, thus improving the resolution of interpretation for HI data.

The amino acid positions responsible for major changes in HI patterns were
plotted on the surface of the crystal structure of A/Singapore/1/1957 HA (PDB
accession number 2WR7) (154) using MacPyMOL (The PyMOL Molecular
Graphics System version 1.3; Schrodinger, LLC).

Overall rates of evolutionary change (nucleotide substitutions per site per
year) were estimated using the BEAST program version 1.8.1 (238), the
uncorrelated log-normal relaxed molecular clock, and the HKY85 substitution
model (239). This analysis was conducted with a time-aware linear Bayesian
skyride coalescent tree prior (240) over the unknown tree space, with
relatively uninformative priors on all model parameters using the GTR+G+I
model with no codon positions enforced. Two independent Bayesian Markov
chain Monte Carlo (MCMC) analyses for HA1 for 50 million states, sampling
every 5,000 states, were performed. Convergences and effective sample
sizes of the estimates were checked using Tracer version 1.5 (http://tree.bio.
ed.ac.uk/software/tracer/), and the first 10% of each chain was discarded as
burn-in. Uncertainty in parameter estimates is reported as values of the 95%
highest posterior density (HPD).
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ABSTRACT

Influenza A viruses of the H2N2 subtype sparked a pandemic in 1957 and
circulated in humans until 1968. A/H2N2 viruses can possibly be reintroduced
into humans from the animal reservoir, since they have proven pandemic
potential and continue to circulate in birds to date. Here, the transmissibility of
three human and six avian A/H2N2 influenza virus isolates was investigated in
the ferret transmission model as a contribution to pandemic risk assessment.

INTRODUCTION

In 1957, a newly emerging influenza A virus of the H2N2 subtype caused
significant morbidity and mortality in humans, an event also known as the
‘Asian influenza’ pandemic (188, 211, 241). The pandemic A/H2N2 virus
originated upon reassortment between a previously circulating seasonal
human A/H1N1 virus and one or more avian influenza viruses from which
the H2 hemagglutinin (HA), the N2 neuraminidase and basic polymerase 1
(PB1) genes of avian origin were obtained (60, 61, 186). The A/H2N2 virus
was replaced in 1968 by the A/H3N2 ‘Hong Kong influenza’ virus after 11
years of circulation in humans. Nowadays, about 50 years after the last
detected A/H2N2 virus infection in humans, immunity against A/H2N2 viruses
is low and waning in the human population. Meanwhile, A/H2N2 influenza
viruses and viruses containing other viral gene combinations of H2 and N2
segments have been isolated frequently from waterfowl and pigs around the
globe (62-65, 214), possibly allowing reintroduction of A/H2N2 viruses into
the human population, with or without the need of prior reassortment with
other virus subtypes (242). Given that pandemic and epidemic A/H2N2 virus
specimens are still stored in many laboratories around the world, there is
also the possibility of incidents when biosafety and biosecurity conditions
are not met. As a consequence, several vaccine candidates were developed
as a measure for pandemic preparedness (216-218) and even prophylactic
vaccination has been proposed (219).

Here, we investigated the “airborne transmissibility” — i.e. transmission
via aerosols and/or respiratory droplets — between ferrets of three human
A/H2N2 viruses isolated in the years 1957, 1958 and 1968. Furthermore,
airborne and direct contact transmissibility of six avian A/H2N2 isolates was
studied to assess their transmission potential between ferrets. Of these
viruses, only virus isolate A/Netherlands/M1/1958, harboring the human-
type receptor binding amino acids 226L and 228S in HA, was isolated from
respiratory samples of recipient ferrets upon transmission via aerosols and/
or respiratory droplets. Seroconversion, suggestive of active infection, was
detected in recipient ferrets upon exposure to animals inoculated with all
three human A/H2N2 influenza viruses. No evidence for contact or airborne
transmission was obtained for the avian A/H2N2 viruses by either virus
isolation from respiratory samples or serology.
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RESULTS

First, the airborne transmissibility, via aerosols or respiratory droplets, of
human A/H2N2 viruses was investigated in the ferret model as described
before (95, 243). These A/H2N2 viruses were isolated in 1957 (the start of
the pandemic), 1958, and 1968 (the last epidemic year for the A/H2N2 virus).
The earliest human A/H2N2 influenza isolate, A/Netherlands/M1/1957, was
detected in the upper airways of inoculated ferrets, but was not isolated
from the nose or throat samples of any of the four airborne exposed animals
(Figure 1). Despite the lack of virus detection in ferrets exposed via the
airborne route, all animals seroconverted with hemagglutination inhibition
(HI) antibody titers ranging from 80 to 160 (Table 1). Human A/H2N2 isolate
A/Netherlands/M1/1958 showed similar replication kinetics as A/Netherlands/
M1/1957 in the inoculated ferrets, but was transmitted via the airborne route
to the four sentinel ferrets as demonstrated by the successful virus isolation
from nose and throat swabs collected on days 3, 5, 7 and 9 post exposure
(Figure 1). These exposed animals also mounted H2-specific antibodies with
HI titers ranging from 160 to 2560 (Table 1). A/H2NZ2 isolate A/Netherlands/
B1/1968 was isolated from samples of the upper airways of ferrets upon
inoculation, but displayed a delay in replication compared to the two earlier
human virus isolates, since no virus was isolated from samples collected on
day 1 post inoculation in 3 out of 4 animals. This virus was also not isolated
from the throat and nose swabs collected from any of the four ferrets exposed
via the airborne route. However, these animals had HI antibody titers ranging
from 160 to 240 two weeks after exposure.

Next, the transmissibility of six avian influenza A/H2N2 virus isolates via
direct contact and the airborne route was investigated. Upon inoculation
of ferrets, all tested avian viruses (A/chicken/Jena/4705/1984, A/chicken/
New York/Sg-00425/2004, A/mallard/Netherlands/14/2007, A/white-fronted
goose/Netherlands/22/1999, A/mallard/Netherlands/31/2006, and A/mallard/
Sweden/68735/2007) were isolated from inoculated animals (Figure 2).
Overall higher titers were detected in throat samples compared to nose
samples. Virus was not recovered from nose or throat samples obtained
from airborne contact animals or ferrets in direct contact with the inoculated
animals (Table 1). Furthermore, no seroconversion was detected at 14 days
post exposure in any of the contact ferrets as determined by HI assay.
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Figure 1: Human A/H2N2 virus titers in nose and throat swabs of ferrets in individual
transmission experiments.

Ferrets were inoculated intranasally with human A/H2N2 isolates A/Netherlands/M1/1957
(A), A/Netherlands/M1/1958 (B) and A/Netherlands/B1/1968 (C). Inoculated ferrets and
ferrets exposed to aerosols or respiratory droplets were sampled on the indicated days
and virus titers were determined. Four ferret pairs are shown per virus isolate, grey color
represents throat samples and white color nose samples, bars and dots indicate virus titers

from inoculated and airborne contact animals respectively.
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Figure 2: Virus titers of infected ferrets in individual transmission experiments

Infectious virus detected in nose and throat samples taken from animals on day 1, 3, 5,
and 7 post infection. A/chicken/Jena/4705/1984 (A), A/chicken/New York/Sg-00425/2004 (B),
A/mallard/Netherlands/14/2007 (C), A/white-fronted goose/Netherlands/22/1999 (D), A/
mallard/Netherlands/31/2006 (E), A/mallard/Sweden/68735/2007 (F). Two ferret pairs are
shown per virus isolate, grey colored dots represent throat samples, while white dots are
nose samples of inoculated animals. Black and white bars denote throat and nose samples
of direct contact animals, while dark grey and light grey bars refer to the throat and nose

samples of airborne contact ferrets.
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Table 1: Overview of A/H2N2 virus isolates used in transmission studies

Name of the virus isolate, amino acids at positions 226 and 228 of the HA, and hemagglutination
inhibition titers of exposed animals; AT: airborne transmission exposed animal; DC: direct
contact exposed animal.

virus isolate amino acid at homologous
positions 226/228 HI titer 2
A/Netherlands/M1/1957 L/G AT: 80-160
A/Netherlands/M1/1958 L/S AT: 160-2560
A/Netherlands/B1/1968 L/S AT: 160-240
Alchicken/Jena/4705/1984 Q/G AT: <10
DC: <10
Al/chicken/New York/Sg-00425/2004 Q/G AT: <10
DC: <10
A/mallard/Netherlands/14/2007 Q/G AT: <10
DC: <10
A/white-fronted goose/ Q/G AT: <10
Netherlands/22/1999 DC: <10
A/mallard/Netherlands/31/2006 Q/G AT: <10
DC: <10
A/mallard/Sweden/68735/2007 Q/G AT: <10
DC: <10

aseroconversion of inoculated animals was not tested

158



chapter 6: Transmission of A/H2N2

DISCUSSION

This study showed that, although avian A/H2N2 influenza viruses replicated
in the airways of ferrets, they were not transmitted by either the airborne route
or by direct contact between donor and recipient ferrets. On the other hand,
only one human A/H2N2 virus isolate (A/Netherlands/M1/1958), out of three
viruses tested, transmitted via the air between ferrets as determined by virus
isolation from respiratory samples of ferrets exposed via the airborne route.
The three human isolates likely varied in receptor binding preference, based
on amino acid substitutions at HA positions 226 and 228: A/Netherlands/
M1/1957 had 226L and 228G, A/Netherlands/001M/1958 had 226L and
228S, and A/Netherlands/B1/1968 had 226L and 228S. Both A/Netherlands/
M1/1958 and A/Netherlands/B1/1968 thus probably had a typical human
receptor preference, based onthe amino acid composition at positions 226/228
(226L/228S) in HA, while the earliest strain had only one of these changes.
Surprisingly, virus replication was not detected in recipient ferrets exposed
via the airborne route from ferrets inoculated with A/Netherlands/B1/1968.
Furthermore, we observed delayed replication of A/Netherlands/B1/1968 in
inoculated animals, possibly hinting towards decreased replicative fitness
(Figure 1). A/Netherlands/M1/1957 thus harbors only one of the human-type
amino acids in the receptor-binding site (226L), which might be an explanation
for the lack of robust infection in the animals exposed via the airborne route.
However, in contrast to the ferrets exposed to avian A/H2N2 viruses, all
ferrets exposed via the airborne route that were paired with human A/H2N2
virus-inoculated ferrets seroconverted two weeks after exposure (Table 1),
suggesting actual virus transmission and undetected virus replication in
the recipient animals. RT-gPCR on samples from the ferrets that remained
negative by virus isolation but seroconverted nevertheless revealed no or
only very low matrix gene copy numbers in 2 out of 2 animals tested for
A/Netherlands/M1/1957 and 0 out of 4 for A/Netherlands/B1/1968. Undetected
virus replication in these animals may have occurred in the lower airways,
but these were not sampled in this study. Virus titers in ferrets inoculated with
avian and human A/H2N2 viruses were comparable between the two groups,
and other virus subtypes (e.g. seasonal A/H3N2 virus, and 2009 pandemic
A/H1N1 virus) used in similar studies (244, 245). These data may suggest
that human A/H2N2 viruses are more efficiently incorporated into, or are
more stable in, aerosols or respiratory droplets than avian A/H2N2 influenza
viruses. With respect to transmissibility of A/H2N2 influenza viruses between
ferrets, Pappas et al. previously described similar results as shown here
(70). In that study, the avian virus A/Mallard/New York/6750/1978 was not
transmitted between ferrets via the airborne route, in contrast to the human
A/H2N2 strain A/Albany/6/1958. Interestingly, the earliest human A/H2N2
strain A/El Salvador/2/1957 was poorly transmitted between ferrets via the
airborne route, and when it was transmitted this was associated with additional
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amino acid substitutions in HA at positions 226 or 228. The poor transmission
in the study of Pappas et al. and the need for additional substitutions in
the receptor binding site of HA is in agreement with poor virus transmission
(as judged by seroconversion of recipient ferrets) of the virus with a single
substitution in the receptor binding site in the present study. Importantly, the
human virus isolates used in the present study were propagated exclusively
in mammalian cell culture after long-term freeze-dried storage, and hence
were low-passage viruses without passage in embryonated chicken eggs.
While virus passage in eggs has previously been suggested as a reason
for reversal of the human type receptor substitutions (18, 246, 247), isolate
A/Netherlands/M1/1957 confirms the existence of viruses with a single amino
acid change in the receptor binding site in nature.

