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ABSTRACT

Influenza A (IAV) virus remains a major pathogen of humans and animals. HON2 viruses
are low pathogenic avian influenza viruses and are currently the most widespread influenza virus
in land-based poultry. In recent years, H9 viruses have begun to acquire molecular characteristics
that make them more human like as well as contribute to the evolution of influenza viruses by
donating genes to emerging IAVs. In the first part of this thesis, we characterized the effects of
ferret adapted molecular changes on the replication and transmission of reassortant viruses in
natural hosts of influenza. We found that molecular changes associated with mammalian
transmission in ferrets are viable in pigs and are not detrimental in quails. We further identified a
role for the internal gene constellation for reassortant virus replication in different species.

The entry of influenza virus is initiated by the HA (Hemagglutinin) binding to sialic acid
(SA) cellular receptor via its receptor-binding site (RBS). In general, avian influenza viruses
bind a2,3SA while human viruses prefer a2,6SA in concert with the abundance of these SAs in
these hosts. Changes in the HA can alter SA preference and modulate host range of influenza

viruses. In the final part of this thesis, we focused on determining the plasticity of amino acid at



position 226, a position associated with a shift in receptor recognition. We identified a diverse
set of amino acids that were tolerated at this position, some of which have yet to be found in
natural isolates and determined by in-vitro studies the fitness and receptor specificity of these
alternative variants. Taken together this body of work expands our understanding of the effects
of molecular changes on the surface proteins of influenza viruses and broadens existing

knowledge on the effects of single amino acid changes in the HA.

INDEX WORDS: Influenza virus, HIN2, 226, Influenza hemagglutinin, HA, Receptor

binding site, sialic acid.
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CHAPTER 1
INTRODUCTION

Infections caused by influenza A viruses (IAVS) are reported in humans and animals
worldwide despite the use of vaccines and/or biosecurity measures. The likelihood that human
and/or animal infections with IAVs can be eradicated is nearly impossible due to characteristics
of the virus and its numerous hosts.

Influenza A virus belongs to the family Orthomyxoviridae. Included in this family are
viruses of the genus Influenzavirus B, Influenzavirus C, Thogotovirus, Isavirus and
Quaranjavirus. Members of this family are enveloped, characterized by their segmented genome
composed of single stranded, negative sense RNA (1). IAVs genome contains 8 segments that
encode for at least 10 viral proteins. IAVs have a broad host range including birds, pigs, horses,
dogs, sea mammals and humans. Due to the high genetic variability of IAVs, they are
responsible for seasonal epidemics and occasional pandemics. Influenza B mainly cause human
infections especially in children and have also been isolated from marine mammals. Like IAVs
they can cause epidemics. Influenza C cause mild infections in humans and there are also reports
of swine infections. A new genus, Influenza D, was recently proposed for viruses that were
identified in swine (2). Since then, these viruses have also been isolated from cattle and small
ruminants (3). In addition to differences in host range, the number of genome segments differ
among influenza A, B, C and D with influenza A and B having 8 segments and influenza C and

D having only 7.



The influenza A viral genome is encapsidated by a lipid envelope derived from the host
cell during budding. Embedded in the envelope are 3 viral proteins, the hemagglutinin (HA),
neuraminidase (NA) and matrix 2 (M2). Another viral protein, the matrix 1 (M1), underlies the
lipid envelope giving structure to the virion. The HA and NA surface glycoproteins form spikes
on the virion surface visible by electron microscopy and are important for virus subtype
distinction. Based on the genetic and antigenic properties of these surface glycoproteins, I1AVS
are classified into 16 HA and 9 NA subtypes (4, 5). The number of influenza A subtypes
increased to 18 HA and 11 NA subtypes with the identification of 2 viruses from bats in Central
and South America (6, 7). The new viruses are currently referred to as ‘influenza A-like’ as the
HA and NA lack canonical functions associated with these surface proteins (8, 9).

Wild aquatic birds of the orders Anseriformes and Charadriiformes are the natural
reservoir hosts for IAVs and all 16 HA and 9 NA subtypes have been detected in aquatic birds.
Due to co-evolution and adaptation of influenza viruses in aquatic birds, infection is usually
asymptomatic (10). Viral replication in the epithelial cells of the intestinal tract of infected birds
is followed by shedding in fecal material into aquatic habitat and eventual transmission to naive
birds via the fecal-oral route (4). Avian IAVs can be further classified into low pathogenic avian
influenza (LPAI) and highly pathogenic avian influenza (HPAI) viruses, based on their
molecular characteristics and pathogenicity in chickens (11). LPAI viruses cause mild respiratory
and or gastrointestinal (Gl) disease in affected land-based birds usually with low mortality. In
contrast, HPAI infections are not limited to the respiratory or Gl tracts but rather present as a
systemic infection with high mortality in infected flocks. Most influenza subtype combinations

correspond to LPAI and to date only viruses of the subtype H5 and H7 have been associated with



HPALI infections. The increased incidence of HPAI human infections with high mortality rates
have led to intensified research into these avian influenza viruses.

Avian influenza of the H9 subtype are LPAI and while most poultry infections with
HIN2 viruses are characteristically mild, the presence of secondary bacterial infections result in
high morbidity, decrease in egg production and mortality (12-14). HON2 viruses have also been
the cause of human infections as a result of direct contact with infected poultry in areas where
HIN2 viruses are endemic (15, 16). However, serological surveys suggest that HON2 human
infections are more prevalent (17-19).

The constant evolution of influenza viruses either by the exchange of genetic material
(reassortment or genetic shift) or the accumulation of mutations in the viral genome (genetic
drift) contribute to the emergence of novel viruses. These novel viruses can go on to cause
zoonotic infections as was the case with nearly all influenza pandemics, where reassortment

yielded a virus to which there was no pre-existing immunity in the human population.

Research objectives and specific aims

The main goal of my research is to further expand the current understanding of the
molecular changes in the HA of HON2 viruses and what impact such changes will have on the
phenotype of H9 viruses. Though several adaptive mutations in influenza gene segments have
been described as necessary for transmission of an avian influenza virus to humans, a better
understanding of these changes is necessary due to the potential public health impact (20). In
particular, the role of the HA in the early stages of the virus-host interaction, through its function
in virus entry and fusion, make changes in this surface protein important for the outcome of viral

infection. Virus entry is initiated by the interaction between the HA and the sialic acid (SA)



receptor through the receptor binding site (RBS) of the HA gene. Conformational changes

arising from the change in the pH leads to fusion with the endosomal membrane and release of

the viral genome into the cytoplasm (21). These functions of HA contribute to the antigenicity,
viral-host restriction, replication potential, pathogenicity and transmissibility of influenza

viruses. The RBS is located in the membrane distal tip of the HA1 subunit and is formed by

amino acids that comprise the 130 loop, 190 helix and 220 loop (22). Amino acid residues in the
RBS interact with the cellular receptor and changes in this region have been associated with
receptor switching, particularly at positions 226 and 228 (H3 numbering). This thesis project
focuses on identifying and characterizing the effect of molecular changes on the HA of a

prototype HIN2 virus of the G1 lineage particularly in the receptor binding site with the

following aims:

Specific Aims

Specific aim 1: To determine the effect of mammalian adaptation on the replication and transmission
of reassortant H9 Influenza virus in natural hosts of influenza.

. Determine the replication of mammalian adapted reassortant H9 Influenza virus in a natural
host of influenza using the Japanese quail (Coturnix japonica) as a model.

. Evaluate the transmission potential of these mammalian adapted reassortant H9 viruses in

quails.

Specific aim 2: To determine the plasticity of amino acid residues in the receptor-binding site at

amino acid position 226 (H3 numbering) in the HA of a prototypic H9 subtype 1AV.



. To design a degenerate PCR library targeting position 226 (216 in H9) of the receptor-
binding site of the H9 HA and attempt generation of an H9 virus by partial PCR based reverse
genetics.

= To isolate and identify alternative single amino acid mutants not found in nature thus far.

Specific aim 3: To determine the effects of single amino acid mutation at position 226 on

phenotypic, antigenic and fitness properties of mutant viruses.

. To assess and compare receptor binding preference and avidity of H9 influenza mutant
viruses.
= To determine tissue tropism and growth kinetics of H9 influenza mutant viruses in in vitro

and ex vivo systems.
= To determine the replication and transmission fitness of H9 influenza mutant viruses in vivo

in avian models of influenza infection.
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CHAPTER 2

LITERATURE REVIEW
Influenza virus, history and pandemics.
Influenza A viruses (IAVs) are members of the family Orthomyxoviridae. Influenza B, C, D,
Thogotovirus, Isavirus and Quaranjavirus are the other members of this family. With the
exception of the Isavirus and Influenzavirus D genera, all members of this family are known to
cause human infections. Isavirus is the causative agent of Infectious Salmon anemia, a
contagious disease of the Atlantic salmon while Thogotovirus and Quaranjavirus are tick borne
diseases that have been associated with occasional human infections. Influenza B viruses cause
mainly human infections but have also been associated with infections of seals. Influenza C virus
on the other hand cause human and swine infections. Unlike other members of the
Orthomyxoviridae family, Influenza A viruses infect a broader host range including humans,
swine, horses, marine mammals, domestic and wild birds all around the world.

Based on serological assays, IAVs are classified into subtypes denoted by a combination
of the HA and NA glycoprotein (1, 2). Currently, there are 17 HA and 11 NA subtypes. Wild
aquatic birds of the order Anseriformes and Charadriiformes make up the natural reservoirs of
influenza viruses and almost all subtype combinations are found in these reservoirs except the
H17N10 and H18N11 viruses, which were recently isolated from fruit bats in Central America
(3-5). These bat derived viruses have diverged extensively from other known subtypes, as
evidenced by the surface genes lacking canonical functions associated with HA and NA, such

that they are currently referred to as influenza-like viruses (6, 7).



The first record of IAV infection in poultry was probably the outbreak in chickens in
Northern Italy in 1878 which was described as a contagious disease of poultry with high
mortality (8). In humans, the distinct clinical symptoms of IAV infection can allow for
retrospective identification of possible influenza epidemics. The first clear description of an
influenza epidemic occurred in 1173-1174 while the first pandemic is accepted to have occurred
in 1580, arising from Asia, spreading through Africa to Europe (9). Several other pandemics are
believed to have occurred during the 18th and 19th century (10, 11).

The deadliest influenza pandemic so far recorded occurred in the 20th century. Often
referred to as ‘Spanish Influenza’, this pandemic of 1918 caused by an avian-origin HIN1
influenza virus, led to an estimated 50 million deaths mostly among younger people -- an
unusual age distribution for influenza related deaths (11). Three waves of the pandemic were
reported. The first wave being mild with deaths among the elderly. A second wave which
occurred in the autumn, with what appears to be a more virulent virus, led to the hallmark of the
1918 pandemic i.e. the “W’ shaped mortality curve due to deaths in healthy adults between 20
and 40 years of age (12-14). The third wave in early 1919 was mild, with virus eventually
becoming endemic in the population (13). The origin of the pandemic remains debated, but
evidence suggests either an origin from China due to migrant workforce movement to the USA
and Europe or from the United States where the first outbreak occurred in March 1918 (15).

The pandemic of 1957 also known as the ‘Asian flu’ originated from the Yunan province
of China (9). Within six months, the virus had spread to all continents mainly along sea routes,
arriving at ports and spreading inland, first to urban areas and then to more rural areas (9, 16).
Overall, 40-50% of people became infected with about half exhibiting clinical signs, leading to

approximately 1 million deaths. This pandemic was caused by an H2N2 influenza virus which

10



was antigenically different from any previously circulating virus. The HA, NA and the
Polymerase basic protein 1 (PB1) genes of the human HIN1 virus were replaced by avian origin
genes, indicating a reassortment event between an avian H2N2 virus and human virus possibly in
swine (17, 18). This H2N2 virus would displace the previously circulating HIN1 virus from
1918 and would remain in the human population for 11 years.

In 1968, a novel virus subtype would emerge from China to cause the third pandemic of
the 20th century. This virus, an H3N2 virus, obtained genetically distinct HA and PB1 genes
from a Eurasian avian H3 virus by reassortment and retained the NA and other internal genes
from the previously circulating H2N2 virus. The 1968 ‘Hong Kong Flu’ pandemic was relatively
mild, a feature that has been related to the presence of antibodies to the N2 neuraminidase. While
antibodies to the neuraminidase cannot prevent infection, such antibodies can confer partial
protection against clinical disease (19). This H3N2 virus continues to circulate as a seasonal
virus in the human population.

The most recent pandemic began in February 2009 in Mexico and caused an estimated 60
million infections around the world and about 30,000 deaths in the United States (20).
Surprisingly, the pandemic was caused by an HIN1 virus, a subtype that had been circulating in
the human population since 1977. This virus which originated from swine was antigenically
distinct from previously circulating HIN1 viruses and was given the name ‘pandemic HIN1’ to
distinguish it from the seasonal HIN1 virus. Analysis of the viral gene segments showed that the
virus was a result of several reassortment events. The HA (H1) was of the classical swine
lineage, which had been circulating since 1918, the NA and M genes from Eurasian swine
lineage while the PB2, PBI, PA, NP and NS genes were from a triple reassortant H3N2 North

American swine virus (21). This pandemic was characterized by lower infection rates in people
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older than 60y due to the presence of preexisting cross-reactive immunity in adults (22). The
2009 virus has since displaced the 1977 HIN1 virus and is currently the seasonal HIN1 virus.
Influenza A virus structure and genome organization

[IAVs are enveloped, single stranded, negative sense, RNA viruses with a segmented genome
consisting of 8 segments. These 8 segments code for between 10 and 16 viral proteins. The major
viral proteins are the PB2, PB1, PA, HA, NP, NA, M1, M2, NS and NEP. Other accessory
proteins not found in the virion but expressed in infected cells are PB1-F2, PB1-N40, PA-X, PA-
N155 and PA-N182. Visible by electron microscopy (EM) as spherical and/or filamentous
particles, the virion surface has distinctive characteristic spikes that correspond to the surface
glycoproteins, hemagglutinin, and neuraminidase which are embedded in the viral envelope. The
virion envelope is obtained from the host cell plasma membrane on budding and contains
cholesterol lipid and non-lipid rafts. Also embedded in the envelope, but not visible by EM, is
the M2 protein which functions as an ion channel. Inside the virion, each segment of the RNA
genome is encapsidated by the nucleoprotein NP and the heterotrimeric viral RNA dependent
RNA polymerase consisting of the PB2, PB1 and PA polymerase genes to form the viral
ribonucleoprotein (VRNP) (23). Inside the core is the NEP protein though in very small amounts
(24, 25). Beneath the viral envelope lies the Matrix 1 (M1) protein which is in contact with the
underlying viral ribonucleoprotein giving a scaffold to the virion content and contributing to

virion morphology (24).
Influenza virus proteins: Structure and function
RNA dependent RNA Polymerase complex:

The TAV polymerase complex is a 270 kDa heterotrimeric protein complex comprised of the

PB2, PB1 and PA genes. The PB2 protein is responsible for binding the 5°,7-methylguanosine

12



capped structure of cellular pre-mRNA prior to cleavage by the endonuclease PA (26). This cap
binding domain is found between residues 318-483 of the PB2 (27). This process generates the
primer necessary for viral replication. PB2 is reported to localize to the mitochondria for some
viruses. The presence of the mitochondrial targeting sequence (MTS) in the N-terminal portion
of the PB2 protein is responsible for this localization which is prevalent in seasonal human
subtypes (sH1N1, H3N2) and less so in avian viruses (28). Recent studies have associated the
mitochondrial localization of the PB2 protein to increased replication, a result of decreased IFN-
B production. In addition to mitochondrial targeting, PB2 interacts with importin, a member of
the cellular importin family (29). PB2 is also involved in host range determination via the 627-
domain. The presence of a glutamic acid (E) at position 627 restricts avian influenza polymerase
replication in mammalian cells, while the acquisition of a lysine (K) at this position overcomes
this restriction (30). Recent work by Long et al, attribute this restriction to a host protein
ANP32A which differs by 33 amino acids in avian species compared to human analog (31). The
exact mechanism by which the gene rescues replication is yet to be solved but ANP32A

increases the levels of VRNA, cRNA and mRNA transcripts in infected cells (31).

The PBI1 subunit is responsible for the polymerase activity of the replication complex, catalyzing
nucleotide addition during RNA elongation (32). The functional domain of PB1 is made up of 4
conserved motifs (motifs 1-4) with the active site confined to the S-D-D motif (aa 444-446) (33,
34). Interaction with other members of the polymerase is mediated by its C terminus to the PB2
protein (amino acids 678-757) and the N terminus to the C terminus of the PA protein (35-37).
PBI1 is also involved in binding the viral RNA (VRNA) and complementary RNA (cRNA) during

transcription and replication.
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The endonuclease function of polymerase complex resides in the N terminus of the PA subunit
(38). This function was for many years attributed to PB1 but recent structural studies provide
evidence that PA has the an active site similar to PD-(D/E)XK family of nucleases (39, 40). PA
cleaves capped cellular pre-mRNA 13-15 nucleotides from the capped structure to generate a
primer for viral mRNA synthesis. The amino acid residues H41, Q80, D108, Q119 and K134

make up the catalytic site of PA (38).

Accessory proteins from the polymerase genes

From PBI, two other protein products have been recently identified. The PB1-F2 protein is a
small pro-apoptotic protein encoded by a +1 reading frame of the PB1 (41). PB1-F2 localizes to
the mitochondria and via its C terminus induce pore formation in membranes and cytotoxic
effects (42). Its contribution to virulence appears to be strain and host specific (43, 44). PB1
N40 is a third transcript generated from codon 40 of PB1 due to leaky scanning by the ribosomes
thus lacking the PA binding motif. While not essential for viral replication in-vitro, its expression

is dependent on the other PB1 transcripts (45).

In 2012, a transcript from PA was identified (46). Referred to as PA-X, this protein is translated
as a +1 frameshift open reading frame extension of PA and is involved in host cell shut off and
the inhibition of host cell antiviral response (46, 47). PA-N155 and PA-N182 are transcripts from

the PA gene originating from the 11th and 13th AUG codon of the PA (48)

Nucleoprotein (NP)

A product of segment 5, the NP protein is a major structural protein made early in infection and
one of the most conserved genes of the influenza virus. Having a net positive charge, NP

interacts with the negatively charged phosphate backbone of the viral RNA through basic amino

14



acids in the RNA binding groove as well as several cellular macromolecules (49, 50). NP has
been shown to interact with ssRNA, PB1, PB2 and M1 proteins as well as cellular proteins such
as actin and importin a. Each of the segmented genomes of influenza is coated with NP proteins
in a distinct pattern with 1 NP for every 24 nucleotides (51). The presence of nuclear localization
signals on the NP protein is sufficient for the nuclear import of each genome segment necessary
for virus replication (52). Furthermore, NP associates with itself, forming large oligomeric
complexes which aids to maintain the RNP structure (53). NP functions in viral replication and
during RNA synthesis, NP has been shown to play a role in the switch from mRNA transcription

to genome replication.
Non-structural (NS) protein

The smallest of the 8 gene segments encode the Non-structural protein 1 (NS1) protein and the
Nuclear Export Protein (NEP). NS1 is the major product while the NEP is produced via a
splicing event. The main function of the NS1 protein is the inhibition of the host innate immune
responses particularly the interferon pathway (54). NS1 also inhibits cellular mRNA processing
by sequestering to cellular protein CPSF-30 and preventing mRNA polyadenylation (55).
Phylogenetically, 2 alleles of the NS1 proteins termed A and B exist. Allele B is comprised
exclusively of avian NS1 proteins while allele A includes some avian and all human, swine and
equine NS1 genes. It appears that a replicative advantage exists for allele A in mammalian
context as the introduction of an allele B NS1 gene yielded a poorly replicating virus in
mammalian models (56). Unlike NS1, NEP is a structural protein and as its name suggests, is
involved in the export of VRNPs from the nucleus into the cytoplasm. NEP also acts as a bridge

between the vVRNPs and the nuclear pore complex (57). In addition, interaction between the NEP
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and M1 may serve to regulate gene expression by masking the nuclear localization signal on M1

thus preventing re-entry of the RNPs into the nucleus.

Matrix gene

This gene codes for the M1 and M2 proteins. M1 forms a rigid structure beneath the lipid
envelope and interacts with the surface glycoproteins and the internal RNPs acting as a link
between the outer virion surface and the inner components (58). The location of the M1 protein
makes it important in virion morphology (59). M1 functions in virion assembly by directing the
exit of newly formed RNPs out of the nucleus and also preventing re-entry (60). The M2 protein
is a tetrameric membrane transmembrane protein whose transmembrane domain acts as a proton
pump. The low pH of the endosome triggers the M2 proton pump to move hydrogen ions into the

virion core causing dissociation of the vVRNP and release into the cytoplasm (61).

Surface glycoproteins

Neuraminidase

The NA is a type II integral membrane protein found on the surface of influenza virions.
Structurally the NA is composed of a head domain, a transmembrane region and a conserved
cytoplasmic tail (62). The enzymatic active site responsible for cleaving glycosidic linkages of
neuraminic acid is located in the homo-tetrameric head. NA functions in the early stages of
infection by cleaving sialic acid on respiratory tract mucin to facilitate efficient virus entry (63,
64). Furthermore, cleavage of sialic acid on the cellular surface is necessary for virus budding.
EM studies reveal aggregation of newly formed virions on cellular surface in viruses with
temperature sensitive NA mutant (65). NA is also an antigenic determinant of influenza

infection. Along with HA, antibodies to NA are made following influenza infection and can
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serve to ameliorate disease as was seen in the pandemic of 1968 (66). Compounds targeting the
enzymatic site of NA such as oseltamivir and zanamivir are currently used as antiviral against
influenza infections (67, 68). NA is also important in the adaptation of avian influenza viruses
from aquatic birds to domestic poultry. This adaptation is associated with truncation in the NA

stalk which can result in the increased pathogenicity of adapted viruses (69-72).

Hemagglutinin

The hemagglutinin (HA) is a rod-shaped, homo-trimeric, type 1 transmembrane protein found on
the surface of influenza virions (73, 74). It is the most abundant protein on the surface of the
virion and found in a 4-6:1 ratio compared to neuraminidase (75) (76). Based on cryoelectron
tomographic studies there are approximately 300 HA on each virion. HA exists as a precursor
protein HAO which must be cleaved into its subunits HA1 and HA?2 for it to function (74). The
main function of HA is host cellular receptor recognition, binding and fusion. It has also been
suggested that HA plays a role in budding and the formation of the viral particle (77, 78).
Structurally, the HA consists of a globular head domain (part of the HA1 subunit), the fibrous
stem (HA2 and the cytoplasmic tail. The fibrous stem is made up of triple stranded coiled coil
alpha helices from each of the HA monomers. While the amino acid sequence similarity between
HA subtypes may vary up to 50%, all HAs retain a very conserved structure, including the more
distantly related influenza B virus (79). Phylogenetically HA can be grouped into 2 groups.
Group 1 consisting of the H1, H2, H5, H6, H8, H9, H11, H12, H13 and H16 subtypes while H3,

H4, H7, H10, H14 and H15 subtypes make up group 2.

Recognition of the cellular receptor is mediated by the receptor binding site (RBS)
located at the membrane distal tip of each HA monomer. This shallow depression is formed by 4

structures—the 130 loop, the 190 helix, the 220 loop as well as a group of conserved amino acid
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residues at position 98, 153, 183 and 195 that form a network of hydrogen bonds which makes
up the bottom of the receptor binding site (74, 80). The HA2 portion is involved in the second
basic function of HA—fusion. Similar to other enveloped viruses, the fusion of the viral and
endosomal membranes following endocytosis is required for the release of the viral genome. For
influenza, this process is triggered by the low pH encountered in the endosome. Following
cleavage of the precursor HAO protein (81), the acidic pH of the endosome induces an
irreversible structural change in the HA leading to a separation of the HA1 globular portion from
the HA2 stem. This exposes the N-terminal fusion peptide of the HA2 portion, culminating in its
insertion into the endosomal membrane and eventual juxtaposition of the endosomal and viral
membranes leading to the fusion (82). The presence of multiple HA units leads to the formation

of a pore through which the viral genome is released into the cytoplasm.

Influenza HA: Role in pathogenicity and immunogenicity

In addition to classification based on antigenic properties of the HA and NA, avian influenza
viruses (Al) are classified based on their pathogenicity in chickens into highly pathogenic
(HPAI) and low pathogenicity avian influenza (LPAI). LPAI cause mild disease in birds
associated with decreased egg production and depression. Most Al subtypes are classified as
LPAL In contrast, HPAI cause severe infection in birds usually with a high mortality due to
systemic infections caused by HPAI viruses. According to the OIE, viruses capable of causing
>75% mortality following intravenous inoculation of 0.2ml (1:10 dilution of virus stock) and
have an intravenous pathogenicity index (IVPI) of greater than 1.2 are considered HPAIL. Only
members of HS and H7 subtypes have been identified as HPAI (83). The genetic signature of
HPALI is characterized by the presence of multiple basic amino acids in the cleavage site of the

HA (84). The number of basic amino acids at the cleavage site differs among HPAI. The
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presence of these basic amino acids arginine and lysine (R, K) increases the types of proteases
able to cleave the precursor HAo. LPAI viruses have only 1 R at the cleavage site and are cleaved
by trypsin like proteases, which are found in the respiratory tract, limiting infection to the
respiratory tract. The acquisition of more basic residues allows cleavage by furin, a protease
found in most organs leading to systemic infections (85). While HPAI viruses have the polybasic
cleavage site motif, some viruses with multiple basic amino acids do not satisfy the IVPI index
requirement of HPAI as defined by the OIE. So far, HPAI have only been associated with some
strains of the HS and H7 subtypes. HPAI H5 and H7 viruses evolve from LPAI HS and H7
viruses through insertion of nucleotides, a result of slippage of the viral polymerase or
recombination events to be highly pathogenic (86-89)