The experiments presented here can further be compared to a recent study
on the transmission of nine avian A/H2 influenza viruses via direct contact
and the airborne route between ferrets (170). Jones et al. demonstrated
replication of 5 out of 9 avian A/H2 influenza viruses in inoculated animals,
three of which were transmitted to direct contact animals with no transmission
via the airborne route. This lack of airborne transmission of avian viruses
between ferrets was in agreement with the findings presented here, but
direct contact transmission was not observed for the avian virus isolates
in the present study. Another report on A/H2 virus transmission between
ferrets described both airborne transmission and direct contact transmission
of a human A/H2N2 virus isolate from 1967 and a swine virus isolate from
2006 and direct contact transmission of two avian isolates (248). Clearly,
with respect to integration of datasets and interpretation of influenza A/H2N2
virus transmission results from different laboratories, standardization of
experimental procedures and reagents is needed (249).

In conclusion, the data presented here indicate that recently circulating
A/H2N2 avian viruses are not directly transmissible between mammals and
that the ‘Asian pandemic’ of 1957 was possibly sparked by viruses that initially
were not efficiently transmissible via the airborne route. In the absence of
immunity against H2N2 viruses and a sufficiently large naive population, the
virus may not require to spread efficiently via the air to initiate a pandemic. We
here deliberately refrain from statistical analyses due to the small numbers
of replicates in the ferret transmission setup. Moreover, it is unclear how
well A/H2N2 transmission data generated in the ferret model translates to
humans. Whereas airborne transmission describes a clear viral phenotype,
the lack of infected contact animals does not imply that the virus in question
has not or will never be transmitted. More research into the mechanisms of
reassortment and adaptation of early human A/H2N2 viruses is warranted to
fully understand the mechanisms of pandemic virus generation.
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MATERIALS AND METHODS

Biocontainment

All transmission experiments were performed under ABSL3+ conditions in
a facility at Erasmus Medical Center in Rotterdam, the Netherlands, which
was specially designed and approved for testing airborne transmission of
influenza A viruses. Although avian influenza virus isolates are considered
low-pathogenic, they were handled in class 3 isolators and biosafety cabinets,
because of their potential pandemic potential.

Cells

Madin-Darby Canine kidney (MDCK) cells were cultured in Eagle’s minimal
essential medium (EMEM, Lonza, Breda, the Netherlands) supplemented
with 10% fetal calf serum (FCS), 100 IU/ml penicillin, 100 mg/ml streptomycin,
2 mM glutamine, 1.5 mg/ml sodiumbicarbonate (Lonza), 10 mM HEPES
(Lonza), and non-essential amino acids (MP Biomedicals Europe, llkirch,
France). Tertiary rhesus monkey kidney epithelial (tMK) cells were culture
in minimal essential medium (MEM) with Hank’s salts, 5% FCS, 100 1U/ml
penicillin, 100 mg/ml streptomycin, 2 mM glutamine, 3.5 ml sodiumbicarbonate
(7.5%), and 10 mM HEPES and influenza virus infection of MDCK and tMK
cells was performed using the respective media omitting FCS.

Origin of viruses

HumanA/H2N2isolates (A/Netherlands/M1/1957, KM402801; A/Netherlands/
M1/1958, CY077741; A/Netherlands/B1/1968, KM402809) were cultured in
tMK and MDCK from freeze-dry samples that were collected from individuals
presenting between 1957 and 1968 with flu-like symptoms and that tested
positive for the presence of influenza virus. Avian A/H2N2 virus isolates
were obtained from surveillance efforts of wild birds in the Netherlands
and Sweden (A/mallard/Netherlands/14/2007, ACR58574; A/white-fronted
goose/Netherlands/22/1999, AFM82566; A/mallard/Netherlands/31/2006,
ACR58563; A/mallard/Sweden/68735/2007, AFM82544). Avian isolates
A/chicken/Jena/4705/1984 (AFJ12827) and A/chicken/New York/Sg-
00425/2004 (ACJ69315) were shared within the CEIRS network and tested
in different laboratories to compare the transmission setups and potentially
other contributing factors (170).
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RT-qPCR and Virus titration

RNA was extracted from respiratory samples in viral lysis buffer using the
MagnaPure LC system and RT-gPCR was performed on an ABI7700 as
described previously (95, 214). Virus titers of human A/H2N2 isolates were
determined by end-point titration in MDCK cells. MDCK cells were inoculated
with tenfold serial dilutions of virus stocks, nose or throat samples. Cells
were washed with PBS one hour after inoculation and cultured in 200 pl of
infection media, consisting of EMEM supplemented with 100 U/ml penicillin,
100 mg/ml streptomycin, 2 mM glutamine, 1.5 mg/ml sodiumbicarbonate, 10
mM HEPES, non-essential amino acids, and 20 mg/ml trypsin (Lonza). Three
days after inoculation, supernatants of infected cell cultures were tested for
agglutinating activity using turkey red blood cells (TRBCs) as an indicator of
virus replication in the cells.

Inoculation doses for avian viruses were calculated after titration of samples
in embryonated chicken eggs. Allantoic fluid was ten-fold serially diluted in
infection medium and 100 pl of dilutions 1073 to 1078 were used to inoculate
embryonated chicken eggs in duplicate. After incubation at 37°C and a
relative humidity > 50% for 48 hours, allantoic fluid was harvested and all
dilutions were tested for the presence of virus by hemagglutination assay
using TRBCs. Infectious virus titers were calculated from 2 replicates in
embryonated chicken eggs for avian viruses, 4 replicates in MDCK cells for
ferret nose and throat samples and 10 replicates in MDCK cells for human
stock viruses (250).

Transmission in the ferret model

Direct contact (DC) and aerosol or respiratory droplet transmission (AT)
experiments were performed as described previously with slight modifications
(95). In short, 2 seronegative female adult ferrets (Mustela putorius furo) were
inoculated intranasally with 108 TCID50 or 108 EID50 of virus by applying
250 pl of virus suspension to each nostril. Each ferret was then placed in a
transmission cage. One day after inoculation, a naive ferret was placed in
the same cage as the inoculated ferret (direct contact transmission sentinel
animal) and another naive ferret was placed in a cage adjacent to each
inoculated ferret (airborne transmission sentinel animal) separated from
the inoculated animal by two metal grids preventing direct contact. Nose
and throat swabs were collected on 1, 3, 5, and 7 days post inoculation for
inoculated ferrets and on 1, 3, 5, 7, and 9 days post exposure for the airborne
transmission sentinel and direct contact sentinel ferrets. For human virus
isolates, the DC animal was omitted and only airborne transmission was
tested.
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An independent animal experimentation ethical review committee (‘Stichting
Dier Experimenten Commissie Consult’) approved all animal studies
(protocol numbers 122-10-17 and 122-11-25). Female ferrets between 1 and
2 years of age were obtained from an accredited ferret breeder. All animals
were confirmed negative for the presence of antibodies against A/H3, A/H2
and A/H1 prototype influenza A viruses and Aleutian Disease Virus, were
microchipped and received hormonal treatment to prevent estrus prior to the
start of the experiments.

Serology

The presence of antibodies elicited against the tested viruses was confirmed
by HA inhibition (HI) assay using standard procedures. Antisera were
pre-treated overnight with receptor destroying enzyme Vibrio cholerae
neuraminidase (VCNA) at 37°C, and incubated at 56°C for 1h the next day.
Twofold serial dilutions of 50 ul antisera, starting at a 1:20 dilution, were
mixed with 25 pl of a virus stock containing 4 hemagglutinating units and
were incubated at 37°C for 30 min. Subsequently, 25 ul 1% TRBCs was
added and the mixture was incubated at 4°C for 1h. HI was read and was
expressed as the reciprocal value of the highest dilution of the serum that
completely inhibited agglutination of virus and erythrocytes.
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The influenza A virus strain or subtype that will most likely cause the next
influenza pandemic is a highly-debated topic in the influenza field. There
are experts who believe that only influenza A viruses of the H1, H2, and H3
subtypes can cause pandemics, as no other virus subtypes are known to
have caused pandemics in the past. If the number of subtypes of concern
indeed was so low, the world would not need to be worried about zoonotic
infections caused by avian influenza viruses including subtypes H5N1,
HS5NG6, H7N7, H7N9, HIN2 or H10N8 that were associated with poultry
outbreaks, beyond their direct impact on animal health and the limited
numbers of human cases of infection (35, 54, 75, 252-255). In the opinion of
some experts, avian influenza viruses are unlikely to be the direct source of
pandemics and pigs are required to serve as an intermediate host to facilitate
initial host adaptation or genetic mixing (“reassortment”) between avian and
mammalian viruses. Despite differences in opinions, most influenza experts
do agree on one thing: there will be a future pandemic of unknown severity
and the pandemic virus will likely be airborne transmissible, as this is a
property shared by pandemic and epidemic influenza viruses that have been
identified to date.

Influenza A viruses are well known for their genetic and phenotypic diversity
in avian and mammalian hosts. Many determinants of influenza A virus
cross-species transmission and pathogenicity have been identified in recent
years with the advent of reverse genetics techniques. In sharp contrast, the
determinants of airborne transmission of influenza viruses between humans
or other mammals have still remained largely elusive. Recently, we (chapter
2) and others (125, 141, 142) reported important discoveries towards
understanding airborne transmission of influenza A virus, using influenza
H5N1 viruses and ferret and guinea pig transmission models. These
discoveries have contributed to increased understanding of the genetic and
phenotypic viral factors as well as host cell factors that drive transmission
between mammals. This line of research may ultimately lead to enhanced
predictability of influenza virus subtypes possibly causing future pandemics.
Pandemic preparedness comprises a wide range of aspects ranging from
strategic stockpiling of antiviral drugs and potential pre-pandemic vaccines
to medical emergency planning. To prevent a new influenza virus pandemic
from happening in the first place, surveillance programs directed to the
reservoir and spillover hosts in question and to the viruses that are expected
to pose the biggest risk for public health are of great importance. Knowledge
of the molecular changes that facilitate pandemic emergence may have
added value in such surveillance programs.

To elucidate the molecular changes required for the generation of pandemic
viruses, there are two main general approaches. Firstly, the examination of
pandemic viruses in comparison to their counterparts in the reservoir species
(e.g. avian vs human H2N2) and secondly, the adaptation of zoonotic viruses
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to a mammalian host in a laboratory setting. Both approaches were used
in this thesis. The detection and characterization of naturally selected
substitutions that emerged during repeated passage of a highly pathogenic
avian influenza (HPAI) H5N1 influenza virus in ferrets, and that ultimately
conferred airborne-transmissibility between ferrets were characterized
in chapters 2 and 3. Furthermore, human pandemic H2N2 influenza virus
isolates were compared to avian (progenitor) H2 isolates in terms of their
genetic and antigenic characteristics and capability to transmit between
ferrets in chapters 4, 5 and 6.

Transmission and phenotypic studies on H5N1 viruses

The inefficient airborne transmission of HPAI H5N1 virus has been
demonstrated in several mammalian models including mice, guinea pigs,
and ferrets. Several studies conducted with either wild-type H5N1 viruses,
HS5N1 reassortants with H3N2 or pH1N1 viruses, H5N1 viruses adapted
via repeated passage, or genetically modified H5N1 viruses have failed to
yield H5 viruses that were airborne transmissible, but showed direct-contact
transmission in some instances (89-92, 98, 126, 256). However, more
recently, four studies have obtained H5N1 airborne transmissible viruses
independently. Acomparison of substitutions required in each of the viruses as
well as the associated phenotypes may lead to a more comprehensive picture
of the requirements for airborne transmission of H5SN1. Several substitutions
in the HA of H5N1 viruses, including Q222L, G224S, E186D, K189R, S223N,
and N182K, resulted in decreased binding to a-2,3 linked sialic acids and/or
increased binding to a-2,6 linked sialic acids (91, 103, 118, 257). However,
none of the genetically modified H5N1 viruses displaying a receptor switch
alone were capable to transmit via the air, despite preferentially binding
a-2,6 linked sialic acids (91). Therefore, at least with respect to HPAI H5N1
viruses, human-type receptor recognition alone was not sufficient for airborne
transmission among mammals (125, 140-142). Moreover, subtle differences
in receptor preference beyond simple a-2,3 versus a-2,6 sialic acid specificity
may be required for efficient transmission to occur. Hence, the tissue specific
glycan composition in anatomical structures of the respiratory tract implicated
in influenza A virus transmission should be elucidated in detail to understand
the receptor requirements of transmissible viruses to the fullest extent (e.g.
by shotgun glycan arrays, lectin stainings, mass spectrometry).
Interestingly, the loss of an N-linked glycosylation site at residues 158-160 in
HA was shared by the transmissible H5 viruses identified in four independent
studies (125, 140-142). Previous studies have shown that the disruption of
this glycosylation site by substitution T156A results in enhanced binding of
H5N1 viruses to human-type receptors (135, 258). Moreover, the loss of this
glycosylation site has been reported to contribute to the efficient replication
in the upper respiratory tract of ferrets of H5N1 viruses that also possess the

167



168

chapter 7: Summarizing Discussion

Q222L or Q222L/G224S substitutions (135). Furthermore, the glycosylation
of the HA has implications on antibody-mediated recognition of viral epitopes,
receptor avidity and T-cell mediated immunity (259). Increased virulence of
heavily glycosylated H5N1 viruses mediated by an exacerbation of the host’s
immune system has recently been described (260). Glycosylation sites in the
head domain of H5 HA appear to determine the degree of receptor binding
and antibody recognition, a balance that might be important for airborne
transmission to occur and perhaps for virus establishment in the human
population.

Mutations near the receptor binding site often destabilize the HA molecule,
reviewed in (261), and compensatory stabilizing substitutions elsewhere
in the protein might be required for efficient airborne transmission. The
switch in receptor binding preference was shown to be independent of HA
stabilizing substitutions in airborne transmissible H5N1 viruses (150). The
fact that substitution T315I as described by Imai et al. and H103Y identified
by us had a similar stabilizing effect on the HA molecule suggests that
this is an important phenotypic trait of airborne H5N1 influenza viruses.
Similarly, substitutions N220K and Q222L were essential to alter receptor
binding and contribute to airborne transmission in Imai et al., while we report
the combination of mutations Q222L and G224S to have a similar effect.
Varying combinations of substitutions in the head and stalk domain of HA,
while considering differences in the structural makeup of individual HAs in
diverse virus isolates, might ultimate lead to a switch in receptor preference,
HA stability and in combination with a human adapted polymerase complex
confer airborne transmission.

In order to predict the likelihood of emergence of a certain number of
mutations in a single virus, Russell et al. (262) mapped the diversity of
H5N1 viruses worldwide. Furthermore, (combinations of) substitutions in the
two sets of substitutions (HA H103Y, T156A, Q222L, G224S in Herfst et al.
and N154D, N220K, Q222L, T315l in Imai et al. in addition to PB2 E627K
and PB1 H99Y) leading to airborne transmission were identified that were
already present in naturally occurring isolates and the statistical chance
was investigated for airborne transmissible H5N1 viruses to arise in nature.
Two phenotypic changes were frequently found in H5N1 viruses (loss of
glycosylation in the head-domain of HA (substitutions N154D or T156A) and
increased polymerase activity due to E627K in PB2), reducing the number
of substitutions required for a naturally occurring virus to become airborne
transmissible between mammals. Other yet unidentified substitutions might
have a similar effect and contribute to an airborne-transmissible phenotype
as described by Herfst et al. (140) and Imai et al. (125). Clade 2.2.1
H5N1 influenza viruses with a preference for human-type receptors were
especially prevalent in Egypt (263, 264) and may be relatively close to an
airborne transmissible phenotype, since they harbor one or two substitutions
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contributing to airborne transmission already (159). We estimated that the
remaining mutations to yield airborne-transmissible H5N1 viruses between
mammals based on the sets of substitutions identified by Imai et al. and
us might arise within one mammalian host, although at very low frequency.
However, it is impossible to make explicit predictions on the likelihood for
these mutations to accumulate in a single virus, because the exact selection
mechanisms resulting in fixation of individual substitutions are unknown.
Richard et al. reported that only the combination of substitutions leading
to enhanced polymerase activity, HA stability and altered receptor binding
preference in H5N1, but not viruses with individual phenotypic alterations, lead
to viral attenuation in chickens (265). This confirms that individual mutations
can accumulate in viruses in their natural host without a detrimental effect
on replication, before a zoonotic event allows further adaptation to increased
replication and transmission between mammals.

Figure 1: Localization of amino acid changes

identified in our studies and Imai et al. (125) on the three-dimensional structure of the trimer
of A/Vietnam/1203/2004 (H5N1) HA (Protein data bank (PDB) code, 2FKO0)

The mutations that support airborne transmission between ferrets are shown in red. All
mutations are shown in H3 numbering. The human receptor analog (derived from its complex
with H9 HA (PDB, 1JSI); shown in orange) is docked into the structure.
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H5Nx and other potentially pandemic influenza A subtypes

While H5 viruses with an NA other than N1 are frequently detected in
waterfowl, HSN1 remained the only HPAI H5 virus capable of causing human
infection until 2014, when an H5NG6 virus infected humans in China (266,
267). To date, there have been 23 confirmed human H5NG6 cases including 7
deaths reported from China (266). H5NG6 viruses have become predominant
in poultry in China since, replacing H5N1 entirely (268). Strikingly, the internal
genes of the H5NG6 virus originated from avian H6N6, H7N9 and HON2
viruses, suggesting multiple reassortment events in hosts other than humans
(268). HPAI H5 viruses have since reassorted with viruses containing N2,
N3, N5, N6 and N8 genes (269).

Influenza viruses of the H7 subtype accounted for the majority of zoonotic
avian influenza virus infections before the emergence of HPAI H5N1 viruses.
Infections with H7 influenza viruses were observed in people handling
infected live poultry during outbreak events in the Netherlands (2003, H7N7),
Canada (2004, H7N3), the USA (2007, H7N2), and the UK (2007, H7N2)
(270, 271). H7N9, still a low pathogenic avian influenza virus by then, kept
causing human infections in waves between 2013 and 2017. Zoonotic H7N9
viruses harbored a range of human adaptation markers and displayed limited
airborne transmission between ferrets, in which transmission events occurred
more often than with typical avian viruses, but less frequent than with human-
adapted influenza viruses (41, 42, 166, 272, 273). Mutations in the HA of
H7N9 have been described that confer high human type receptor affinity
in an acid and thermostable HA (274, 275). Another study reported varying
degrees of binding to and replication in cells of the upper respiratory tract
of ferrets and monkeys, characteristics that are unusual for avian influenza
viruses (276). In July 2016, a HPAI H7N9 virus variant that possessed multiple
basic amino acids in cleavage site of HA was detected and in the subsequent
year, HPAI H7N9 viruses were identified in humans (277). Mass vaccination
of poultry with a bivalent H5/H7 vaccine has been introduced in Guandong
Province, China in 2017 and has led to a substantial reduction of H7 viruses
found in live poultry markets and observed human H7N9 cases (278). H7N9
has evolved into multiple genotypes with enhanced virulence in humans
compared to early isolates (279). Influenza A virus subtypes H6N1, HON2,
H10N7, H10N8 have also been described to incidentally infect humans (280-
283) and add to the pool of potentially pandemic viruses.

Our studies indicate that mutations in NA are not strictly required to lead to
airborne H5N1 viruses. Nevertheless, the current detection of H5Nx viruses
might imply the varying combinations of NAs and internal genes are not
yet sufficient to improve the fitness of current H5 viruses to infect humans
efficiently. In this context, it seems necessary to further characterize the
functional balance between receptor affinity of HA and the enzymatic activity
of NA for these substrates. H5N6 viruses have been described to possess
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increased human receptor preference, but lack additional mammalian
adaptation markers (284). They spread efficiently via direct contact, but
cannot transmit via the airborne route between ferrets (284, 285). At this
point it is impossible to predict which other phenotypic traits are still required,
beyond receptor binding preference, HA stability and an optimal polymerase
complex, before an H5Nx virus evolves that can spark a new pandemic.
A fitness valley might exist that cannot be crossed by acquiring individual
mutations, but reassortment with other viruses might allow the generation
of H5 viruses that are fitter in terms of replication and transmission than A/
Goose/Guangdong/1/96-derived H5 viruses.

Genetic, antigenic and transmission studies on H2N2 viruses

In chapters 4, 5 and 6, we describe the genetic, antigenic and transmission
aspects of viruses that led to the emergence of human H2N2 viruses in
or before 1957, and which caused the so-called ‘Asian’ influenza that
originated in East Asia. The ‘H2N2 Asian flu’ was the first pandemic during
which influenza virus isolates were obtained from infected patients and were
preserved to date.

Genetic evidence strongly suggests viral divergence and multiple
reassortment events before the introduction of the pandemic H2N2 virus
into humans in 1957 (184, 186). Genetic comparisons of recent avian H2N2
virus isolates as a substitute for avian viruses circulating before 1957 and
pandemic human H2N2 viruses revealed changes that were likely required
during the evolution towards a human transmissible virus and are assessed
in chapter 4. Eurasian avian, North American avian and human H2N2
influenza virus sequences each form a distinct clade in the maximum-clade
credibility temporal tree indicating different regions of circulation and/or host
populations. The time to the most common recent ancestor and nucleotide
substitution rates indicate high variability of HA as well as augmented
variation of avian origin NA and PB1 compared to human adapted gene
segments. High ratios of nonsynonymous versus synonymous substitutions
(dN/dS ratio) in HA further suggest increased evolutionary pressures. This
variation possibly reflects the viral diversity in varying avian hosts and the
expendability of additional adaptation to humans after zoonoses occurred.
The antigenic variation of H2N2 viruses during its time of circulation in humans
between 1957 and 1968 is described in chapter 5. Nucleotide changes and
resulting amino acid differences in the influenza virus genome are introduced
randomly due to the lack of proofreading activity of the viral polymerases and
are selected for in the host in which the mutation of the viral genome occurred
and during repeated infections with the slightly altered virus. Characteristics
that determine the fitness of a virus that can be targeted by natural selection
are numerous and include replication speed, modes to evade the host’s
immune system including escape from preexisting antibodies, spread to
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naive hosts and others. Viral spread via the airborne route is considered a
fitness advantage of respiratory viruses and is considered a prerequisite for
pandemics to occur. Airborne transmissibility of human H2N2 viruses as an
important feature of potential pandemic influenza viruses is assessed here
in the ferret model. Six recent avian H2N2 virus isolates were found unable
to spread via the airborne route, which is in line with a previous report (170).
Airborne transmission between ferrets was only observed in one instance
when a human virus isolate from 1958 was tested, that displays complete
human receptor binding preference based on the amino acids at positions
226 and 228 of HA. Individual isolates from 1957 (A/Netherlands/M1/1957)
and 1968 (A/Netherlands/B1/1968) representing the earliest and latest Dutch
human isolates failed to transmit via the airborne route. This is in contrast to
seasonal H1N1, seasonal H3N2 and pdm(H1N1)09 viruses, that are more
readily transmissible via the air (95). In the case of H5N1, a possible scenario
for adaptation is not unlike the findings for H2N2 in which a virus that can be
transmitted via direct contact only ultimately obtains the capacity to spread
via the air after the infection of a sufficient number of naive hosts.