The key role of HA in the viral life cycle as well as its abundance on the surface of the
influenza virion makes it a target of humoral response following infection. Antibodies against the
HA mainly target the globular head portion of the HA gene. These antibodies are able to
neutralize incoming influenza viruses by preventing binding to cellular receptors and provide
protection in mouse and human models of infection. Early studies using an H3 virus identified 5
antigenic sites on the HA (Sites A-E). For H1 viruses, antigenic sites are referred to as Sa, Sb,
Cal, Ca2 and Cb and 3-5 sites have been identified for other influenza subtypes. Accumulation
of amino acids changes in one or more of these sites lead to antigenic drift of the influenza virus,
a consequence of the host derived immune pressure on these sites. Antigenic drift is responsible
for the need to update the influenza vaccine annually. Antibodies that target these antigenic sites
while able to neutralize influenza viruses as measured by conventional hemagglutination
inhibition and/or virus neutralization assays are strain specific. In recent years, broadly

neutralizing antibodies (bnAbs) that target the RBS of HA have been identified (90-92). This
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class of antibodies has a long hypervariable loop region which is inserts into the RBS thus
preventing virus-receptor interaction (93) and can be subtype specific (94, 95) or heterosubtypic
in their action (90, 96). In contrast to the hypervariable HA head, the stalk region of the HA is
conserved across all IAV subtypes (74). Antibodies directed against the stalk are mainly broadly
neutralizing since they recognize conserved epitopes (97), however this region is immuno-
subdominant compared to the HA head . These stalk bnAbs occur in natural infections and
following vaccination, research into how to refocus the immune response to generate stalk

antibodies is currently of great interest.
Influenza virus receptor recognition and interaction

As mentioned above, the globular head of the HA interacts with the cellular receptor through the
RBS. Sialic acid was first recognized as the cellular receptor for influenza in 1941 by Hirst when
he identified that influenza viruses could agglutinate red blood cells and that adsorbed cells were
released following incubation at 37°C (98). In 1955, it was identified that the substance released
after incubation at 37°C was a N-acetyl-D neuraminic acid (99), making this the receptor for
influenza. This was the first biological function associated with sialic acid (100). It is now
understood that sialic acid are terminal sugars found on glycoproteins and glycolipids located on
the surface of many cells and are involved many physiologic processes including cell signaling,
stabilization of protein and glycan structures and cellular differentiation (101, 102). Their
location at the termini of N-glycans and abundance make sialic acid an available target as
receptors for Influenza A viruses and other viruses that belong to the Paramyxoviridae and
Reoviridae families (103, 104). Sialic acids (SA) are monomeric, nine carbon sugars derivatives
of neuraminic acid which are N-acylated to form N-acetylneuraminic acid (Neu5Ac) or N-

glycololyneuraminic acid (Neu5Gc). Other modifications can occur further increasing the

20



diversity of sialic acids. Sialic acids can vary in the linkage formed between the C2 carbon and
the underlying sugars, an alpha linkage to the C-3 or C-6 position of the galactose (Gal) being
the most common (101). The nature of this linkage is important for influenza virus species
specificity. In nature, sialic acids are 02,3- or a2,6-linked to galactose and N-acetyl
galactosamine (GalNAc), a2-6-linked to N-acetyl glucosamine (GIcNAc), or a2-8-linked to the
second Sia residue (105). Other factors important in receptor interaction include the affinity of
the HA for the SA, the structure of oligosaccharides under the SA as well as abundance and
accessibility of the SA receptors. Changes to amino acid residues in the RBS, around the rim of
the RBS and even at locations distant to the RBS which alter the glycosylation or electrostatic

charge of the HA head can affect the receptor binding of influenza viruses (106, 107).

Receptor specificity and host range restriction.

The type of linkage between the SA and the underlying sugar is important in virus host
specificity. It is widely accepted that SA in a 02,3 linkage to the underlying galactose is
preferred by avian influenza viruses while human viruses favor an 02,6 linkage. This specificity
correlates broadly with the expression of mainly a2,3SA in the intestinal mucosa of birds in
which influenza infection is gastrointestinal, while in humans, the upper respiratory tract
expresses mainly 02,6SA and infection is respiratory (108-110). Pigs however were shown to
possess both types of SA. This led to the ‘mixing vessel’ hypothesis which considered that pigs
could be infected with both avian and human viruses such that ‘mixing’ of genomes could take
place in pigs to yield novel viruses (111). It has now been shown however that this simplistic
view of both SA linkage restriction and mixing vessel is not absolute. Recent studies using lectin
staining have identified heterogeneity in the distribution of SA in human, avian, swine and other

animal models of influenza infection. In humans, 02,6SA are more abundant in the upper
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respiratory tract (URT) compared to the lower respiratory tract (LRT). The alveoli stained more
intensely with MAA-II, a marker for a2,3. In addition, an age dependent expression of 02,3SA
was observed, with children having higher levels of 02,3SA compared to adult (110, 112). It has
been suggested that presence of the avian like receptors in the LRT may account for the limited
human to human transmission of the HSN1 influenza virus and the vulnerability of children to
infection (112). In pigs, 02,6SA are predominant in the ciliated epithelium of the URT while
a2,3SA expression increases towards the LRT and is highly expressed in the bronchioles and
alveoli similar to human SA distribution (113). In ferrets, a2,6SA predominate in the trachea and
hilium of the lungs while the submucosal glands in the trachea express both 02,3 and a2,6SA
(114). In mice, Ibricevic et al identified only a2,3SA expression on primary mouse tracheal
epithelial cells. In avian species, both 02,3 and a2,6SA are expressed in chicken trachea with
higher 02,6 expression in the goblet cells of the trachea (115). For the quail, two independent
studies confirm the expression of both 02,3 and a2,6SA in the trachea though differences in the
relative abundance were observed. Result from Kimble et al showed no difference in the
expression of 02,3 and 02,6 on ciliated epithelium of the quail trachea while 02,6SA expression
was much higher in the Costa et al report (115, 116). Age dependent expression of a2,6SA in
turkeys has also been observed (116). These differences in sialic acid tissue distribution in
different species and in particular the presence of both 02,3 and a2,6SA in land-based poultry
suggest that in addition to the ‘classical’ pig mixing vessel theory, chickens and quail are

biologically equipped to act as intermediate hosts and mixing vessels.

Molecular determinants of receptor specificity
The role of the HA in the recognition and binding to the cellular receptor is the first step in virus-

cell contact. Changes to the HA in and around the receptor binding site can modulate the ability
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of the virus to recognize cellular receptors. These changes are not universal and vary with
different influenza HA subtypes. The link between amino acid residues in the HA and the sialic
acid linkage recognized was first demonstrated by Rogers and Paulson (117). Using derivatized
red blood cells with 02,3 or a2,6SA they observed binding of avian viruses to cells with 02,3
linked SA and the reverse for human viruses. Later work by this group identified position 226 as
critical for the SA specificity described above (118). In H3 and H2 subtypes, two positions are
responsible for switching the receptor preference. Position 226 and 228 both in the 220 loop of
the HA receptor binding site (108, 119). A glutamine (Q) to leucine (L) mutation at position 226
and glycine (G) to serine (S) change at position 228 switch receptor preference from avian a2,3
to human 02,6 (108, 120). This Q226/G228 amino acid signature is synonymous with avian
influenza viruses, as most avian influenza viruses possess these residues. A different set of amino
acid positions is involved in receptor specificity for HI viruses. A change from glutamic acid (E)
to aspartic acid (D) at position 190 and a glycine (G) to aspartic acid (D) at position 225 is
needed to switch the receptor preference from 02,3 to 02,6 binding (121, 122). Studies using a
1918 pandemic HINT1 virus revealed that the D190/D225 mutations shifted virus specificity
exclusively to 02,6 and contributed to efficient respiratory droplet transmission in ferrets
compared to the avian like virus with E190/G225 motif. Interestingly an ‘intermediate’ virus
with D190/G225, was able to bind both 02,3 and a2,6SA but was inefficient in respiratory
droplet transmission (122). With HPAI H5N1 viruses, while the L226/G228 mutations in the
context of the A/Vietnam/1203/2004 (H5N1) virus expanded the sialic acid preference to both
02,3 and 02,6 binding, the D190/D225 combination abrogated binding to both human and avian
receptors (123) suggesting that the molecular changes required for receptor specificity varies

with virus subtypes. Individual strain differences have also been observed with respect to
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receptor specificity. For the recent H7N9 viruses, while the A/Shanghai/1/2013 has the avian
Q226 residue and prefers a2,3 sialic acids, the A/Shanghai/2/2013 with L226 has weak 02,6
binding while maintaining its preference for 02,3 sialic acid receptors (124). Another H7NO,
A/Anhui/1/2013 binds both 02,3 and 02,6 sialic irrespective of the amino acid at position 226
(125).

Recent studies have argued that the structural topology of the glycans rather than the
sialic acid linkage itself mediate changes in the sialic acid preference of influenza HA.
Chandrasekaran and colleagues posit that the sialic acids bound in 02,3 linkage have a ‘cone
like’ or ‘trans’ conformation based on the space occupied by the sugar moieties of the receptor.
This restricts the HA contact to the trisaccharide motif of the receptor i.e. interaction is mainly
with the sialic acid, the Gal-2 and GlcNAc-3 (126). In contrast, there is increased flexibility of
the sugars in 02,6 linkage due to the C6-C5 bond making 2 conformations possible -- either the
compact ‘cone’ like topology with short 02,6 glycans or a more widened ‘open umbrella-like’
topology with longer and branched a2,6 glycans. In the open umbrella conformation specific to
02,6 linkage, the HA has a more extended contact with the sialic acid receptor and this
interaction is influenced by the branching and length of the sugars beyond the trisaccharide motif
(126). It is surmised that depending of the topology of the glycans, the amino acid residues in the
HA that make contact with the sugars in the receptor would vary (126, 127). In addition to the
glycan structural conformations, other studies have identified the contribution of entropy to the
protein-ligand interaction. These studies associate the increased flexibility of the 02,6
conformation with an increased entropic penalty such that the HA has to overcome this entropic
penalty (which can be up to 5 times that of the 02,3 linkage) to bind in a 02,6 conformation (128,

129). Thus, for a virus to evolve to prefer 02,6 binding, it must acquire either mutations that can
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overcome the entropic penalty or that allow the HA to bind in a bi-dentate manner longer
branched sugars found on the cell surface as has been shown for human H3 viruses (130-132).
Influenza HA and glycosylation

Glycosylation is a post translational modification of glycoproteins occurring in the golgi or
endoplasmic reticulum whereby oligosaccharides are attached to glycoproteins. Glycosylation
can be N-linked where the attachment occurs at an asparagine (Asn) residue or O-linked through
a serine (Ser) or threonine (T) residue. N-linked glycosylation is characterized by the Asn-X-
Ser/Thr-Y glycosylation motif where X/Y refers to any of the 20 amino acids except proline. For
O-linked glycosylation, no consensus sequon has been identified. Both the HA and NA can be
N-glycosylated in a manner similar to host proteins. Glycosylation is an important mechanism by
which the HA evades the immune system. This has been observed in the head portion of the HA
of H3N2 viruses where there has been an accumulation of N-glycosylation sites. Initial viruses
circulating in 1968 had only 2 glycosylation sites while recent viruses have 6-7 sites (133, 134).
By masking the antigenic sites, the virus is able to go unrecognized by antibodies present in the
host (135) and persist in the population. It is hypothesized that the lack of accumulation of
glycosylation by the H2N2 virus may have accounted for the short duration of circulation of this
subtype in humans. Glycosylation may also come at a cost as these oligosaccharides block
cellular receptors preventing virus binding to host cells or the ability of shorter sugars to access
the RBS (134, 136) thus attenuating the viruses (137, 138)

Influenza HIN2 subtype

HIN?2 in avian species

HON2 viruses are low pathogenic influenza viruses. The first report of HON2 infection was in

1966 in a turkey farm in the Wisconsin, United States (139). This outbreak was characterized by
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upper respiratory illness, decreased egg production and low mortality (140) though in the
presence of secondary bacterial infections, mortality can be high (141).

Similar to other influenza viruses, HON2 viruses can be classified into 2 lineages—the North
American and Eurasian lineages (142). HON2 viruses of the North American lineage have been
associated with outbreaks in turkey farms in the US (143), and these viruses are yet to establish a
stable lineage in land based poultry (144). In wild birds, the North American lineage HON2
viruses are more frequently isolated from apparently healthy shorebirds and wild ducks. Unlike
the Eurasian lineage HON2 viruses, the diversity of North American lineage HON2 viruses is
limited with evidence suggesting 2 sub-lineages of the North American lineage HON2 —one
found in wild birds and the other in turkeys (145).

The first reported isolation of an H9 virus in poultry in Asia was in a quail farm in Hong Kong
where birds presented with upper respiratory disease in 1988 (146). Since then, H9 viruses of the
Eurasian lineage have been isolated from multiple species including land-based poultry, wild
aquatic birds, swine and humans and have become the most prevalent influenza virus subtype in
poultry (147, 148). Of particular importance is the establishment of stable lineages of these
viruses in land-based poultry across Eurasia. Furthermore, HON2 viruses have become enzootic
in poultry populations in the Middle East, Africa and parts of Asia including Iran, Israel,
Pakistan, Egypt, China, Bangladesh among others (149-152). In general, 3 main lineages have
been described for Asian HON2 viruses -- the G1, Y280 and Korean-like lineages having the
following prototype viruses A/quail/Hong Kong/G1/1997, A/duck/Hong Kong/Y280/1997 and
A/duck/Hong Kong/Y439/1997 respectively (153). More recent phylogenetic studies however
call for more than 3 lineages. The 2011 study by Fusaro et al. focusing on Middle Eastern

isolates identified 4 sub-lineages of the G1 lineage, (Group A-D) with extensive intra and inter
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subtype reassortment occurring among these sub-lineages. In their analysis, lineage A and B
circulate extensively in Asia while lineages C and D are restricted geographically (154). In
another study, HON2 viruses are grouped into 7 main lineages representing 98 different
genotypes (145). All these studies infer the increasing diversity and geographical spread of
HON2 viruses.