A complete preference for a-2,6 linked sialic acid might be required for H2N2
viruses to obtain airborne transmissibility. A/Netherlands/M1/1957 has only
partial human receptor preference, suggesting that early human H2N2 virus
transmission between humans may have occurred inefficiently, and perhaps
primarily by direct contact transmission, as previously suggested by Pappas
et al (70). A/Netherlands/B1/1968 appears to be fully adapted to humans
based on its receptor binding preference and its circulation time in humans,
but it lacks the capacity to transmit via the air. Furthermore, it displays a
slightly delayed replication pattern in ferrets. In general, all H2N2 virus
isolates show a rather low virus titer in directly inoculated animals compared
to other human virus subtypes that were previously tested in ferrets. These
characteristics might represent an only partially human- adapted phenotype
and might have facilitated the successful establishment of an H3N2 virus
after only 11 years of circulation of H2N2 viruses in humans. In part, these
assumptions are supported by studies that found higher rates of adaptation
in viruses that comprise a 1957 pandemic polymerase complex compared to
viruses with PB2, PB1, PA, but not NP from viruses isolated after 1958 (286).
Alternatively, the ferret model may be less permissive to H2N2 influenza
viruses as compared to other human virus subtypes. Surveillance for known
human adaptation markers in influenza virus isolates derived from avian
species might further reduce the chance of reintroduction of H2N2 viruses
and other virus subtypes into the human population.

To study the antigenic evolution of human H2N2 virus isolates spanning
from 1957 to 1968, antigenic maps using ferret postinfection antisera were
analyzed and revealed a directional evolution with increasing divergence of
later isolates. A temporal directionality and the importance of substitutions
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near the receptor binding site was also observed in similar studies on A(H1N1)
pdm09, H3N2 and H5N1 (223, 224, 226). In particular, the study on A(H1N1)
pdm09 suggest that the number of escape mutants is limited due to exposure
to seasonal H1N1 viruses in large parts of the population, whereas the work
on H3N2 and H5N1 establishes a range of mutations in the headdomain of
HA that mediate major antigenic drift. In H3N2, one or two substitutions were
sufficient to mediate transition from one antigenic cluster to the subsequent
one. While no clusters were defined in the H2N2 dataset, the positioning of
the antigens in the antigenic map and the fact that we find two mutation to be
important determinants for antigenic drift, might suggest the presence of only
two antigenically distinct groups of viruses. The rate of antigenic evolution
of H2N2 viruses in years 1957 to 1968 is significantly lower than that of
H3N2 (223, 233). This slower rate of antigenic evolution might be indicative
of a restricted ability to tolerate substitutions without leading to a detrimental
phenotype. A recent study described that individuals born before 1968 in the
US and Hong Kong still had antibody titers that might reduce the frequency
of transmission events and thereby the spread of an H2N2 virus (287).

General remarks on (potentially) pandemic influenza viruses and

recent developments

The approach of serial passage of viruses was already used by famous
Louis Pasteur in 1881 during the development of a rabies vaccine candidate
by repeated virus inoculation of rabbits (288). Notably, repeated passage in
laboratory animals is typically employed to generate viruses with decreased
pathogenicity in the original host compared to the seed virus. The concept
of host barriers, defining species related physiologic peculiarities that allow
or prohibit a particular virus from replication in alternative hosts, is generally
accepted (289). Multiple host barriers must be surmounted before a zoonotic
influenza virus can establish in the human population (290). Mutations leading
to these ‘host jumps’ might happen in the reservoir species by chance or
might arise in the new host after ‘accidental’ initial infection and be selected
for in subsequent rounds of replication.

As mentioned previously, there are several viral phenotypic prerequisites
contributing to airborne transmission of influenza A viruses, including
HA stability, increased replication in the upper respiratory tract, altered
receptor binding and perhaps others. Only the sum of these changes
allows a virus to spread via the air. Selection for viruses that transmitted
via the air in a zoonotic event is likely to be stringent, thereby reducing in-
host-variation after each transmission event. Varble et al. have quantified
the genetic bottlenecks involved in different transmission routes including
airborne transmission by molecularly tagged individual viruses in a mixture
of otherwise identical viruses. The proportions of each of these viruses after
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each transmission event was assessed and revealed a robust reduction in
the number of viruses that were capable to transmit via the airborne route and
cause infection in the recipient host (291). Another recent study describes
low in-host variation of pandemic H1N1 viruses and genetic similarity of virus
populations detected in household contacts and epidemiologically confirmed
direct transmission cases (292). The intrahost variation of H5N1 viruses
has been found to expand during replication in ferrets and to be drastically
reduced upon respiratory droplet transmission, confirming the presence of a
strong bottleneck effect during influenza virus transmission (293). In contrast,
direct contact transmission of influenza viruses has been found to impose
a rather loose bottleneck compared to airborne transmission (294) The
effective bottleneck population sizes during transmission events of pandemic
H1N1 and H3N2 was estimated at 192 and 196 viruses, with large variation
between transmission pairs, confirming strong selection pressures during
airborne transmission (295). A study investigating the transmission patterns
and bottleneck sizes of an ‘1918-like’ avian H1N1 virus in ferrets describes
loose bottlenecks during the initial adaptation of the virus to the mammalian
host and much more stringent selection during airborne transmission (296).
The authors further describe the initial diversification of the HA by acquiring
varying mutation, the subsequent reduction in the diversity of HAs and
finally the occurrence of polymerase variants. This order of events leading to
airborne transmissible influenza A viruses might be generalizable.

Knowledge of the phenotypic properties associated with a particular
substitution is crucial, because this phenotype rather than the actual
mutation can more easily be translated directly to other virus subtypes.
Furthermore, this approach enables the identification of other substitutions
leading to a similar virus phenotype (i.e. functionally equivalent mutations).
As an example, the description of substitution E627K in PB2 only allows
for the screening of presence or absence of this particular mutation, while
the phenotypic description of this substitution (increased virus replication in
mammalian hosts) permits the definition of a potential phenotypic prerequisite
for pandemic viruses and the genome-wide screen for functionally equivalent
mutations that increase viral replication (297-299). Many additional studies
have identified functionally equivalent mutations that affect receptor binding
of HA (103, 119, 300) and polymerase activity (301, 302). In addition, not all
substitutions or combinations of mutations will have the exact same effect
in all viruses, since interactions between proteins (e.g. the polymerase
complex) are possibly playing a crucial role for all essential viral processes
to be functional (e.g. receptor binding and release). Of note, pdm(H1N1)09
only occurred after the complex reassortment events between avian H1N1,
classical swine H1N1, and seasonal human H3N2 and the sporadic infection
of humans with swine reassortant viruses, that ultimately obtained the M
and NA gene from Eurasian swine viruses to result in the pandemic virus
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(67). The structural location of the two substitutions determining major
antigenic drift in the HA of H2N2 as described in chapter 5 have equivalent
mutations in the headdomain of H3N2 HA. Yamada et al. have structurally
compared the substitutions found in H5N1 viruses isolated from humans and
pdm(H1N1)09 and describe different amino acid substitution in the PB2 gene
to result in similar phenotypic effect for both subtypes (303). Substitutions
in different viral proteins might act concomitantly and interdepend. The
recent resolution of the atomic structure of the heterotrimeric polymerase
complex facilitates the localization of these adaptive substitutions in the viral
polymerase complex and adds greatly to the understanding of influenza virus
replication (304).

Influenza A viruses are pleomorphic and basically adopt two shapes;
whereas filamentous influenza viruses have been observed mainly in
clinical isolates, and are selected for in vivo, spherical particles have a
fitness advantage in embryonated eggs (305, 306). Future research has to
identify the requirements for airborne transmissibility of influenza A viruses
with regards to the shape of its virions. High levels of virus replication in
susceptible and permissive cells leading to increased virus titers are mainly
associated with viral polymerase activity, but a combination of high titers of
infectious virus and the possibility for incorporation of viruses in aerosols
or respiratory droplets, which could be virion-shape dependent, might be
required for airborne transmission to occur.

The stability of the HA protein was previously not recognized as a factor that
contributes to airborne transmissibility. However, the pH of fusion of viral and
cellular membranes was previously implicated with host range and adaptation
though (145). The two experimental assays that we use to quantify the HA
stability (pH-dependent cell-cell fusion assay and temperature stability assay)
are indirect measures of the viral phenotype potentially required for airborne
transmission of H5N1 virus. Whereas a lower pH of fusion might be implicated
with adaptation to the cell for increased virus replication, HA stability might
be required for the physical stability of the virion in the aerosol or respiratory
droplet, or might hint us towards a yet to be identified viral phenotype with
direct implications on airborne transmission. This newly identified phenotypic
requirement has been the focus of research since. Batishchev et al. have
described the possibility for disintegration of the viral M1 scaffold only at
relatively low pH values, directly linking relative acidity to the disintegration of
the viral core (307). Furthermore, in the case of pH1N1, a strong correlation
of destabilizing substitutions leading to an increase in fusion pH and the loss
of airborne transmission and decreased pathogenicity in the ferret model
was established (308). Substitutions affecting HA stability have also been
shown to be conserved between different influenza virus subtypes (309) and
increased acid stability of H5 was found to boost viral replication in the upper
tract of ferrets (158).
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Other factors that might determine host range and modes of virus transmission
are encoded by additional viral genes, including PB2 and NP that regulate
the virus interaction with importins to facilitate virus genome delivery into the
nucleus (310); NA, essential for receptor cleavage and budding of infectious
virions that can then be incorporated in aerosols and respiratory droplets; the
NS2 gene, also called NEP, that has a role in RNA replication by interaction
with the PB1 and PB2 polymerase subunits (311); and the evasion of host
immunity mediated by NS1. Furthermore, a single substitution can have more
than one modulating effect, exemplified in the case of substitution E627K in
PB2 that besides virus replication also affects virus recognition by cellular
sensors (312).

We are using ferrets (mustela putorius furo) in our studies, because they
display clinical symptoms and pathological changes similar to those
observed in humans (249). Ferrets can be infected with a range of avian
and human influenza viruses, whereby all avian virus isolates do not and all
human-adapted viruses do have the ability to transmit via the airborne route
(chapter 3). Buhnerkempe and colleagues have described a good correlation
between secondary attack rates — defined as the probability of infection of a
susceptible individual following contact with an infected individual — between
humans and ferrets, underlining the importance of the ferret model as a
substitute for humans (313). Efforts to study the physical requirements for
airborne virus transmission have started in the 1970’s and many special
devices have been described to date (314). Air samplers can determine the
size of particles in the air and have been used to determine that infectious
influenza virus is mainly found in exhaled particles of less than 5 micrometre
in diameter (315, 316). Impactors and impingers are used to collect particles
from the air by either forcing the gas to make a sharp bend inside the device,
creating centrifugal turbulences, or by electrostatic precipitation. Several
devices are successfully employed to detect infectious virus in air samples
(317, 318). Nebulizers generate aerosols by varying methods and can be
used in infection studies with virus-laden droplets to mimic a more natural
way of infection compared to standard methods (319). Another important
aspect to the use of these devices is that they will ultimately reduce the
number of laboratory animals employed in transmission studies and perhaps
increase the statistical power of transmission research. Limitations of the
transmission experiment as used throughout this thesis include mechanical
parameters of the transmission setup, biological variation of the laboratory
animals and their seronegative immune status for the influenza A subtypes
tested. Although the genetic variation of outbred ferrets is bigger compared to
often preferred inbred animal lines, they cannot reflect the genetic variation
of humans worldwide by far. In the vast majority of studies, animals with
no detectable antibody titers against currently circulating viruses and the
subtype studied are used to obtain reproducible results and to ensure robust
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infection after virus inoculation. For example, reduced virus replication and
transmission between ferrets was observed when HA stalk antibodies were
transferred to the infected ferret (320), emphasizing the role of immunity
on transmission. In addition, the role of pre-existing (often heterosubtypic)
immunity on excess morbidity and mortality in a pandemic scenario is
poorly understood and needs to be addressed in dedicated studies (321).
Experiments involving animals with pre-existing immunity against influenza
viruses should therefore be conducted in the future to even closer mimic
an outbreak scenario in humans. These studies have become even more
important since Laurie et al. (322) have described the outcome of co-infection
studies in ferrets with varying timing and order of virus infections to range
from a complete block of secondary infection to delayed or simultaneous
coinfection. In general, extrapolations from experiments involving laboratory
animals with the aim to comment on potential Public Health threats should be
done with the required care and prudence.

The addition of bats as hosts for influenza viruses (5), the detection of new
variant lineages in dogs, horses, pigs and humans (323, 324), increased
frequency of so-called reverse zoonoses (325), and the generation ofinfluenza
viruses of subtypes other than H5 and H7 with proven capacity for airborne
transmission, that have not caused human infections so far (326) might
further increase the possibility for the emergence of a pandemic influenza
virus, and are a reminder to not ease pandemic preparedness efforts. Other
groups of respiratory viruses including virus families Coronaviridae and
Paramyxoviridae also pose the threat of large-scale outbreaks in humans (e.g.
Middle East Respiratory Syndrome (MERS) coronavirus and Nipah virus).
Many of these viruses are only poorly understood in terms of transmission
modes and molecular determinants for efficient human-to-human spread.

Future perspectives

Pandemic preparedness is a multifactorial endeavor with the noble aim to
prevent a future pandemic or at least mitigate the impact of it. Fundamental
science is one of the least obvious, but possibly most influential aspect of
these efforts. The studies on airborne transmission of H5N1 viruses urge
the political decision makers to intensify surveillance efforts particularly in
countries where H5N1 and other zoonotic influenza A viruses are endemic,
as well as worldwide. Appropriate measures to prevent large-scale outbreaks
of HPAI H5N1 virus in poultry such as effective vaccines and quarantine
seem warranted. To prevent further virus spread in an outbreak scenario,
timely preventive culling in a predetermined perimeter around the initial
outbreak might be necessary as an ultima ratio. Since close contact to
infected poultry is one of the main risk factors for human infection with avian
influenza viruses, proper hygiene measures especially during slaughtering
and separation of poultry housing and human homes should be the norm.
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Viral sequences of H5N1 virus isolates can now be analyzed for substitutions
that were shown to be required for airborne transmission between mammals.
The ability to screen for potential adaptation markers early after the detection
of a novel virus allows for the exclusive application of the more impactful
control measures, which include culling, to outbreaks with an elevated risk
for humans. Functionally equivalent mutations should be identified and be
added to the repertoire of substitutions to be screened for. The relatively fast
emergence of adaptive mutations during passaging of H5N1 viruses in ferrets
hints towards the fact that these substitutions are non-detrimental for these
viruses and can also be naturally acquired in alternative hosts. Replication
of viruses in humans and transmission between them poses the risk of
acquiring additional human-adaptive mutations. Substitution H103Y in HA is
associated with the previously unrecognized phenotype of protein stability.
Future studies have to prove if this change in viral characteristics is linked
to timing of replication (especially membrane fusion of virus and endosome
resulting in viral genome release into the cytoplasm), virus stability required
for infectivity of virus-laden aerosols or respiratory droplets, a combination of
these processes or another yet unidentified factor.

Amino acid positions that were identified to be under selective pressure
during the host jump from avian to human in H2N2 viruses can be added to
the screening repertoire. Currently circulating avian H2N2 influenza viruses
are not directly transmissible between mammals, which is in line with the
observation that reassortment was necessary for H2N2 viruses to become
pandemic in humans. Furthermore, early human isolates have been found
not to be readily transmissible via the airborne route between ferrets. These
findings do not rule out the possibility of emergence of a new H2N2 pandemic
virus, either with or without an intermediate host, but the imminent threat
from avian H2N2 viruses to spark a pandemic seems moderate. Substantial
levels of antibody-mediated immunity in large parts of the population directed
against H1 and H3 virus isolates were reported (327). These antibodies
might provide basic levels of protection, e.g. by binding conserved epitopes
in the stalk region. Although, as exemplified by the 2009 H1N1 pandemic,
this baseline antibody reactivity might not prevent human virus infection
altogether, it might lower the spread of virus and alleviate morbidity in a
pandemic scenario. More specific studies to assess pandemic potential and
the close monitoring of human adaptation mutations in these viruses is thus
warranted, because of the proven potential of H1, H2 and H3 viruses to
cause pandemics.

In our studies, we have identified the viral traits that are required to render
a fully avian H5N1 virus airborne-transmissible between ferrets. Additional
studies need to demonstrate if these phenotypic changes are specific for
the chosen virus isolate or the group of genetically similar viruses it belongs
to (here clade 2.1.) and if they can be translated to other influenza virus
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subtypes as well. Future research extending from these studies should thus
be focused on the identification of other influenza subtypes with the potential
to become pandemic in humans, the identification of functionally equivalent
mutations leading to airborne transmissible viruses and the screening for
these substitutions as well as their associated phenotypes in surveillance
efforts. Further characterization of the events leading to the generation
of ‘new’ pandemic viruses and the chance estimation for reintroduction of
previously circulating pandemic viruses are required.

The political dimensions of our studies on airborne transmission of H5N1
virus were somewhat unexpected and unprecedented. All parties involved
in research with the potential for misuse, also termed ‘Dual-Use Research
of Concern (DURC) should identify their studies as such and collectively
implement measures to minimize associated risks. A careful and meaningful
exploration of potential benefits and risks in DURC studies seems highly
needed, but appears particularly challenging. Efforts need to be made to allow
and advance these important lines of research while preventing unintentional
or intentional misuse. Only by knowing which pathogens mother nature is
capable of producing, we might be able to better prepare for a prospective
outbreak.
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Griepvirussen, oftewel influenzavirussen, zijn een groep ziekteverwekkers die
via de luchtwegen het menselijk lichaam kunnen binnendringen en zich daar
vermenigvuldigen. Deze infectie veroorzaakt typische ziekteverschijnselen
zoals koorts, keelpijn, hoesten, hoofdpijn en vermoeidheid. In ernstige
gevallen kunnen griepvirussen een longontsteking veroorzaken, die zelfs tot
de dood kan leiden. Influenzavirussen worden onderverdeeld in types A, B, C
en D. Influenza A virussen worden verder ingedeeld in subtypes gebaseerd
op de eigenschappen van de oppervlakte-eiwitten hemagglutinine (HA) en
neuraminidase (NA). De combinatie van deze eiwitten wordt gebruikt in de
naamgeving van de subtypes, en leidt tot afkortingen zoals H1N1 of H3N2.
Er zijn 16 HA en 9 NA subtypes in watervogels, de gastheer voor de meeste
influenzavirussen, en twee mogelijke HA en NA subtypes in vleermuizen
beschreven. Voorbeelden van dieren die ook met influenzavirussen besmet
kunnen worden zijn pluimvee en varkens, maar ook tijgers en zeehonden.
Als virussen zich vermenigvuldigen in een cel van de gastheer, ontstaan er
continu mutaties in het virus genoom. Deze mutaties gebeuren spontaan
en aspecifiek en zijn dus meestal ongunstig voor het virus. Echter, soms
zijn de mutaties neutraal (geen effect) en alleen bij uitzondering voordelig.
Uiteindelijk kunnen deze mutaties een groot effect hebben, bijvoorbeeld als
zij de snelheid van vermenigvuldiging verhogen of het virus helpen om aan
het afweersysteem van de gastheer te ontsnappen.

Het meestal bolvormige virusdeeltje bestaat uit een membraan dat onder
andere de HA en NA eiwitten bevat. In deze ‘bol’ is het erfelijk materiaal
- ook virus genoom genoemd - ingesloten. Het influenza A virus genoom
bestaat uit acht negatief-strengs RNA segmenten, die in afnemende lengte
afgekort worden tot PB2, PB1, PA, HA, NP, NA, M en NS. Mutaties in het
influenzavirus genoom ontstaan vaak en kunnen leiden tot veranderingen in
de gecodeerde eiwitten. Zulke mutaties kunnen er bijvoorbeeld voor zorgen
dat het virusdeeltje niet meer herkend wordt door eerder opgebouwde afweer
tegen dit virusdeeltje. Deze continue verandering van influenzavirussen is de
reden waarom vaccins regelmatig getipdatet moeten worden om effectief te
blijven tegen circulerende influenzavirussen. Eén van de manieren waarop
een individu de influenzavirus infectie kan proberen terug te dringen en een
nieuwe infectie door hetzelfde type virus te voorkomen, is door antistoffen te
produceren. Hierbij is het goed functioneren van het afweersysteem van groot
belang. Mensen met een minder goed werkende afweer zijn daarom ook
eerder vatbaar voor infectie. Dit zijn bijvoorbeeld jonge kinderen, ouderen,
maar ook mensen met een onderliggende ziekte of die voorbereid worden
voor een orgaantransplantatie.



chapter 8: samenvatting - Zusammenfassung

Pandemieén, seizoensgriep en zoonoses

In de afgelopen eeuw zijn er vier influenzavirus pandemieén geweest,
namelijk in 1918, 1957, 1968 en 2009. Pandemieén zijn uitbraken van
ziekteverwekkers, die in korte tijd op meerdere continenten mensen
infecteren. In het verleden hebben alleen griepvirussen van het type H1, H2,
en H3 pandemieén veroorzaakt. Het aantal sterftegevallen is bij pandemische
virussen vaak sterk verhoogd ten opzichte van niet-pandemische jaren,
omdat nog niemand afweer heeft opgebouwd tegen het nieuwe virus.