In regions where HPAI H5NI1 is also enzootic, occasional cases of co-infection with both HON2
and H5N1 viruses have been reported (155, 156). Co-infected birds displayed no signs of
infection characteristic of the HPAI infection a feature that could allow for the dissemination of
HPALI in poultry (157). The live bird markets (LBM) play an important role in the maintenance
and transmission of avian influenza viruses including HON2. The congregation of several avian
and mammalian species in a confined space with little to no biosecurity measures, as well as the
continuous introduction of immunologically naive animals create an ideal environment that
favors persistence of AIV infections as has been seen in China. Furthermore, the positive effect
observed following the closure of LBM in reducing transmission events during the Asian HSN1
outbreak places emphasis on the role of LBMs in AIV ecology in Asia.

HIN2 in mammalian species

The enzootic nature of the viruses in live bird markets particularly in China coupled with the
close human contact with potentially infected birds have raised concerns about the public health
risks of these HON2 viruses. The first human HIN2 cases occurred in China in 1998. Guo et al.
identified 5 cases of HON2 infections in 2 cities (Shantou and Shandong) of the Guangdong
province (158). These cases were all characterized by acute respiratory disease and occurred in
both male and female patients with an age range between 1 and 75 years (159). The next year in

neighboring Hong Kong, 2 more cases were reported (160). A four-year old child was presented
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at a hospital with fever, anorexia, headache and sore throat with asthma as an underlying
condition. The second case was of a one-year old girl also having fever and anorexia. In both
cases, infection was mild and self-limiting, a feature that has been generally associated with
HON2 human infections (160). In the same year, a report of an HON2 infection in Guangzhou,
China was made (161). In 2003, Butt et al., reported the case of a Syr old boy infected with
HO9N2 in Hong Kong and in 2008, 2 more cases were reported in Hong Kong (159, 162).

While only a few human cases have been reported, most infections resolve following treatment,
have been associated with direct contact with infected poultry, and are confined to countries
where HON2 is enzootic (163). Compromise of the immune system however, may lead to
complications as was observed in a case where the patient had a history of a bone marrow
transplant (159). Also, because infections with HON2 viruses are relatively mild, the number of
human infection with HON2 viruses may be higher than published reports suggest (164).
Serological evidence lend support to the higher than reported incidence of HON2 infection in
human populations. This is particularly the case among people who have contact with poultry
especially for occupational reasons (165). Reports from China, show that the presence of
antibodies against H9 viruses is much higher in poultry workers than the general population. One
study in Shandong found 2.3% of poultry workers positive for H9 antibodies compared to no
seroconversion in the general population (166). Similar studies in Shanghai and in Guangdong
show that poultry workers and veterinarians had an increase incidence of H9 antibodies
compared to populations without contact with poultry (167). Sero-epidemiological surveys in
several other countries including Vietnam, Cambodia, Nigeria, India, Egypt, Pakistan and Iran
all identify people with H9 specific antibodies (168-173) with an incidence as high as 47% in

Pakistan (174). Some studies however caution that the high incidence of seroconversion may be
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due to the presence of antibodies against H2ZN2 which cross react with HON2 viruses especially
among individuals who may have been exposed to the seasonal H2N?2 virus circulating prior to
1968 (175, 176).

In addition to humans, other mammalian species have been infected with HON2 viruses. In
swine, the first isolation of an HON2 virus was in an abattoir in Hong Kong in 1998 during
routine sampling of swine prior to slaughter (177). HON2 infections characterized by influenza-
like symptoms in infected swine have also been reported. Two outbreaks of HON2 swine
influenza outbreaks in China in 2003 were associated with clinical signs including fever,
coughing as well as paralysis and low mortality among infected pigs (178, 179). In addition to
swine infections, serological surveys in some swine production systems have identified pigs with
antibodies to H9 viruses (180) . Recent serological evidence reveal swine infections in Egypt
(181)

Given the close social relationship between domestic pets, reared avian species and humans, the
evidence of dogs having antibodies to H9 viruses is not surprising. Serological evidence in China
and Iran reveal that dogs can be infected with avian HON2 virus (182, 183). In China, an increase
in the number of dogs positive for H9 antibodies increased over the course of 3 years to about
45% of dogs tested (182). Laboratory infection of dogs and cats with HON2 viruses also yield
productive infection though with inefficient transmission (184) further suggesting that these
species could act as intermediate host of influenza infection.

Influenza HIN2 and reassortment

The segmented nature of influenza viruses intrinsically favors the possibility of reassortment.
Reassortment occurs when 2 strains of influenza viruses co-infect the same host cell leading to

the exchange of gene segments giving rise to a progeny genetically and phenotypically distinct
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from either parental virus (185). With eight genome segments, influenza reassortment can
theoretically give rise to 256 distinct progeny (186). The process of reassortment can confer
beneficial properties to a virus population by increasing the viral diversity and fitness and can
also lead to the generation of novel viruses that are capable of causing epidemics or pandemics.
Phylogenetic analyses of HON2 viruses confirm that these viruses have undergone several
reassortment events (187, 188). Interestingly, not only has there been intra-subtype reassortment,
more importantly, inter-subtype reassortment events involving HON2 viruses appear to be
frequent. Several zoonotic viruses of great public health importance have originated from
reassortment with HON2 viruses. The currently circulating H7NO virus that has caused more than
600 deaths in China was a product of genetic reassortment between HON2 and H7 viruses (189).
HON2 viruses are also considered the donors of the internal gene cassette to the HPAI HSN1
viruses that emerged in China in the late 1990s (190). The H5N1 viruses have become endemic
in poultry populations in North Africa and Asia and are responsible for sustained sporadic human
infections especially in Egypt (191). An HIONS8 Asian virus that resulted in a human mortality
also has the internal gene segments from avian HIN2 virus (192).
In addition to naturally occurring HON2 reassortants with other avian influenza viruses,
laboratory generated reassortant viruses are viable and capable of transmission in animal models
of influenza infection. Viruses carrying the surface genes of an avian HON2 virus and internal
genes from an H3N2 seasonal human virus replicated and efficiently transmitted in ferrets (193).
Transmission was limited to naive ferrets directly in contact with infected ferrets only with no
transmission to respiratory contacts. The introduction of 5 amino acid changes during sequential

passage of this reassortant virus in ferrets yielded a virus that acquired respiratory transmission
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phenotype (194). Furthermore, HON2 and pandemic HIN1 virus reassortant viruses also show
improved replication and transmission phenotype in ferrets.

Molecular determinants of specificity for HIN2 HA

Since the late 1990s, HON2 viruses have become more prevalent in land-based poultry in Asia
and the middle East. Interestingly, these viruses have naturally acquired the L226 mutation that
was critical for the switch to human receptor preference in H3 and H2 viruses (195). In
comparison to viruses with Q226, the L226 mutation allows HON2 viruses to preferentially infect
non-ciliated cells in an human airway epithelial cell culture a feature of human influenza viruses
(195). More importantly, this mutation is biologically relevant as viruses with L226 bind
preferentially the a2,6SA on glycan microarray similar to human H3 viruses and the Q226 virus
is exclusively a2,3SA binding (193, 196). L226 residue is prevalent in HIN?2 isolates from
human infections (85% of human HIN2 isolates have L.226) and in the ferret model this residue
is associated with improved direct contact transmission (193). In addition to L.226, other
molecular changes have been identified in the H9 HA that have contributed to virus phenotype.
In a study where reassortant H9:sH3N2 viruses were passaged in ferrets, the acquisition of a
T189A (HAT) and G192R (HA2 numbering) yielded a virus able to transmit by airborne
transmission to ferrets (194) and the T189A mutation has been shown to increase the binding
specificity to human receptors (196) on epithelial cells of human tracheal tissues. Swapping the
backbone to that of a pandemic HINT1 virus also resulted in efficient ferret to ferret aerosol
transmission. The contribution of amino acid changes to the phenotype of influenza viruses in
general and HIN2 viruses in particular, informed the studies in this thesis with a focus on

position 226 (216 H9 numbering) of the H9 hemagglutinin.

31



References

1.

Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. 1992. Evolution
and ecology of influenza A viruses. Microbiol Rev 56:152-179.

Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, Smith D,
Rimmelzwaan GF, Olsen B, Osterhaus AD. 2005. Characterization of a novel
influenza A virus hemagglutinin subtype (H16) obtained from black-headed gulls. J Virol
79:2814-2822.

Alexander DJ. 2000. A review of avian influenza in different bird species. Vet Microbiol
74:3-13.

Tong S, Li Y, Rivailler P, Conrardy C, Castillo DA, Chen LM, Recuenco S, Ellison
JA, Davis CT, York IA, Turmelle AS, Moran D, Rogers S, Shi M, Tao Y, Weil MR,
Tang K, Rowe LA, Sammons S, Xu X, Frace M, Lindblade KA, Cox NJ, Anderson
LJ, Rupprecht CE, Donis RO. 2012. A distinct lineage of influenza A virus from bats.
Proc Natl Acad Sci U S A 109:4269-4274.

Tong S, Zhu X, Li Y, Shi M, Zhang J, Bourgeois M, Yang H, Chen X, Recuenco S,
Gomez J, Chen LM, Johnson A, Tao Y, Dreyfus C, Yu W, McBride R, Carney PJ,
Gilbert AT, Chang J, Guo Z, Davis CT, Paulson JC, Stevens J, Rupprecht CE,
Holmes EC, Wilson IA, Donis RO. 2013. New world bats harbor diverse influenza A
viruses. PLoS Pathog 9:¢1003657.

Wu Y, Wu Y, Tefsen B, Shi Y, Gao GF. 2014. Bat-derived influenza-like viruses
HI17N10 and HI8N11. Trends Microbiol 22:183-191.

Garcia-Sastre A. 2012. The neuraminidase of bat influenza viruses is not a

neuraminidase. Proc Natl Acad Sci U S A 109:18635-18636.

32



10.

11.

12.

13.

14.

15.

16.

17.

18.

Lupiani B, Reddy SM. 2009. The history of avian influenza. Comp Immunol Microbiol
Infect Dis 32:311-323.

Pyle GF. 1986. The diffusion of influenza : patterns and paradigms. Rowman &
Littlefield, Totowa, N.J.

Beveridge WI. 1991. The chronicle of influenza epidemics. Hist Philos Life Sci 13:223-
234.

Potter CW. 2001. A history of influenza. J Appl Microbiol 91:572-579.

Crosby AW. 1976. Epidemic and peace, 1918. Greenwood Press, Westport, Conn.
Potter CW. 1998. Chronicle of Influenza Pandemic, p 3 -18, Textbook of Influenza.
Blackwell Science Ltd.

Taubenberger JK, Morens DM. 2010. Influenza: the once and future pandemic. Public
Health Rep 125 Suppl 3:16-26.

Hsieh YC, Wu TZ, Liu DP, Shao PL, Chang LY, Lu CY, Lee CY, Huang FY,
Huang LM. 2006. Influenza pandemics: past, present and future. J Formos Med Assoc
105:1-6.

Jordan WS, Jr. 1961. The mechanism of spread of Asian influenza. Am Rev Respir Dis
83(2)Pt 2:29-40.

Scholtissek C, Burger H, Kistner O, Shortridge KF. 1985. The nucleoprotein as a
possible major factor in determining host specificity of influenza H3N2 viruses. Virology
147:287-294.

Kawaoka Y, Krauss S, Webster RG. 1989. Avian-to-human transmission of the PB1

gene of influenza A viruses in the 1957 and 1968 pandemics. J Virol 63:4603-4608.

33



19.

20.

21.

22.

23.

24.

25.

26.

Monto AS, Kendal AP. 1973. Effect of neuraminidase antibody on Hong Kong
influenza. Lancet 1:623-625.

Shrestha SS, Swerdlow DL, Borse RH, Prabhu VS, Finelli L, Atkins CY, Owusu-
Edusei K, Bell B, Mead PS, Biggerstaff M, Brammer L, Davidson H, Jernigan D,
Jhung MA, Kamimoto LA, Merlin TL, Nowell M, Redd SC, Reed C, Schuchat A,
Meltzer MI. 2011. Estimating the burden of 2009 pandemic influenza A (HIN1) in the
United States (April 2009-April 2010). Clin Infect Dis 52 Suppl 1:S75-82.

Novel Swine-Origin Influenza AVIT, Dawood FS, Jain S, Finelli L, Shaw MW,
Lindstrom S, Garten RJ, Gubareva LV, Xu X, Bridges CB, Uyeki TM. 2009.
Emergence of a novel swine-origin influenza A (HIN1) virus in humans. N Engl J Med
360:2605-2615.

Centers for Disease C, Prevention. 2009. Serum cross-reactive antibody response to a
novel influenza A (HIN1) virus after vaccination with seasonal influenza vaccine.
MMWR Morb Mortal Wkly Rep 58:521-524.

Neumann G, Brownlee GG, Fodor E, Kawaoka Y. 2004. Orthomyxovirus replication,
transcription, and polyadenylation. Curr Top Microbiol Immunol 283:121-143.
Bouvier NM, Palese P. 2008. The biology of influenza viruses. Vaccine 26 Suppl
4:D49-53.