Een H1N1 influenzavirus heeftin 1918 de tot nu toe meest ernstige pandemie
veroorzaakt, met naar schatting ongeveer 50 miljoen doden in het eerste
jaar. Deze pandemie wordt ook wel de ‘Spaanse griep’ genoemd en dit virus
was waarschijnlijk direct afkomstig van vogels. Dit HIN1 virus werd in 1957
vervangendooreen H2N2 virus, metde ‘Aziatische grieppandemie’als gevolg,
die tot 1-2 miljoen doden leidde. Dit H2N2 virus is ontstaan door menging van
het genetisch materiaal (reassortering) van het voorgaande humane H1N1
virus en gensegmenten van een of meerdere virussen afkomstig van vogels.
In 1968 is het H2N2 virus door een H3N2 virus afgelost, dat de ‘Hong Kong
grieppandemie’ heeft veroorzaakt, met naar schatting één miljoen doden
wereldwijd. Ook dit virus is ontstaan door reassortering, dit keer tussen het
bestaande humane H2N2 virus en een H3 virus uit vogels. De meest recente
pandemie is in 2009 ontstaan in Noord-Amerika. Dit pandemische H1N1
virus is in varkens ontstaan na reassortering van virussen die afkomstig zijn
van zowel vogels, varkens en mensen. De sterftecijfers variéren tussen de
18.500 (laboratorium bevestigde infecties) en 300.000 doden (geschat) in
het eerste jaar na de uitbraak.

De virussen die een pandemie hebben veroorzaakt, veroorzaken in de jaren
na de pandemie als seizoensgriepvirus jaarlijks uitbraken (epidemieén)
tijdens de wintermaanden. Dit zijn momenteel virussen van de subtype
H1N1, H3N2 en influenza B virussen. Tegen deze virussen is echter een
vaccin beschikbaar, maar desalniettemin komen naar schatting 250.000-
500.000 mensen ieder jaar te overlijden als gevolg van infectie met
seizoensgriepvirussen.

Incidenteelworden mensenblootgesteld aan eenzoodnotische infectie. Determ
‘zodnose’ beschrijft de overdracht van een ziekteverwekker van dier op mens.
Zo kunnen een aantal influenza A virus subtypes die in bijvoorbeeld vogels
voorkomen bij uitzondering ook de mens infecteren, zoals bijvoorbeeld het
H5N1 vogelgriepvirus. Vogelgriepvirussen worden naast de onderverdeling
in subtypes, ook ingedeeld op basis van hun pathogeniteit (vermogen om
ziekteverschijnselen te veroorzaken) in laag- of hoog pathogeen. Virussen
van het subtype H5 en H7 kunnen laag- en hoog pathogeen zijn, terwijl alle
andere subtypes uitsluitend laag pathogeen zijn. Deze indeling is gebaseerd
op een verandering in het erfelijk materiaal die de vermenigvuldiging in - en
daarmee de verspreiding naar - de meeste weefsels van het lichaam mogelijk
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maakt. ‘Laag pathogeen’ betekent niet noodzakelijkerwijs dat deze virussen
geen ziekteverschijnselen kunnen veroorzaken. Hoog pathogene virussen
van het subtype H5 en H7 kunnen grote uitbraken in pluimvee veroorzaken,
die gepaard gaan met hoge sterfte. Terwijl HSN1 en H7N9 vogelgriepvirussen
alleen sporadisch in mensen worden gedetecteerd, veroorzaakten hoog
pathogene H5 virussen, subtypes H5N5, H5N6 en H5N8, recentelijk grote
uitbraken in pluimvee en enkele sterftegevallen in wilde vogels in Europa en
elders.

Onderzoek aan H5N1 en H2N2 virussen

Hoog pathogene H5N1 virussen werden voor het eerst in watervogels
gedetecteerd in 1996 in China en Hong Kong. Sinds 1997 infecteren H5N1
virussen sporadisch mensen, voornamelijk in landen in Zuidoost-Azié en
het Midden-Oosten. In ongeveer de helft van de laboratorium-bevestigde
gevallen hadden deze infecties een dodelijke afloop. Omdat het H5N1 virus
- in tegenstelling tot virussen van het subtype H1, H2, en H3 - nooit op grote
schaal mensen heeft geinfecteerd, is de overgrote meerderheid van de
bevolking niet beschermd tegen infectie met een virus van het H5 subtype.
De inefficiénte virus overdracht van geinfecteerd pluimvee naar individuen
in hun directe omgeving leek lange tijd de enige optie voor verspreiding van
H5N1 virussen. Ook was het niet bekend of een gemuteerd H5N1 virus
wel effectief tussen mensen kon worden overgedragen. De twee hierboven
beschreven ingrediénten, de afwezigheid van bestaande afweer tegen
H5N1 virussen in de bevolking en een efficiénte virus overdracht van mens
op mens via de lucht, zouden de basis kunnen vormen voor een nieuwe
grieppandemie.

Om te bestuderen of een H5N1 virus ooit overdraagbaar zou kunnen worden
van mens op mens, hebben wij in hoofdstuk 2 onderzocht of het mogelijk is
om een hoog pathogeen H5N1 virus dusdanig aan te passen dat het via de
lucht kan worden overgedragen tussen zoogdieren. Deze overdraagbaarheid
kunnen we bestuderen door gebruik te maken van het frettenmodel. Fretten
zijn kleine roofdieren, die tot de familie van marterachtigen behoren. In
het onderzoek aan influenzavirussen worden vaak fretten gebruikt omdat
zij ten eerste dezelfde soorten receptoren (structuren op de cellen van de
luchtwegen waar virussen aan binden als eerste stap in het infectieproces)
hebben, ten tweede over vergelijkbare anatomische en histologische
structuren beschikken (opbouw van het lichaam en weefsels), ten derde
met een groot aantal influenzavirussen besmet kunnen worden en ten
vierde soortgelijke ziekteverschijnselen vertonen als mensen. Voor
onze experimenten worden deze dieren in een zeer veilig en beveiligd
laboratorium in twee kooien gehuisvest, die door twee metalen roosters op
10 centimeter afstand van elkaar gescheiden zijn. Daardoor kan de lucht van
een geinfecteerde ‘donor’ fret naar de ‘ontvanger’ fret waaien, maar direct
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contact tussen de dieren is uitgesloten. De enige manier waarop het virus
dus kan worden overgedragen is via de lucht. In dit dierenmodel kon een
H5N1 virus, dat in 2005 uit een mens is geisoleerd, niet van een donor fret
op een ontvanger fret worden overgedragen via de lucht. Om te testen of dit
H5N1 virus ooit via de lucht overdraagbaar zou kunnen worden, hebben wij
in het laboratorium het virus zodanig veranderd, dat het beter aan cellen in de
bovenste luchtwegen van zoogdieren kan binden en dat na infectie nieuwe
virusdeeltjes sneller worden aangemaakt. Dit werd bereikt door een aantal
mutaties (G222S en Q224L in HA en E627K in PB2), die al eerder waren
beschreven in de wetenschappelijke literatuur, in het genoom van het virus
aan te brengen. Helaas was ook dit virus (en een hele reeks andere virussen
met verschillende mutaties) niet in staat om van fret op fret overgedragen
te worden via de lucht. In een volgende poging om dit virus verder aan de
bovenste luchtwegen van zoogdieren aan te passen - en daarmee hopelijk
virusoverdracht via de lucht te bereiken - hebben wij het virus in fretten
gepasseerd. Hiervoor werd een virusmonster dat was verkregen uit de
bovenste luchtwegen van een geinfecteerd dier, gebruikt om een andere
fret in de neus te infecteren. Door adaptatie van het virus aan fretten tijdens
tien van dergelijke passages, zijn uiteindelijk virussen ontstaan die via de
lucht overgedragen konden worden tussen fretten. Dit was de eerste keer
dat het was aangetoond dat een vogelgriepvirus, zonder reassortering met
een humaan virus, overgedragen kan worden tussen zoogdieren via de
lucht. Deze bevinding betekent ook dat, als we deze resultaten extrapoleren
naar de situatie in de mens, het mogelijk is dat H5N1 virussen, of andere
vogelgriepvirussen in de natuur kunnen ontstaan die tussen mensen kunnen
worden overgedragen.

In ons vervolgonderzoek hebben we gekeken naar de genetische
veranderingen en de bijbehorende functionele veranderingen, die er
uiteindelijk voor gezorgd hadden dat het HS5N1 virus overdraagbaar was
via de lucht (hoofdstuk 3). Hiervoor hebben we de genetische code van de
lucht-overdraagbare virussen bepaald (gesequenced) en we vonden daarin
verschillende mutaties ten opzichte van het oorspronkelijke virus. Om te
bepalen welke van deze mutaties strikt noodzakelijk zijn voor virus overdracht
via de lucht, hebben wij in het laboratorium combinaties van mutaties in
het H5N1 virus aangebracht, waarbij we in ieder te testen virus steeds één
mutatie hebben weggelaten. Als zo’n virus nog steeds tussen fretten via de
lucht kon worden overgedragen, dan was de mutatie niet per se noodzakelijk
voor virusoverdracht, maar zou het wel aan een betere overdracht kunnen
hebben bijgedragen. Op deze manier werden mutaties H103Y en T156A in
HA en H99Y in PB1 geidentificeerd die samen met de eerder beschreven
mutaties die we al hadden aangebracht (G222S of Q224L in HA en E627K
in PB2), een minimale set van mutaties vormen, die tot virusoverdracht via
de lucht kan leiden. Verder hebben wij aangetoond dat deze mutaties, die
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tijdens het passeren van het virus in fretten zijn ontstaan, al in passage 3 - dus
redelijk snel - aanwezig waren en dat hun aanwezigheid met ieder nieuwe
passage toe nam. Deze minimale set van mutaties hebben wij vervolgens
verder onderzocht om te kijken welk effect zij hebben op het functioneren
van het virus. We hebben ontdekt dat de stabiliteit van het HA eiwit, de
afwezigheid van een suikerketen in de buurt van de receptorbindingsplaats
van het HA eiwit en een beter uitgebalanceerde vermenigvuldiging van het
virus uitermate belangrijk zijn.

Naast het gevaar van pandemieén veroorzaakt door nieuwe zodnotische
influenzavirussen, is het ook mogelijk dat virus subtypes die al eerder in
mensen hebben gecirculeerd, weer opduiken en opnieuw een pandemie
veroorzaken. De kans hierop is groter wanneer de bescherming tegen
dit virus, door bestaande afweer in een groot deel van de bevolking, is
verdwenen. Met behulp van fylogenetische computeranalyses (fylogenie -
Grieks voor afkomst van een ras) kan de genetisch verwantschap tussen
virussen worden bestudeerd. Met deze methode kan bijvoorbeeld worden
bestudeerd of er in de loop der tijd mutaties zijn opgetreden in de genetische
code van virussen als het gevolg van aanpassing aan een nieuwe gastheer.
Deze sequenties beschrijven de volgorde van nucleotiden (‘letters’ in het
genoom), die in aminozuren (‘bouwstenen’ van eiwitten) worden vertaald
en uiteindelijk de vorm en functie van eiwitten bepalen. In alle bekende
sequenties van het genetische materiaal van H2N2 influenzavirussen
hebben wij in hoofdstuk 4 met fylogenetische methodes gekeken of er
aminozuur posities zijn die vaker veranderen dan verwacht. De verhoogde
frequentie van verandering op bepaalde posities kan een indicatie zijn voor
evolutionaire druk; de noodzaak om te veranderen omdat dit tot een beter
aangepast of ‘fitter’ virus leidt. Wij hebben vijf aminozuur posities in het
H2N2 HA eiwit gevonden die onder een verhoogde evolutionaire druk lagen,
waarvan twee zich in de receptorbindingsplaats bevonden. Ook zagen we
dat over het algemeen meer veranderingen ontstonden in de humane H2N2
virussen dan in de H2N2 virussen uit vogels. Verder hebben wij in hoofdstuk
5 de antigene evolutie - mutaties die effect hebben op de virus herkenning
door antistoffen - van humane H2N2 virussen in kaart gebracht met behulp
van de antigene cartografie methode en vonden een langzamere antigene
evolutie ten opzichte van H3N2 virussen.