Portela A, Digard P. 2002. The influenza virus nucleoprotein: a multifunctional RNA-
binding protein pivotal to virus replication. J Gen Virol 83:723-734.

Blaas D, Patzelt E, Kuechler E. 1982. Identification of the cap binding protein of

influenza virus. Nucleic Acids Res 10:4803-4812.

34



27.

28.

29.

30.

31.

32.

33.

34.

Guilligay D, Tarendeau F, Resa-Infante P, Coloma R, Crepin T, Sehr P, Lewis J,
Ruigrok RW, Ortin J, Hart DJ, Cusack S. 2008. The structural basis for cap binding
by influenza virus polymerase subunit PB2. Nat Struct Mol Biol 15:500-506.

Miotto O, Heiny A, Tan TW, August JT, Brusic V. 2008. Identification of human-to-
human transmissibility factors in PB2 proteins of influenza A by large-scale mutual
information analysis. BMC Bioinformatics 9 Suppl 1:S18.

Tarendeau F, Boudet J, Guilligay D, Mas PJ, Bougault CM, Boulo S, Baudin F,
Ruigrok RW, Daigle N, Ellenberg J, Cusack S, Simorre JP, Hart DJ. 2007. Structure
and nuclear import function of the C-terminal domain of influenza virus polymerase PB2
subunit. Nat Struct Mol Biol 14:229-233.

Subbarao EK, London W, Murphy BR. 1993. A single amino acid in the PB2 gene of
influenza A virus is a determinant of host range. J Virol 67:1761-1764.

Long JS, Giotis ES, Moncorge O, Frise R, Mistry B, James J, Morisson M, Iqbal M,
Vignal A, Skinner MA, Barclay WS. 2016. Species difference in ANP32A underlies
influenza A virus polymerase host restriction. Nature 529:101-104.

Kobayashi M, Toyoda T, Ishihama A. 1996. Influenza virus PB1 protein is the minimal
and essential subunit of RNA polymerase. Arch Virol 141:525-539.

Biswas SK, Nayak DP. 1994. Mutational analysis of the conserved motifs of influenza A
virus polymerase basic protein 1. J Virol 68:1819-1826.

Chu C, Fan S, Li C, Macken C, Kim JH, Hatta M, Neumann G, Kawaoka Y. 2012.
Functional analysis of conserved motifs in influenza virus PB1 protein. PLoS One

7:€36113.

35



35.

36.

37.

38.

39.

40.

41.

42.

Gonzalez S, Zurcher T, Ortin J. 1996. Identification of two separate domains in the
influenza virus PB1 protein involved in the interaction with the PB2 and PA subunits: a
model for the viral RNA polymerase structure. Nucleic Acids Res 24:4456-4463.

Perez DR, Donis RO. 2001. Functional analysis of PA binding by influenza a virus PB1:
effects on polymerase activity and viral infectivity. J Virol 75:8127-8136.

Poole EL, Medcalf L, Elton D, Digard P. 2007. Evidence that the C-terminal PB2-
binding region of the influenza A virus PB1 protein is a discrete alpha-helical domain.
FEBS Lett 581:5300-5306.

Dias A, Bouvier D, Crepin T, McCarthy AA, Hart DJ, Baudin F, Cusack S, Ruigrok
RW. 2009. The cap-snatching endonuclease of influenza virus polymerase resides in the
PA subunit. Nature 458:914-918.

He X, Zhou J, Bartlam M, Zhang R, Ma J, Lou Z, Li X, Li J, Joachimiak A, Zeng Z,
Ge R, Rao Z, Liu Y. 2008. Crystal structure of the polymerase PA(C)-PB1(N) complex
from an avian influenza H5N1 virus. Nature 454:1123-1126.

Obayashi E, Yoshida H, Kawai F, Shibayama N, Kawaguchi A, Nagata K, Tame JR,
Park SY. 2008. The structural basis for an essential subunit interaction in influenza virus
RNA polymerase. Nature 454:1127-1131.

Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, Basta S, O'Neill R,
Schickli J, Palese P, Henklein P, Bennink JR, Yewdell JW. 2001. A novel influenza A
virus mitochondrial protein that induces cell death. Nat Med 7:1306-1312.

Chanturiya AN, Basanez G, Schubert U, Henklein P, Yewdell JW, Zimmerberg J.
2004. PB1-F2, an influenza A virus-encoded proapoptotic mitochondrial protein, creates

variably sized pores in planar lipid membranes. J Virol 78:6304-6312.

36



43.

44,

45.

46.

47.

48.

49.

50.

Zamarin D, Ortigoza MB, Palese P. 2006. Influenza A virus PB1-F2 protein
contributes to viral pathogenesis in mice. J Virol 80:7976-7983.

Pena L, Vincent AL, Loving CL, Henningson JN, Lager KM, Li W, Perez DR. 2012.
Strain-dependent effects of PB1-F2 of triple-reassortant H3N2 influenza viruses in swine.
J Gen Virol 93:2204-2214.

Wise HM, Foeglein A, Sun J, Dalton RM, Patel S, Howard W, Anderson EC,
Barclay WS, Digard P. 2009. A complicated message: Identification of a novel PB1-
related protein translated from influenza A virus segment 2 mRNA. J Virol 83:8021-
8031.

Jagger BW, Wise HM, Kash JC, Walters KA, Wills NM, Xiao YL, Dunfee RL,
Schwartzman LM, Ozinsky A, Bell GL, Dalton RM, Lo A, Efstathiou S, Atkins JF,
Firth AE, Taubenberger JK, Digard P. 2012. An overlapping protein-coding region in
influenza A virus segment 3 modulates the host response. Science 337:199-204.
Hayashi T, MacDonald LA, Takimoto T. 2015. Influenza A Virus Protein PA-X
Contributes to Viral Growth and Suppression of the Host Antiviral and Immune
Responses. J Virol 89:6442-6452.

Muramoto Y, Noda T, Kawakami E, Akkina R, Kawaoka Y. 2013. Identification of
novel influenza A virus proteins translated from PA mRNA. J Virol 87:2455-2462.
Baudin F, Bach C, Cusack S, Ruigrok RW. 1994. Structure of influenza virus RNP. L.
Influenza virus nucleoprotein melts secondary structure in panhandle RNA and exposes
the bases to the solvent. EMBO J 13:3158-3165.

Ye Q, Krug RM, Tao YJ. 2006. The mechanism by which influenza A virus

nucleoprotein forms oligomers and binds RNA. Nature 444:1078-1082.

37



51.

52.

53.

54.

55.

56.

57.

58.

59.

Compans RW, Content J, Duesberg PH. 1972. Structure of the ribonucleoprotein of
influenza virus. J Virol 10:795-800.

Wang P, Palese P, O'Neill RE. 1997. The NPI-1/NPI-3 (karyopherin alpha) binding site
on the influenza a virus nucleoprotein NP is a nonconventional nuclear localization
signal. J Virol 71:1850-1856.

Kingsbury DW, Webster RG. 1969. Some properties of influenza virus nucleocapsids. J
Virol 4:219-225.

Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE, Palese P,
Muster T. 1998. Influenza A virus lacking the NS1 gene replicates in interferon-deficient
systems. Virology 252:324-330.

Nemeroff ME, Barabino SM, Li Y, Keller W, Krug RM. 1998. Influenza virus NS1
protein interacts with the cellular 30 kDa subunit of CPSF and inhibits 3'end formation of
cellular pre-mRNAs. Mol Cell 1:991-1000.

Treanor JJ, Snyder MH, London WT, Murphy BR. 1989. The B allele of the NS gene
of avian influenza viruses, but not the A allele, attenuates a human influenza A virus for
squirrel monkeys. Virology 171:1-9.

O'Neill RE, Talon J, Palese P. 1998. The influenza virus NEP (NS2 protein) mediates
the nuclear export of viral ribonucleoproteins. EMBO J 17:288-296.

Ye Z, Liu T, Offringa DP, MclInnis J, Levandowski RA. 1999. Association of
influenza virus matrix protein with ribonucleoproteins. J Virol 73:7467-7473.
Bourmakina SV, Garcia-Sastre A. 2003. Reverse genetics studies on the filamentous

morphology of influenza A virus. J Gen Virol 84:517-527.

38



60.

61.

62.

63.

64.

65.

66.

67.

Gomez-Puertas P, Albo C, Perez-Pastrana E, Vivo A, Portela A. 2000. Influenza
virus matrix protein is the major driving force in virus budding. J Virol 74:11538-11547.
Helenius A. 1992. Unpacking the incoming influenza virus. Cell 69:577-578.

Varghese JN, Colman PM. 1991. Three-dimensional structure of the neuraminidase of
influenza virus A/Tokyo/3/67 at 2.2 A resolution. J Mol Biol 221:473-486.
Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk HD. 2004.
Neuraminidase is important for the initiation of influenza virus infection in human airway
epithelium. J Virol 78:12665-12667.

Cohen M, Zhang XQ, Senaati HP, Chen HW, Varki NM, Schooley RT, Gagneux P.
2013. Influenza A penetrates host mucus by cleaving sialic acids with neuraminidase.
Virol J 10:321.

Palese P, Schulman J. 1974. Isolation and characterization of influenza virus
recombinants with high and low neuraminidase activity. Use of 2-(3'-methoxyphenyl)-n-
acetylneuraminic acid to identify cloned populations. Virology 57:227-237.

Viboud C, Grais RF, Lafont BA, Miller MA, Simonsen L, Multinational Influenza
Seasonal Mortality Study G. 2005. Multinational impact of the 1968 Hong Kong
influenza pandemic: evidence for a smoldering pandemic. J Infect Dis 192:233-248.
Hanessian S, Wang J, Montgomery D, Stoll V, Stewart KD, Kati W, Maring C,
Kempf D, Hutchins C, Laver WG. 2002. Design, synthesis, and neuraminidase
inhibitory activity of GS-4071 analogues that utilize a novel hydrophobic paradigm.

Bioorg Med Chem Lett 12:3425-3429.

39



68.

69.

70.

71.

72.

73.

74.

75.

von Itzstein M, Wu WY, Kok GB, Pegg MS, Dyason JC, Jin B, Van Phan T, Smythe
ML, White HF, Oliver SW, et al. 1993. Rational design of potent sialidase-based
inhibitors of influenza virus replication. Nature 363:418-423.

Blumenkrantz D, Roberts KL, Shelton H, Lycett S, Barclay WS. 2013. The short
stalk length of highly pathogenic avian influenza HSN1 virus neuraminidase limits
transmission of pandemic HINI virus in ferrets. J Virol 87:10539-10551.

Matsuoka Y, Swayne DE, Thomas C, Rameix-Welti MA, Naffakh N, Warnes C,
Altholtz M, Donis R, Subbarao K. 2009. Neuraminidase stalk length and additional
glycosylation of the hemagglutinin influence the virulence of influenza HSN1 viruses for
mice. J Virol 83:4704-4708.

Stech O, Veits J, Abdelwhab el SM, Wessels U, Mettenleiter TC, Stech J. 2015. The
Neuraminidase Stalk Deletion Serves as Major Virulence Determinant of HSN1 Highly
Pathogenic Avian Influenza Viruses in Chicken. Sci Rep 5:13493.

Sorrell EM, Song H, Pena L, Perez DR. 2010. A 27-amino-acid deletion in the
neuraminidase stalk supports replication of an avian H2N2 influenza A virus in the
respiratory tract of chickens. J Virol 84:11831-11840.

Gamblin SJ, Skehel JJ. 2010. Influenza hemagglutinin and neuraminidase membrane
glycoproteins. J Biol Chem 285:28403-28409.

Skehel JJ, Wiley DC. 2000. Receptor binding and membrane fusion in virus entry: the
influenza hemagglutinin. Annu Rev Biochem 69:531-569.

Harris A, Cardone G, Winkler DC, Heymann JB, Brecher M, White JM, Steven
AC. 2006. Influenza virus pleiomorphy characterized by cryoelectron tomography. Proc

Natl Acad Sci U S A 103:19123-19127.

40



76.

77.

78.

79.

80.

81.

82.

83.

&4.

P. SMLP. 2013. Orthomyxoviridae. /n M. KDMHP (ed), Fields Virology, 6th ed, vol 1.
Chen BJ, Leser GP, Morita E, Lamb RA. 2007. Influenza virus hemagglutinin and
neuraminidase, but not the matrix protein, are required for assembly and budding of
plasmid-derived virus-like particles. J Virol 81:7111-7123.

Takizawa N, Momose F, Morikawa Y, Nomoto A. 2016. Influenza A Virus
Hemagglutinin is Required for the Assembly of Viral Components Including Bundled
VRNPs at the Lipid Raft. Viruses 8.

Wang Q, Tian X, Chen X, Ma J. 2007. Structural basis for receptor specificity of
influenza B virus hemagglutinin. Proc Natl Acad Sci U S A 104:16874-16879.

Ha Y, Stevens DJ, Skehel JJ, Wiley DC. 2001. X-ray structures of H5 avian and H9
swine influenza virus hemagglutinins bound to avian and human receptor analogs. Proc
Natl Acad Sci U S A 98:11181-11186.

Lazarowitz SG, Choppin PW. 1975. Enhancement of the infectivity of influenza A and
B viruses by proteolytic cleavage of the hemagglutinin polypeptide. Virology 68:440-
454.

Skehel JJ, Bayley PM, Brown EB, Martin SR, Waterfield MD, White JM, Wilson
IA, Wiley DC. 1982. Changes in the conformation of influenza virus hemagglutinin at
the pH optimum of virus-mediated membrane fusion. Proc Natl Acad Sci U S A 79:968-
972.

OIE. 2017. Avian Influenza. In (ed), Manual of diagnostic tests and vaccines for
terrestrial animals

Senne DA, Panigrahy B, Kawaoka Y, Pearson JE, Suss J, Lipkind M, Kida H,

Webster RG. 1996. Survey of the hemagglutinin (HA) cleavage site sequence of H5 and

41



85.

86.

87.

88.

&9.

90.

H7 avian influenza viruses: amino acid sequence at the HA cleavage site as a marker of
pathogenicity potential. Avian Dis 40:425-437.

Stieneke-Grober A, Vey M, Angliker H, Shaw E, Thomas G, Roberts C, Klenk HD,
Garten W. 1992. Influenza virus hemagglutinin with multibasic cleavage site is activated
by furin, a subtilisin-like endoprotease. EMBO J 11:2407-2414.

Suarez DL, Senne DA, Banks J, Brown IH, Essen SC, Lee CW, Manvell RJ,
Mathieu-Benson C, Moreno V, Pedersen JC, Panigrahy B, Rojas H, Spackman E,
Alexander DJ. 2004. Recombination resulting in virulence shift in avian influenza
outbreak, Chile. Emerg Infect Dis 10:693-699.

Pasick J, Handel K, Robinson J, Copps J, Ridd D, Hills K, Kehler H, Cottam-Birt
C, Neufeld J, Berhane Y, Czub S. 2005. Intersegmental recombination between the
haemagglutinin and matrix genes was responsible for the emergence of a highly
pathogenic H7N3 avian influenza virus in British Columbia. J Gen Virol 86:727-731.
Garcia M, Crawford JM, Latimer JW, Rivera-Cruz E, Perdue ML. 1996.
Heterogeneity in the haemagglutinin gene and emergence of the highly pathogenic
phenotype among recent HSN2 avian influenza viruses from Mexico. J Gen Virol 77 ( Pt
7):1493-1504.

Nao N, Yamagishi J, Miyamoto H, Igarashi M, Manzoor R, Ohnuma A, Tsuda Y,
Furuyama W, Shigeno A, Kajihara M, Kishida N, Yoshida R, Takada A. 2017.
Genetic Predisposition To Acquire a Polybasic Cleavage Site for Highly Pathogenic
Avian Influenza Virus Hemagglutinin. MBio 8.

Ekiert DC, Kashyap AK, Steel J, Rubrum A, Bhabha G, Khayat R, Lee JH, Dillon

MA, O'Neil RE, Faynboym AM, Horowitz M, Horowitz L, Ward AB, Palese P,

42



91.

92.

93.

94.

95.

96.

Webby R, Lerner RA, Bhatt RR, Wilson IA. 2012. Cross-neutralization of influenza A
viruses mediated by a single antibody loop. Nature 489:526-532.

Lee PS, Yoshida R, Ekiert DC, Sakai N, Suzuki Y, Takada A, Wilson IA. 2012.
Heterosubtypic antibody recognition of the influenza virus hemagglutinin receptor
binding site enhanced by avidity. Proc Natl Acad Sci U S A 109:17040-17045.
Ohshima N, Iba Y, Kubota-Koketsu R, Asano Y, Okuno Y, Kurosawa Y. 2011.
Naturally occurring antibodies in humans can neutralize a variety of influenza virus
strains, including H3, H1, H2, and H5. J Virol 85:11048-11057.

Xu R, Krause JC, McBride R, Paulson JC, Crowe JE, Jr., Wilson IA. 2013. A
recurring motif for antibody recognition of the receptor-binding site of influenza
hemagglutinin. Nat Struct Mol Biol 20:363-370.

Krause JC, Tsibane T, Tumpey TM, Huffman CJ, Basler CF, Crowe JE, Jr. 2011. A
broadly neutralizing human monoclonal antibody that recognizes a conserved, novel
epitope on the globular head of the influenza HIN1 virus hemagglutinin. J Virol
85:10905-10908.

Whittle JR, Zhang R, Khurana S, King LR, Manischewitz J, Golding H, Dormitzer
PR, Haynes BF, Walter EB, Moody MA, Kepler TB, Liao HX, Harrison SC. 2011.
Broadly neutralizing human antibody that recognizes the receptor-binding pocket of
influenza virus hemagglutinin. Proc Natl Acad Sci U S A 108:14216-14221.

Krause JC, Tsibane T, Tumpey TM, Huffman CJ, Albrecht R, Blum DL, Ramos I,
Fernandez-Sesma A, Edwards KM, Garcia-Sastre A, Basler CF, Crowe JE, Jr.
2012. Human monoclonal antibodies to pandemic 1957 H2N2 and pandemic 1968 H3N2

influenza viruses. J Virol 86:6334-6340.

43



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Ellebedy AH, Ahmed R. 2012. Re-engaging cross-reactive memory B cells: the
influenza puzzle. Front Immunol 3:53.

Hirst GK. 1941. The Agglutination of Red Cells by Allantoic Fluid of Chick Embryos
Infected with Influenza Virus. Science 94:22-23.

Klenk E, Faillard H, Lempfrid H. 1955. [Enzymatic effect of the influenza virus].
Hoppe Seylers Z Physiol Chem 301:235-246.

Matrosovich M, Herrler G, Klenk HD. 2015. Sialic Acid Receptors of Viruses. Top
Curr Chem 367:1-28.

R. VAS. 2009. Sialic acids. /n al VACRDEJDe (ed), Essentials of Glycobiology, 2nd ed.
Cold Spring Harbor Laboratory Press, New York.

Alisson-Silva F, de Carvalho Rodrigues D, Vairo L, Asensi KD, Vasconcelos-dos-
Santos A, Mantuano NR, Dias WB, Rondinelli E, Goldenberg RC, Urmenyi TP,
Todeschini AR. 2014. Evidences for the involvement of cell surface glycans in stem cell
pluripotency and differentiation. Glycobiology 24:458-468.

Torio RM, Mahon PJ. 2008. Paramyxoviruses: different receptors - different
mechanisms of fusion. Trends Microbiol 16:135-137.

Paul RW, Lee PW. 1987. Glycophorin is the reovirus receptor on human erythrocytes.
Virology 159:94-101.

Traving C, Schauer R. 1998. Structure, function and metabolism of sialic acids. Cell
Mol Life Sci 54:1330-1349.

Hensley SE, Das SR, Bailey AL, Schmidt LM, Hickman HD, Jayaraman A,

Viswanathan K, Raman R, Sasisekharan R, Bennink JR, Yewdell JW. 2009.

44



107.

108.

109.

110.

111.

112.

Hemagglutinin receptor binding avidity drives influenza A virus antigenic drift. Science
326:734-736.

Medina RA, Stertz S, Manicassamy B, Zimmermann P, Sun X, Albrecht RA, Uusi-
Kerttula H, Zagordi O, Belshe RB, Frey SE, Tumpey TM, Garcia-Sastre A. 2013.
Glycosylations in the globular head of the hemagglutinin protein modulate the virulence
and antigenic properties of the HIN1 influenza viruses. Sci Transl Med 5:187ral70.
Connor RJ, Kawaoka Y, Webster RG, Paulson JC. 1994. Receptor specificity in
human, avian, and equine H2 and H3 influenza virus isolates. Virology 205:17-23.
Gambaryan AS, Tuzikov AB, Piskarev VE, Yamnikova SS, Lvov DK, Robertson JS,
Bovin NV, Matrosovich MN. 1997. Specification of receptor-binding phenotypes of
influenza virus isolates from different hosts using synthetic sialylglycopolymers: non-
egg-adapted human H1 and H3 influenza A and influenza B viruses share a common high
binding affinity for 6'-sialyl(N-acetyllactosamine). Virology 232:345-350.

Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y. 2006. Avian flu:
influenza virus receptors in the human airway. Nature 440:435-436.

Zhou NN, Senne DA, Landgraf JS, Swenson SL, Erickson G, Rossow K, Liu L,
Yoon K, Krauss S, Webster RG. 1999. Genetic reassortment of avian, swine, and
human influenza A viruses in American pigs. J Virol 73:8851-8856.

Nicholls JM, Bourne AJ, Chen H, Guan Y, Peiris JS. 2007. Sialic acid receptor
detection in the human respiratory tract: evidence for widespread distribution of potential

binding sites for human and avian influenza viruses. Respir Res 8:73.

45



113.

114.

115.

116.

117.

118.

119.

Nelli RK, Kuchipudi SV, White GA, Perez BB, Dunham SP, Chang KC. 2010.
Comparative distribution of human and avian type sialic acid influenza receptors in the
pig. BMC Vet Res 6:4.

Jayaraman A, Chandrasekaran A, Viswanathan K, Raman R, Fox JG,
Sasisekharan R. 2012. Decoding the distribution of glycan receptors for human-adapted
influenza A viruses in ferret respiratory tract. PLoS One 7:e27517.

Costa T, Chaves AJ, Valle R, Darji A, van Riel D, Kuiken T, Majo N, Ramis A.
2012. Distribution patterns of influenza virus receptors and viral attachment patterns in
the respiratory and intestinal tracts of seven avian species. Vet Res 43:28.

Kimble B, Nieto GR, Perez DR. 2010. Characterization of influenza virus sialic acid
receptors in minor poultry species. Virol J 7:365.

Rogers GN, Paulson JC. 1983. Receptor determinants of human and animal influenza
virus isolates: differences in receptor specificity of the H3 hemagglutinin based on
species of origin. Virology 127:361-373.

Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson IA, Wiley DC. 1983. Single
amino acid substitutions in influenza haemagglutinin change receptor binding specificity.
Nature 304:76-78.

Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Castrucci MR,
Donatelli I, Kawaoka Y. 2000. Early alterations of the receptor-binding properties of
H1, H2, and H3 avian influenza virus hemagglutinins after their introduction into

mammals. J Virol 74:8502-8512.

46



120.

121.

122.

123.

124.

125.

Liu J, Stevens DJ, Haire LF, Walker PA, Coombs PJ, Russell RJ, Gamblin SJ,
Skehel JJ. 2009. Structures of receptor complexes formed by hemagglutinins from the
Asian Influenza pandemic of 1957. Proc Natl Acad Sci U S A 106:17175-17180.

Glaser L, Stevens J, Zamarin D, Wilson IA, Garcia-Sastre A, Tumpey TM, Basler
CF, Taubenberger JK, Palese P. 2005. A single amino acid substitution in 1918
influenza virus hemagglutinin changes receptor binding specificity. J Virol 79:11533-
11536.

Tumpey TM, Maines TR, Van Hoeven N, Glaser L, Solorzano A, Pappas C, Cox NJ,
Swayne DE, Palese P, Katz JM, Garcia-Sastre A. 2007. A two-amino acid change in
the hemagglutinin of the 1918 influenza virus abolishes transmission. Science 315:655-
659.

Stevens J, Blixt O, Glaser L, Taubenberger JK, Palese P, Paulson JC, Wilson IA.
2006. Glycan microarray analysis of the hemagglutinins from modern and pandemic
influenza viruses reveals different receptor specificities. J Mol Biol 355:1143-1155.

Xu R, de Vries RP, Zhu X, Nycholat CM, McBride R, Yu W, Paulson JC, Wilson
IA. 2013. Preferential recognition of avian-like receptors in human influenza A H7N9
viruses. Science 342:1230-1235.

Shi Y, Zhang W, Wang F, Qi J, Wu Y, Song H, Gao F, Bi Y, Zhang Y, Fan Z, Qin
C, Sun H, Liu J, Haywood J, Liu W, Gong W, Wang D, Shu Y, Wang Y, Yan J, Gao
GF. 2013. Structures and receptor binding of hemagglutinins from human-infecting

H7N9 influenza viruses. Science 342:243-247.

47



126.

127.

128.

129.

130.

131.

132.

Chandrasekaran A, Srinivasan A, Raman R, Viswanathan K, Raguram S, Tumpey
TM, Sasisekharan V, Sasisekharan R. 2008. Glycan topology determines human
adaptation of avian H5N1 virus hemagglutinin. Nat Biotechnol 26:107-113.

Bewley CA. 2008. Illuminating the switch in influenza viruses. Nat Biotechnol 26:60-62.
Xu D, Newhouse EI, Amaro RE, Pao HC, Cheng LS, Markwick PR, McCammon
JA, Li WW, Arzberger PW. 2009. Distinct glycan topology for avian and human
sialopentasaccharide receptor analogues upon binding different hemagglutinins: a
molecular dynamics perspective. J Mol Biol 387:465-491.

Ji Y, White YJ, Hadden JA, Grant OC, Woods RJ. 2017. New insights into influenza
A specificity: an evolution of paradigms. Curr Opin Struct Biol 44:219-231.

Peng W, de Vries RP, Grant OC, Thompson AJ, McBride R, Tsogtbaatar B, Lee PS,
Razi N, Wilson IA, Woods RJ, Paulson JC. 2017. Recent H3N2 Viruses Have Evolved
Specificity for Extended, Branched Human-type Receptors, Conferring Potential for
Increased Avidity. Cell Host Microbe 21:23-34.

de Vries RP, Peng W, Grant OC, Thompson AJ, Zhu X, Bouwman KM, de la Pena
ATT, van Breemen MJ, Ambepitiya Wickramasinghe IN, de Haan CAM, Yu W,
McBride R, Sanders RW, Woods RJ, Verheije MH, Wilson 1A, Paulson JC. 2017.
Three mutations switch H7N9 influenza to human-type receptor specificity. PLoS Pathog
13:€1006390.