Zoals hierboven beschreven, hebben tot op heden alleen virussen van
het subtype H1, H2 en H3 pandemieén veroorzaakt. H1N1 en H3N2
virussen veroorzaken momenteel epidemieén in mensen. H2 virussen
circuleren momenteel nog wel in vogels, maar zijn sinds 1968 niet meer
in mensen aangetoond. Personen die na 1968 zijn geboren zijn dus nog
nooit in aanraking gekomen met dit virussubtype, hebben daarom ook geen
bestaande afweer tegen dit virus en zijn dus niet tegen dit virus beschermd.
In hoofdstuk 6 hebben wij aangetoond dat een aantal H2 virussen die in de
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afgelopen jaren in vogels zijn aangetroffen niet overdraagbaar zijn tussen
fretten. Het lijkt dus onwaarschijnlijk dat een uit vogels afkomstig H2N2 virus
direct op mensen kan worden overgedragen en vervolgens verspreid. Zelfs
H2N2 virussen die in mensen circuleerden tussen 1957 en 1968 (dus aan
het begin en aan het einde van de pandemie), kunnen niet tussen fretten via
de lucht worden overgedragen. Alleen een humaan H2N2 virus uit 1958 was
in staat om overgedragen te worden via de lucht. Hier valt uit af te leiden
dat H2N2 virussen zich tijdens het eerste jaar van de pandemie nog verder
moesten aanpassen om efficiént tussen mensen overgedragen te kunnen
worden via de lucht. Daarnaast heeft het H3N2 virus na de introductie in
1968 het H2N2 virus mogelijk kunnen verdringen omdat het H2N2 virus uit
1968 niet meer via de lucht overdraagbaar was.

Samengevat hebben we aangetoond dat H5N1 virussen in staat zijn om
overgedragen te worden tussen zoogdieren via de lucht. Verder hebben wij
drie eigenschappen beschreven die noodzakelijk zijn voor virusoverdracht via
de lucht (hoofdstukken 2 en 3). Vervolgens hebben we laten zien dat H2N2
virussen afkomstig uit vogels geen directe pandemische dreiging vormen
voor de mens en de genetische en antigene evolutie van H2N2 virussen
in kaart gebracht (hoofdstukken 4, 5 en 6). Alleen de continue surveillance
van virussen in vogels, mensen en andere zoogdieren in combinatie met
het bestuderen van het effect van veranderingen in influenzavirussen
kunnen leiden tot effectieve preventieve en therapeutische maatregelen om
virusoverdracht te verminderen of voorkomen.
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Grippeviren, auch Influenzaviren genannt, sind eine Gruppe von
Krankheitserregern, die Uber die Luftwege in den Kérper eindringen und sich
dort vermehren kdénnen. Diese Infektion kann typische Krankheitszeichen wie
Fieber, Halsschmerzen, Husten, Kopfschmerzen und Mudigkeit auslésen.
In schwerwiegenden Fallen kénnen Grippeviren eine Lungenentzindung
verursachen, die schlief3lich zum Tode flihren kann.

Influenzaviren werden eingeteilt in die Typen A, B, C und D. Influenza
A Viren werden weiter aufgeteilt in Subtypen aufgrund der Eigenschaften
ihrer Oberflacheneiweilte Hamagglutinin (HA) und Neuraminidase (NA). Die
Kombination dieser Eiweile flihrt wiederum zu Abklirzungen wie H1N1 oder
H3N2. Bisher sind 16 HA und 9 NA Subtypen bekannt in Wasservogeln, dem
Wirt der Mehrheit aller Influenzaviren und jeweils 2 potentielle Subtypen in
Fledermausen. Beispiele von Tierarten, die mit Influenzaviren infiziert werden
konnen sind Gefligel und Schweine, aber auch Tiger und Seehunde.

Wenn Viren sich in einer Wirtszelle vermehren entstehen kontinuierlich
Mutationen im Virusgenom. Diese Mutationen tauchen spontan und
nicht zielgerichtet auf und sind daher auch meist nachteilig fur das Virus.
Jedoch konnen diese Mutationen in seltenen Fallen neutral (ohne Effekt)
sein oder sich vereinzelt sogar positiv fir das Virus auswirken. Auf lange
Sicht kdnnen diese Mutationen einen grof3en Effekt haben, wenn sie zum
Beispiel die Geschwindigkeit der Virusvervielfaltigung erhéhen oder dem
Virus ermdglichen nicht mehr durch das Abwehrsystem des Wirtes erkannt
zu werden.

Das meist kugelférmige Viruspartikel besteht aus einer Membran, die
unter anderem die OberflacheneiweiRe HA und NA tragt. Diese “Kugel’
enthalt das virale Erbgut, welches auch genetisches Material oder Genom
genannt wird. Das Influenza A Virus-Genom besteht aus acht Segmenten
eines Negativstrang RNA Erbgutes, die in abnehmender Lange mit PB2,
PB1, PA, HA, NP, NA, M und NS abgekiirzt werden. Mutationen im Erbgut
von Influenzaviren finden haufig statt und kénnen zu Veranderungen in
den kodierten Eiwei3en fuhren. Solche Mutationen kénnen zum Beispiel
dazu flhren, dass das Virus nicht mehr durch die zuvor gegen das Virus
aufgebaute Immunabwehr erkannt werden kann. Diese kontinuierlichen
Veranderungen von Influenzaviren ist auch der Grund weshalb Impfstoffe
regelmalig angepasst werden missen, um effektiv gegen momentan
zirkulierende Influenzaviren zu sein. Der Kérper von Saugetieren hat eine
Reihe von Mechanismen entwickelt um eine Infektion zurlickzudrangen
und die erneute Ansteckung mit demselben Virustyp zu verhindern.
Hierzu gehort zum Beispiel die Produktion von Antikorpern, fiir die ein gut
funktionierendes Abwehr- oder Immunsystem sehr wichtig ist. Daher sind
Menschen mit einem geschwachten Immunsystem, zu denen junge Kinder,
Senioren, Patienten mit bestimmten Vorerkrankungen oder Menschen, die
auf eine Organtransplantation vorbereitet werden, gehdren, anfalliger fur
eine Virusinfektion.
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Pandemien, saisonale Grippe und Zoonosen

Im letzten Jahrhundert haben vier Influenzaviruspandemien stattgefunden,
in den Jahren 1918, 1957, 1968 und 2009. Pandemien sind Ausbriiche von
Krankheitserregern, die in kurzer Zeit Menschen auf mehreren Kontinenten
infizieren. In der Vergangenheit haben nur Viren der Subtypen H1, H2 und H3
Pandemien verursacht. Die Anzahl von Todesfallen aufgrund von Infektionen
mit Influenzaviren ist in pandemischen Jahren oft stark erhoht im Vergleich
zu nicht-pandemischen Jahren, da noch niemand eine spezifische Abwehr
aufbauen konnte.

Ein HIN1 Influenzavirus hat im Jahr 1918 die bisher schwerste Pandemie
verursacht mit schatzungsweise 50 Millionen Todesopfern im ersten Jahr.
Diese Pandemie wird auch ,Spanische Grippe“ genannt und das Virus
wurde wahrscheinlich direkt von Vogeln auf den Menschen Ubertragen.
Dieses H1N1 Influenzavirus wurde in 1957 abgeldst durch ein H2N2
Virus, das die ,Asiatische Grippe“ mit rund 1 bis 2 Millionen Todesopfern
zur Folge hatte. Dieses H2N2 Virus ist durch Mischung von genetischem
Material (Reassortierung) des zuvor zirkulierenden humanen H1N1 Virus
und Gensegmenten von einem oder mehreren Vogelviren entstanden. Im
Jahr 1968 wurde das H2N2 Virus von einem H3N2 Virus verdrangt, welches
die ,Hong Kong Grippe“ mit schatzungsweise einer Million Todesopfern
weltweit verursacht hat. Auch dieses Virus ist durch Reassortierung des
vorhergehenden humanen H2N2 Virus mit einem Vogel-H3 Virus entstanden.
Die rezenteste Influenzapandemie hat ihren Ursprung im Jahr 2009 in
Nordamerika. Dieses pandemische H1N1 Virus ist in Schweinen durch
Reassortierung von Vogel-, Menschen-, und Schweineviren entstanden. Die
Anzahl der Toten schwankt zwischen 18.500 (laborbestatigte Infektionen)
und 300.000 (Schatzungen) im ersten Jahr nach Ausbruch.

Die Viren, die Pandemien nach sich zogen, verursachen meist in den
WintermonatenderFolgejahrealssaisonales Grippevirus Infektionsausbrtiche
(Epidemien). Zurzeit gehoren Influenza A Viren H1N1, H3N2 und Influenza
B Viren zu den saisonalen Grippeviren. Trotz eines wirksamen Impfstoffs
gegen diese Viren sterben jahrlich nach Schatzungen 250.000 bis 500.000
Menschen infolge einer Infektion mit saisonalen Grippeviren.

Gelegentlich kénnen sich Menschen auch mit zoonotischen Viren infizieren.
,Zoonose* bedeutet Ubertragung eines Krankheitserregers von einem Tier
auf den Menschen. Einige Influenza A Subtypen, wie zum Beispiel das H5N1
Vogelgrippevirus, die normalerweise ausschliel3lich in Végeln vorkommen,
kdénnen vereinzelt auch Menschen infizieren.

Neben der Einteilung in Subtypen werden Vogelgrippeviren aufgrund ihrer
Pathogenitat (krankmachende Wirkung) weiterhin klassifiziert in hoch- und
niedrigpathogen. Viren der Subtypen H5 und H7 kdénnen sowohl hoch- als
auch niedrigpathogen sein; alle anderen Subtypen sind ausschlielich
niedrigpathogen. Diese Einteilung basiert auf einer Veranderung im Erbgut
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von Influenzaviren. Hochpathogene Viren kénnen sich in fast allen Geweben
des menschlichen Koérpers vermehren. ,Niedrigpathogen® bedeutet nicht
zwangslaufig, dass diese Viren keine Krankheitszeichen verursachen.
Hochpathogene Viren vom Subtyp H5 und H7 kdénnen Ausbriche in
Geflugel mit hohen Sterblichkeitsraten verursachen. Wahrend H5N1 und
H7N9 Vogelgrippeviren nur sporadisch in Menschen gefunden werden,
haben hochpathogene H5 Viren vom Subtyp H5N5, H5N6 und H5N8 vor
kurzem Ausbriiche beim Hausgefligel und Infektionen von Wildvogeln unter
anderem in Europa verursacht.