Lin YP, Xiong X, Wharton SA, Martin SR, Coombs PJ, Vachieri SG, Christodoulou
E, Walker PA, Liu J, Skehel JJ, Gamblin SJ, Hay AJ, Daniels RS, McCauley JW.
2012. Evolution of the receptor binding properties of the influenza A(H3N2)

hemagglutinin. Proc Natl Acad Sci U S A 109:21474-21479.

48



133.

134.

135.

136.

137.

138.

139.

140.

Abe Y, Takashita E, Sugawara K, Matsuzaki Y, Muraki Y, Hongo S. 2004. Effect of
the addition of oligosaccharides on the biological activities and antigenicity of influenza
A/H3N2 virus hemagglutinin. J Virol 78:9605-9611.

Tate MD, Job ER, Deng YM, Gunalan V, Maurer-Stroh S, Reading PC. 2014.
Playing hide and seek: how glycosylation of the influenza virus hemagglutinin can
modulate the immune response to infection. Viruses 6:1294-1316.

An Y, McCullers JA, Alymova I, Parsons LM, Cipollo JF. 2015. Glycosylation
Analysis of Engineered H3N2 Influenza A Virus Hemagglutinins with Sequentially
Added Historically Relevant Glycosylation Sites. J Proteome Res 14:3957-3969.
Jayaraman A, Koh X, Li J, Raman R, Viswanathan K, Shriver Z, Sasisekharan R.
2012. Glycosylation at Asn91 of HIN1 haemagglutinin affects binding to glycan
receptors. Biochem J 444:429-435.

Vigerust DJ, Ulett KB, Boyd KL, Madsen J, Hawgood S, McCullers JA. 2007. N-
linked glycosylation attenuates H3N2 influenza viruses. J Virol 81:8593-8600.

Zhang Y, Zhu J, Li Y, Bradley KC, Cao J, Chen H, Jin M, Zhou H. 2013.
Glycosylation on hemagglutinin affects the virulence and pathogenicity of pandemic
HIN1/2009 influenza A virus in mice. PLoS One 8:¢61397.

Homme PJ, Easterday BC. 1970. Avian influenza virus infections. I. Characteristics of
influenza A-turkey-Wisconsin-1966 virus. Avian Dis 14:66-74.

Smithies LK, Radloff DB, Friedell RW, Albright GW, Misner VE, Easterday BC.
1969. Two different type A influenza virus infections in turkeys in Wisconsin. I. 1965-66

outbreak. Avian Dis 13:603-606.

49



141.

142.

143.

144.

145.

146.

147.

148.

Brown IH, Banks J, Manvell RJ, Essen SC, Shell W, Slomka M, Londt B, Alexander
DJ. 2006. Recent epidemiology and ecology of influenza A viruses in avian species in
Europe and the Middle East. Dev Biol (Basel) 124:45-50.

Olsen B, Munster VJ, Wallensten A, Waldenstrom J, Osterhaus AD, Fouchier RA.
2006. Global patterns of influenza a virus in wild birds. Science 312:384-388.
Halvorson D.A. FDD, Friendshuh A. J., Shaw D. P. 1997. Outbreak of low
pathogencity avian influenza in USA, p 36-49. In R.D SDaS (ed), Tallahassee.

Hossain MJ, Hickman D, Perez DR. 2008. Evidence of expanded host range and
mammalian-associated genetic changes in a duck HON2 influenza virus following
adaptation in quail and chickens. PLoS One 3:e3170.

Dong G, Luo J, Zhang H, Wang C, Duan M, Deliberto TJ, Nolte DL, Ji G, He H.
2011. Phylogenetic diversity and genotypical complexity of HON2 influenza A viruses
revealed by genomic sequence analysis. PLoS One 6:e17212.

Perez DR, Lim W, Seiler JP, Yi G, Peiris M, Shortridge KF, Webster RG. 2003.
Role of quail in the interspecies transmission of H9 influenza A viruses: molecular
changes on HA that correspond to adaptation from ducks to chickens. J Virol 77:3148-
3156.

Sun Y, Pu J, Jiang Z, Guan T, Xia Y, Xu Q, Liu L, Ma B, Tian F, Brown EG, Liu J.
2010. Genotypic evolution and antigenic drift of HON2 influenza viruses in China from
1994 to 2008. Vet Microbiol 146:215-225.

Wu R, Sui ZW, Zhang HB, Chen QJ, Liang WW, Yang KL, Xiong ZL, Liu ZW,
Chen Z, Xu DP. 2008. Characterization of a pathogenic HON2 influenza A virus isolated

from central China in 2007. Arch Virol 153:1549-1555.

50



149.

150.

151.

152.

153.

154.

155.

Davidson I, Fusaro A, Heidari A, Monne I, Cattoli G. 2014. Molecular evolution of
HON2 avian influenza viruses in Israel. Virus Genes 48:457-463.

Naeem K, Ullah A, Manvell RJ, Alexander DJ. 1999. Avian influenza A subtype
HON2 in poultry in Pakistan. Vet Rec 145:560.

Nili H, Asasi K. 2003. Avian influenza (HON2) outbreak in Iran. Avian Dis 47:828-831.
Parvin R, Heenemann K, Halami MY, Chowdhury EH, Islam MR, Vahlenkamp
TW. 2014. Full-genome analysis of avian influenza virus HON2 from Bangladesh reveals
internal gene reassortments with two distinct highly pathogenic avian influenza viruses.
Arch Virol 159:1651-1661.

Guo YJ, Krauss S, Senne DA, Mo IP, Lo KS, Xiong XP, Norwood M, Shortridge
KF, Webster RG, Guan Y. 2000. Characterization of the pathogenicity of members of
the newly established HIN2 influenza virus lineages in Asia. Virology 267:279-288.
Fusaro A, Monne I, Salviato A, Valastro V, Schivo A, Amarin NM, Gonzalez C,
Ismail MM, Al-Ankari AR, Al-Blowi MH, Khan OA, Maken Ali AS, Hedayati A,
Garcia Garcia J, Ziay GM, Shoushtari A, Al Qahtani KN, Capua I, Holmes EC,
Cattoli G. 2011. Phylogeography and evolutionary history of reassortant HON2 viruses
with potential human health implications. J Virol 85:8413-8421.

Monne I, Hussein HA, Fusaro A, Valastro V, Hamoud MM, Khalefa RA, Dardir
SN, Radwan MI, Capua I, Cattoli G. 2013. HON2 influenza A virus circulates in HSN1
endemically infected poultry population in Egypt. Influenza Other Respir Viruses 7:240-

243.

51



156.

157.

158.

159.

160.

161.

162.

163.

Arafa AS, Hagag NM, Yehia N, Zanaty AM, Naguib MM, Nasef SA. 2012. Effect of
cocirculation of highly pathogenic avian influenza H5SN1 subtype with low pathogenic
HON2 subtype on the spread of infections. Avian Dis 56:849-857.

Song H, Qi J, Xiao H, Bi Y, Zhang W, Xu Y, Wang F, Shi Y, Gao GF. 2017. Avian-
to-Human Receptor-Binding Adaptation by Influenza A Virus Hemagglutinin H4. Cell
Rep 20:1201-1214.

Guo Y, Li J, Cheng X. 1999. [Discovery of men infected by avian influenza A (HON2)
virus]. Zhonghua Shi Yan He Lin Chuang Bing Du Xue Za Zhi 13:105-108.

Cheng VC, Chan JF, Wen X, Wu WL, Que TL, Chen H, Chan KH, Yuen KY. 2011.
Infection of immunocompromised patients by avian HON2 influenza A virus. J Infect
62:394-399.

Peiris M, Yuen KY, Leung CW, Chan KH, Ip PL, Lai RW, Orr WK, Shortridge
KF. 1999. Human infection with influenza HON2. Lancet 354:916-917.

Guo YX, J.; Wang, M.; Dang, J.; . 2000. A strain of influenza A HON2 virus
repeatedly isolated from human population in China. Chin J Exp Clin Virol 14:209-212.
Butt KM, Smith GJ, Chen H, Zhang LJ, Leung YH, Xu KM, Lim W, Webster RG,
Yuen KY, Peiris JS, Guan Y. 2005. Human infection with an avian HON2 influenza A
virus in Hong Kong in 2003. J Clin Microbiol 43:5760-5767.

Freidl GS, Meijer A, de Bruin E, de Nardi M, Munoz O, Capua I, Breed AC, Harris
K, Hill A, Kosmider R, Banks J, von Dobschuetz S, Stark K, Wieland B, Stevens K,
van der Werf S, Enouf V, van der Meulen K, Van Reeth K, Dauphin G, Koopmans

M, Consortium F. 2014. Influenza at the animal-human interface: a review of the

52



164.

165.

166.

167.

168.

169.

literature for virological evidence of human infection with swine or avian influenza
viruses other than A(H5N1). Euro Surveill 19.

Wang Q, Ju L, Liu P, Zhou J, Lv X, Li L, Shen H, Su H, Jiang L, Jiang Q. 2015.
Serological and virological surveillance of avian influenza A virus H9N2 subtype in
humans and poultry in Shanghai, China, between 2008 and 2010. Zoonoses Public Health
62:131-140.

Chen J, Ma J, White SK, Cao Z, Zhen Y, He S, Zhu W, Ke C, Zhang Y, Su S, Zhang
G. 2015. Live poultry market workers are susceptible to both avian and swine influenza
viruses, Guangdong Province, China. Vet Microbiol 181:230-235.

Huang R, Wang AR, Liu ZH, Liang W, Li XX, Tang YJ, Miao ZM, Chai TJ. 2013.
Seroprevalence of avian influenza HON2 among poultry workers in Shandong Province,
China. Eur J Clin Microbiol Infect Dis 32:1347-1351.

Su S, Chen J, Cao Z, Lai A, Gu H, Ke C, Wu J, Li Y, Qi W, Zhang G. 2013.
Detection of antibodies against Avian influenza virus subtypes H7 and H9 among
veterinarians in Guangdong province, China. J Clin Microbiol 51:4272-4274.

Uyeki TM, Nguyen DC, Rowe T, Lu X, Hu-Primmer J, Huynh LP, Hang NL, Katz
JM. 2012. Seroprevalence of antibodies to avian influenza A (H5) and A (H9) viruses
among market poultry workers, Hanoi, Vietnam, 2001. PLoS One 7:e43948.

Blair PJ, Putnam SD, Krueger WS, Chum C, Wierzba TF, Heil GL, Yasuda CY,
Williams M, Kasper MR, Friary JA, Capuano AW, Saphonn V, Peiris M, Shao H,
Perez DR, Gray GC. 2013. Evidence for avian HON2 influenza virus infections among

rural villagers in Cambodia. J Infect Public Health 6:69-79.

53



170.

171.

172.

173.

174.

175.

176.

Okoye J, Eze D, Krueger WS, Heil GL, Friary JA, Gray GC. 2013. Serologic
evidence of avian influenza virus infections among Nigerian agricultural workers. J] Med
Virol 85:670-676.

Pawar SD, Tandale BV, Raut CG, Parkhi SS, Barde TD, Gurav YK, Kode SS,
Mishra AC. 2012. Avian influenza HON2 seroprevalence among poultry workers in
Pune, India, 2010. PLoS One 7:¢36374.

Gomaa MR, Kayed AS, Elabd MA, Zeid DA, Zaki SA, El Rifay AS, Sherif LS,
McKenzie PP, Webster RG, Webby RJ, Ali MA, Kayali G. 2015. Avian influenza
A(H5N1) and A(H9N2) seroprevalence and risk factors for infection among Egyptians: a
prospective, controlled seroepidemiological study. J Infect Dis 211:1399-1407.

Heidari A, Mancin M, Nili H, Pourghanbari GH, Lankarani KB, Leardini S, Cattoli
G, Monne I, Piccirillo A. 2016. Serological evidence of HON2 avian influenza virus
exposure among poultry workers from Fars province of Iran. Virol J 13:16.

Ahad A, Thornton RN, Rabbani M, Yaqub T, Younus M, Muhammad K, Mahmood
A, Shabbir MZ, Kashem MA, Islam MZ, Mangtani P, Burgess GW, Tun HM,
Hoque MA. 2014. Risk factors for H7 and H9 infection in commercial poultry farm
workers in provinces within Pakistan. Prev Vet Med 117:610-614.

Stephenson I, Nicholson KG, Gluck R, Mischler R, Newman RW, Palache AM,
Verlander NQ, Warburton F, Wood JM, Zambon MC. 2003. Safety and antigenicity
of whole virus and subunit influenza A/Hong Kong/1073/99 (H9N2) vaccine in healthy
adults: phase I randomised trial. Lancet 362:1959-1966.

Nicholson KG, Thompson CI, Klap JM, Wood JM, Batham S, Newman RW,

Mischler R, Zambon MC, Stephenson L. 2009. Safety and immunogenicity of whole-

54



177.

178.

179.

180.

181.

182.