Studien an H5N1 und H2N2 Viren

Hochpathogene H5N1 Viren wurden zuerst im Jahr 1996 bei Vogeln in China
und Hong Kong entdeckt. Seit 1997 verursachen H5N1 Viren sporadische
Infektionen bei Menschen vorallemin Landern Stidostasiens und des Mittleren
Ostens. Ungefahr die Halfte aller laborbestatigter Infektionen verlaufen
todlich. Da das H5N1 Virus - im Gegensatz zu Viren der Subtypen H1, H2,
und H3 - nie in groRerem Umfang Menschen infiziert hat, ist die Ubergrof3e
Mehrheit der Bevolkerung nicht geschiitzt vor einer Infektion mit Viren des
Subtyps H5. Lange Zeit schien die Virenlibertragung von infiziertem Geflligel
auf den Menschen in dessen direkter Umgebung die einzige Moglichkeit
fur die Verbreitung von H5N1 Viren. Weiterhin war nicht bekannt, ob ein
mutiertes H5N1 Virus nach weiterer Anpassung an den Menschen eventuell
Uber die Luft von einem Individuum zum anderen Ubertragen werden kann.
Die beiden zuvor beschrieben Eigenschaften, namlich das Fehlen einer
effektiven Abwehr gegen H5N1 Viren in der Bevdlkerung und die einfache
Ubertragung des Virus von Mensch zu Mensch, kénnten die Basis fiir eine
erneute Grippepandemie bilden.

Um zu untersuchen ob ein H5N1 Virus eventuell von Mensch zu Mensch
Ubertragen werden kann, haben wir in Kapitel 2 versucht ein hochpathogenes
H5N1 Virus so zu verandern, dass es durch die Luft zwischen Saugetieren
tibertragen werden kann. Diese Ubertragbarkeit haben wirim Frettchenmodell
getestet. Frettchen sind kleine Raubtiere, die zur Familie der Marderartigen
gehoren. Bei Untersuchungen mit Influenzaviren werden Frettichen oft
eingesetzt, da sie zum einen dieselben Rezeptoren (Strukturen auf den Zellen
des Atemwegtraktes, an die die Viren als erster Schritt einer Infektion binden
kénnen) und ahnliche anatomische und histologische Strukturen besitzen
wie Menschen. Frettchen kdnnen auflerdem mit einer Reihe verschiedener
Influenzaviren infiziert werden und weisen ahnliche Krankheitszeichen auf,
wie sie auch beim Menschen beobachtete werden. In unseren Studien
werden diese Tiere in einem besonders gesicherten (Zugangssicherung)
und sicheren (biologische Sicherheit) Labor in zwei Kafigen gehalten,
die durch zwei Metallgitter mit ca. 10 cm Abstand voneinander getrennt
sind. Dadurch kann die Luft von einem infizierten ,Spenderfrettchen®
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auf ein ,Empfangerfretichen“ stromen; der direkte Kontakt zwischen
den zwei Frettchen ist jedoch ausgeschlossen. Der einzige Weg fir eine
Virusubertragung ist somit durch die Luft. In diesem Tiermodell konnte ein
H5N1 Virus, das im Jahr 2005 von einem Menschen isoliert wurde, nicht
durch die Luft von einem Spenderfretichen auf ein Empfangerfrettchen
Ubertragen werden. Um herauszufinden ob dieses H5N1 Virus durch die
Luft Gbertragen werden kann, haben wir das Virus unter Laborbedingungen
dahingehend verandert, dass es besser an Zellen der oberen Atemwege von
Saugetieren binden kann und schneller neue Virusgenerationen produziert
werden kénnen. Dies wurde erreicht durch Mutationen (G222S und Q224L in
HA, E627K in PB2), die zuvor in der Literatur beschrieben wurden, im Erbgut
des Virus anzubringen. Leider war auch dieses Virus (genauso wie eine
Reihe anderer Viren mit verschiedenen anderen Mutationen) nicht in der
Lage um durch die Luft von Frettchen zu Frettchen Ubertragen zu werden.
Ein weiterer Versuch um dieses Virus noch weiter an die Zellen der oberen
Atemwege anzupassen — und so hoffentlich Virustbertragbarkeit durch die
Luft zu erreichen — bestand im Passagieren des Virus in Frettchen. Hierzu
wurde das Virus aus den oberen Atemwegen eines infizierten Frettchens
isoliert um die Nasenschleimhaut eines weiteren Frettchens zu infizieren.
Nach zehn solcher Durchgange Viren, die durch die Luft von Frettchen zu
Frettchen Ubertragbar waren, entstanden. Zum ersten Mal konnte gezeigt
werden, dass ein Vogelgrippevirus durch die Luft zwischen Saugetieren
Ubertragen werden kann, ohne zuvor mit eine menschlichen Virus zu
reassortieren. Ubertragen auf die Situation beim Menschen bedeutet dieses
Resultat weiterhin, dass es wahrscheinlich ist, dass H5N1 Viren oder andere
Vogelgrippeviren die von Mensch zu Mensch durch die Luft Gbertragbar sind,
in der Natur entstehen kdnnen.

In weiteren Studien haben wir die genetischen Abweichungen und die daraus
resultierenden funktionalen Veranderungen untersucht, die schlussendlich
dazu geflihrt haben, dass das H5N1 Virus durch die Luft Ubertragbar
wurde (Kapitel 3). Hierzu haben wir das Genom der luftiibertragbaren Viren
bestimmt (sequenziert) und dabei verschiedene Veranderungen gefunden
im Vergleich zu dem urspunglichen Virus. Um festzustellen, welche dieser
Mutationen unbedingt notwendig sind, haben wir im Labor Kombinationen
von Mutationen in H5N1 Viren ,angebracht® und dabei jeweils eine Mutation
weggelassen. Falls dieses Virus jetzt immer noch zwischen Frettchen
durch die Luft Ubertragen werden konnten, war diese Mutation nicht strikt
erforderlich fiur die Viruslbertragung, konnte aber zu einer besseren
Ubertragung beigetragen haben. So konnten wir feststellen, dass Mutationen
H103Y und T156A in HA sowie HI99Y in PB1 in Kombination mit den zuvor
beschriebenen Mutationen (G222S oder Q224L in HA, E627K in PB2) die
minimale Anzahl Mutationen darstellen, die zu einer Virustbertragung durch
die Luft fihren kann. Weiterhin konnten wir zeigen, dass die Mutationen
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die wahrend der Passage in Frettchen entstanden sind schon in der dritten
Passage — also relativ frih — feststellbar waren und dass der Anteil von
Viren mit diesen Mutationen mit jeder weiteren Passage zunahm. Weiterhin
haben wir den Effekt dieser minimalen Anzahl von Mutationen mit Bezug
auf die Funktionen des Virus untersucht. Wir konnten nachweisen, dass
die Stabilitat des HA EiweilRes, das Nichtvorhandensein von bestimmten
Zuckerketten in der Nahe der Rezeptorbindungsregion des HA Eiweil}es und
eine ausbalanciertere Vervielfaltigung des Virus besonders wichtig sind.
Neben der Gefahr, dass Pandemien durch neue zoonotische Influenzaviren
verursacht werden, besteht auch die Mdglichkeit, dass Viren die zuvor in
Menschen zirkuliert haben erneut in der Bevolkerung auftauchen und eine
Pandemie verursachen, wennder Schutz gegendieses Virus in einem Grofteil
der Population nicht mehr vorhanden ist. Mithilfe von phylogenetischen
Computeranalysen (Phylogenie: griechisch flir Abstammung einer Rasse)
kann die genetische Verwandtschaft — hier von Viren - untersucht werden.
Mit dieser Methode kann zum Beispiel untersucht werden, ob im Laufe der
Zeit Mutationen auftreten im Erbgut von Viren als Folge der Anpassung
an einen neuen Wirt. Diese sogenannten Sequenzen bestehen aus der
Aneinanderreihung von Nukleotiden (,Buchstaben®im Genom), die wiederum
in Aminosauren (,Bausteine” von Eiweilden) Ubersetzt werden und so die
Struktur und Funktion von Eiweilten bestimmen. In allen bisher bekannten
Sequenzen des genetischen Materials von H2N2 Influenzaviren haben wir
mit phylogenetischen Methoden untersucht ob bestimmte Positionen haufiger
verandert wurden als statistisch angenommen. Eine erhéhte Haufigkeit von
Veranderungen an bestimmten Positionen kann auf evolutionaren Druck
hindeuten. Dies ist die Notwendigkeit sich zu verandern um sich zu einem
Virus zu entwickeln mit Vorteilen gegentber den Vorgangergenerationen. Wir
haben flinf Aminosaurepositionen im HA Eiweil® von H2N2 Viren gefunden,
die unter einem erhdhten evolutionaren Druck stehen, zwei davon in der
Rezeptorbindungsregion (Kapitel 4). Ebenso konnten wir feststellen, dass
durchschnittlich mehr Veranderungen in menschlichen H2N2 Viren als in
H2N2 Viren aus Vogeln stattfanden.

Weiterhin haben wir in Kapitel 5 die antigene Evolution — Mutationen, die sich
auf die Erkennung des Virus durch Antikdrper auswirken — von menschlichen
H2N2 Viren aufgezeigt mit Hilfe der sogenannten ,Antigenen Kartographie-
Methode® und haben eine langsamere antigene Entwicklung im Vergleich zu
H3N2 Viren festgestellt.

Wie zuvor beschrieben, haben bis heute nur Viren der Subtypen H1, H2
und H3 Pandemien verursacht. HIN1 und H3N2 verursachen momentan
Epidemien in Menschen. H2 Viren zirkulieren momentan zwar in Vogeln,
sind aber seit 1968 nicht mehr in Menschen gefunden worden. Nach
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1968 geborene Personen sind daher noch nie mit diesem Virus in Kontakt
gekommen und haben daher keinen spezifischen Immunschutz aufbauen
konnen. In Kapitel 6 haben wir gezeigt, dass einige H2 Influenzaviren, die
in den vergangenen Jahren in Vogeln gefunden wurden, nicht zwischen
Frettchen Ubertragbar sind. Es erscheint daher eher unwahrscheinlich, dass
ein von Vogeln stammendes H2N2 Virus direkt auf den Menschen Uibertragen
werden kann und sich dann weiter verbreitet. Sogar H2N2 Viren, die in den
Jahren 1957 und 1968 in Menschen zirkulierten (also am Beginn und am Ende
der Pandemie), kdnnen nicht von einem Frettchen auf ein anderes durch die
Luft Gbertragen werden. Nur ein menschliches H2N2 Virus aus 1958 konnte
durch die Luft Gbertragen werden. Hieraus kénnen wir schlie3en, dass sich
H2N2 Viren wahrend des ersten Jahres der Pandemie noch weiter anpassen
mussten um erfolgreich von Mensch zu Mensch Ubertragbar zu werden.
AulRerdem hat das H3N2 Virus nach seinem Auftauchen im Jahr 1968 das
zuvor zirkulierende H2N2 Virus eventuell verdrangen kdnnen, da das H2N2
Virus aus 1968 nicht mehr in der Lage war durch die Luft tGbertragen zu
werden.

Zusammenfassend haben wir gezeigt, dass H5N1 Viren in der Lage sind um
durch die Luft Gbertragbar zu werden in Sdugetieren. Weiterhin haben wir drei
Eigenschaften der Viren beschrieben, die fir die Ubertragung dieser durch die
Luft notwendig sind (Kapitel 2 und 3). Weiterhin haben wir neue Erkenntnisse
gewonnen Uber die genetische und antigene Evolution von Viren und haben
gezeigt, dass H2N2 Vogelviren keine direkte pandemische Bedrohung fir
den Menschen darstellen (Kapitel 4, 5 und 6). Allein durch kontinuierliche
Uberwachung von Viren in Végeln, Menschen und anderen S&ugetieren
sowie weitere Analysen des Effekts von bestimmten Veranderungen
in Influenzaviren, kann letztendlich zu effektiveren (praventiven und
therapeutischen) MalRnahmen fiihren um Virusiibertragungen zu vermindern
oder zu verhindern.
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