183.

virus, alum-adjuvanted whole-virus, virosomal, and whole-virus intradermal influenza
A/HON2 vaccine formulations. Vaccine 28:171-178.

Peiris JS, Guan Y, Markwell D, Ghose P, Webster RG, Shortridge KF. 2001.
Cocirculation of avian HON2 and contemporary "human" H3N2 influenza A viruses in
pigs in southeastern China: potential for genetic reassortment? J Virol 75:9679-9686.

Xu C, Fan W, Wei R, Zhao H. 2004. Isolation and identification of swine influenza
recombinant A/Swine/Shandong/1/2003(H9N2) virus. Microbes Infect 6:919-925.

Cong YL, Pu J, Liu QF, Wang S, Zhang GZ, Zhang XL, Fan WX, Brown EG, Liu
JH. 2007. Antigenic and genetic characterization of HON2 swine influenza viruses in
China. J Gen Virol 88:2035-2041.

Yuan Z, Zhu W, Chen Y, Zhou P, Cao Z, Xie J, Zhang C, Ke C, Qi W, Su S, Zhang
G. 2013. Serological surveillance of H5 and H9 avian influenza A viral infections among
pigs in Southern China. Microb Pathog 64:39-42.

Gomaa MR, Kandeil A, El-Shesheny R, Shehata MM, McKenzie PP, Webby RJ, Ali
MA, Kayali G. 2017. Evidence of infection with avian, human, and swine influenza
viruses in pigs in Cairo, Egypt. Arch Virol doi:10.1007/s00705-017-3619-3.

Sun X, Xu X, Liu Q, Liang D, Li C, He Q, Jiang J, Cui Y, Li J, Zheng L, Guo J,
Xiong Y, Yan J. 2013. Evidence of avian-like HON2 influenza A virus among dogs in
Guangxi, China. Infect Genet Evol 20:471-475.

M. HMANSMEA-L. 2012. Seroprevalence of avian HON2 influenza virus in populaion

of Iranian domestic dogs. Journal of Basic and Applied Sciences 8:339-343.

55



184.

185.

186.

187.

188.

189.

190.

191.

Zhang K, Zhang Z, Yu Z, Li L, Cheng K, Wang T, Huang G, Yang S, Zhao Y, Feng
N, Fu J, Qin C, Gao Y, Xia X. 2013. Domestic cats and dogs are susceptible to HON2
avian influenza virus. Virus Res 175:52-57.

Marshall N, Priyamvada L, Ende Z, Steel J, Lowen AC. 2013. Influenza virus
reassortment occurs with high frequency in the absence of segment mismatch. PLoS
Pathog 9:¢1003421.

Steel J, Lowen AC. 2014. Influenza A Virus Reassortment, p 377-401. In Compans RW,
Oldstone MBA (ed), Influenza Pathogenesis and Control - Volume I
doi:10.1007/82_2014 395. Springer International Publishing, Cham.

Arafa AS, Hagag N, Erfan A, Mady W, El-Husseiny M, Adel A, Nasef S. 2012.
Complete genome characterization of avian influenza virus subtype HON2 from a
commercial quail flock in Egypt. Virus Genes 45:283-294.

Wang B, Chen Q, Chen Z. 2012. Complete genome sequence of an HIN2 avian
influenza virus isolated from egret in Lake Dongting wetland. J Virol 86:11939.

Liu D, Shi W, Shi Y, Wang D, Xiao H, Li W, Bi Y, Wu Y, Li X, Yan J, Liu W, Zhao
G, Yang W, Wang Y, Ma J, Shu Y, Lei F, Gao GF. 2013. Origin and diversity of novel
avian influenza A H7N9 viruses causing human infection: phylogenetic, structural, and
coalescent analyses. Lancet 381:1926-1932.

Guan Y, Shortridge KF, Krauss S, Webster RG. 1999. Molecular characterization of
HON2 influenza viruses: were they the donors of the "internal" genes of HSN1 viruses in
Hong Kong? Proc Natl Acad Sci U S A 96:9363-9367.

Arafa AS, Yamada S, Imai M, Watanabe T, Yamayoshi S, Iwatsuki-Horimoto K,

Kiso M, Sakai-Tagawa Y, Ito M, Imamura T, Nakajima N, Takahashi K, Zhao D,

56



192.

193.

194.

195.

196.

Oishi K, Yasuhara A, Macken CA, Zhong G, Hanson AP, Fan S, Ping J, Hatta M,
Lopes TJ, Suzuki Y, El-Husseiny M, Selim A, Hagag N, Soliman M, Neumann G,
Hasegawa H, Kawaoka Y. 2016. Risk assessment of recent Egyptian HSN1 influenza
viruses. Sci Rep 6:38388.

Qi W, Zhou X, Shi W, Huang L, Xia W, Liu D, Li H, Chen S, Lei F, Cao L, Wu J,
He F, Song W, Li Q, Li H, Liao M, Liu M. 2014. Genesis of the novel human-infecting
influenza A(H10NS) virus and potential genetic diversity of the virus in poultry, China.
Euro Surveill 19.

Wan H, Sorrell EM, Song H, Hossain MJ, Ramirez-Nieto G, Monne I, Stevens J,
Cattoli G, Capua I, Chen LM, Donis RO, Busch J, Paulson JC, Brockwell C, Webby
R, Blanco J, Al-Natour MQ, Perez DR. 2008. Replication and transmission of HON2
influenza viruses in ferrets: evaluation of pandemic potential. PLoS One 3:¢2923.
Sorrell EM, Wan H, Araya Y, Song H, Perez DR. 2009. Minimal molecular
constraints for respiratory droplet transmission of an avian-human HON2 influenza A
virus. Proc Natl Acad Sci U S A 106:7565-7570.

Wan H, Perez DR. 2007. Amino acid 226 in the hemagglutinin of HON2 influenza
viruses determines cell tropism and replication in human airway epithelial cells. J Virol
81:5181-5191.

Srinivasan K, Raman R, Jayaraman A, Viswanathan K, Sasisekharan R. 2013.
Quantitative characterization of glycan-receptor binding of HIN2 influenza A virus

hemagglutinin. PLoS One 8:¢59550.

57



CHAPTER 3
REPLICATION AND TRANSMISSION OF MAMMALIAN-ADAPTED H9 SUBTYPE

INFLUENZA VIRUS IN PIGS AND QUAIL!
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Abstract

Influenza A virus is a major pathogen of birds, swine, and humans. Strains can jump
between species in a process often requiring genetic mutation and genome reassortment resulting
in outbreaks and, potentially, pandemics. HON2 avian influenza is predominant in poultry across
Asia and has occasionally infected humans and swine. Pandemic HIN1 (H1N1pdm) is endemic
in humans and swine and has a history of reassortment in pigs. Previous studies have shown the
compatibility of HON2 and H1IN1pdm for reassortment in ferrets, a model for human infection
and transmission. Here, the effects of ferret adaptation of H9 subtype surface gene segments on
the infectivity and transmission in at-risk natural hosts, specifically swine and quail, is analyzed.
Reassortant HON1 and HONZ2 viruses, carrying 7 or 6 gene segments from H1N1pdm showed
infectivity and transmissibility in swine, unlike the avian HON2 virus with ferret-adapted surface
genes. In quail, only the reassortant HON2 with the 6 internal gene segments from HIN1pdm
strain was able to infect and transmit, however, less efficiently than the avian HON2 virus with
ferret-adapted surface genes. These results highlight that ferret-adapted mutations on the
hemagglutinin of H9 subtype virus do not restrict the virus ability to infect swine or quail and
that the ability to transmit in these species depend on the context of the whole virus. As such, this
study emphasizes the threat HON2 reassortant viruses pose to humans and agricultural species,
and the role swine and quail could play in the generation of novel viruses as possible mixing

vessel.
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Introduction

Influenza A viruses (IAV) are classified into subtypes based on the antigenic differences
of the surface glycoproteins hemmaglutinin (HA) and neuraminidase (NA) into 18 HA and 11
NA subtypes with aquatic birds considered natural hosts of influenza and all subtypes except
H17N10 and H18N11 viruses (Fouchier et al., 2005; Webster et al., 1992), (Gamblin and Skehel,
2010; Tong et al., 2012; Tong et al., 2013). IAVs of the HIN2 subtype are low pathogenic
viruses, and two geographically distinct lineages have been described -- the North American and
Eurasian lineages. Members of the Eurasian lineage jumped into poultry in Asia in the late
1980's causing outbreaks. These outbreaks have occurred in land-based poultry in many
countries including China, Iran, Pakistan, Lebanon, Israel and Egypt (Barbour et al., 2006;
Naeem et al., 1999; Nili and Asasi, 2003) and HINZ viruses are currently endemic in poultry
populations across much of Asia and the Middle East, mainly chickens, quail, and turkeys

(Alexander, 2000; Guo et al., 2000; Naeem et al., 1999; Sun et al., 2010).

The HIN2 IAV host range is not restricted to birds. Human and swine infections with
HIN2 have been reported. Human infections with HON2 viruses are relatively few and have been
associated with direct contact with infected birds (Uyeki et al., 2002). Studies showed that these
isolates were of the Eurasian G1-like sub-lineage (Lin et al., 2000). Subsequent isolates from
sporadic human cases have been from the G1- and Y280-like lineages (Bultt et al., 2010; Butt
KM, 2005; Cheng et al., 2011). In 1998, the first swine HIN2 of the Y280-like sub-lineage was
isolated in Hong Kong. Unlike human infections, swine infections appear more common and are
associated with all sub-lineages (Cong et al., 2007; Rui-Hua et al., 2011; Xu et al., 2008).
Incidental and experimental infection of canines and felines with HON2 have also been reported

(Zhang et al., 2013)
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HIN2 viruses are of particular interest as they have been identified along with H7 and H5
as being of pandemic concern. HIN2 viruses have also been identified as the donor, as well as
recipient, of the internal genes to the highly pathogenic IAV H5N1 and the newly emerged
H7N9 and H10N8 viruses that have infected humans in Asia (Chen et al., 2014; Liu et al., 2013;
Wu et al., 2013). HIN2 reassortants have been isolated from both birds and swine (Abolnik et
al., 2007; Cong et al., 2007; Wang et al., 2012; Yu et al., 2008; Yu et al., 2011). Under
experimental conditions, HON2 viruses also demonstrate compatibility for reassortment,
especially with regards to human seasonal H3N2 and H1N1pdm viruses, with many reassortants
showing increased infectivity, transmissibility and pathogenicity in mice and ferrets (Kimble et
al., 2014; Kimble et al., 2011; Qiao et al., 2012; Sorrell et al., 2009; Sun Y, 2011; Wan et al.,

2008).

We previously reported that a reassortant virus having surface genes from an avian HON2
virus (A/guinea fowl/Hong Kong/WF10/1999) and internal genes from a human H3N2 virus
(A/Memphis/14/1998) - herein referred to as 2WF10:6M98 -transmitted only to direct contact
ferrets (Wan et al., 2008). We further showed that following mammalian adaptation of the
2WF10:6M98 virus in ferrets, a ferret-adapted virus emerged, 2P10:6M98, in which only 3
amino acid changes in the surface genes (T189A in HAL, G192R in HA2 and 128V in the NA)
were sufficient for airborne transmission to indirect contact ferrets (Sorrell et al., 2009).
Transferring the HA gene segment of the 2P10:6M98 virus (with or without the NA gene
segment) into the HIN1pdm backbone (1P10:7pdm or 2P10:6pdm) also allowed for efficient

airborne transmission in ferrets (Kimble et al., 2014; Kimble et al., 2011).

Whilst our previous results show that two mutations (T189A in HAL and G192R in HA2)

in the HA were essential for airborne transmission of H9:H1N1pdm reassortants in ferrets, it is
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unknown whether these mutations would restrict the host range of the reassortant viruses. In this
regard it is important to note that the ferret is widely used as an animal model to study airborne
transmission of influenza viruses, adaptive mutations that lead to such a phenotype have been
identified in H9, H7, and H5 subtypes (Herfst et al., 2012; Imai et al., 2013; Ku et al., 2014, Li et
al., 2014; Sorrell et al., 2009; Sutton et al., 2014; Wan et al., 2008). However, studies are lacking
to demonstrate whether the ferret-adaptive mutations would affect the replication and
transmission phenotype of these reassortants in pigs and quail. We chose the pig, an important
agricultural species and intermediate host of influenza virus and quail, a land-based poultry
species that has been shown to allow replication of multiple influenza viruses (Makarova et al.,
2003). Our results showed that the replication and transmission of H9: HIN1pdm reassortant
viruses differed in the swine and quail hosts and that molecular changes that confer efficient

transmission can be virus and host specific.

Results

Effect of ferret-adapted mutations on infectivity, transmissibility, and pathogenicity of H9

subtype viruses in swine

To test the effect of mammalian-adapted (ferret-adapted) mutations of the H9 HA
(Kimble et al., 2011; Sorrell et al., 2009) for replication and transmission in pigs and quail, five
viruses were prepared (Table 3.1). Viruses containing the ferret-adapted H9 HA gene segment
from the A/ferret/Maryland/P10_UMD/2008 (H9N2) virus (2P10:6WF10, 2P10:6pdm, and
1P10:7pdm) were rescued in the context of the avian-origin A/guinea fowl/Hong
Kong/WF10/1999 (H9N2) (WF10), or the pandemic-origin A/Netherlands/602/2009 (H1N1)

(H1IN21pdm). Controls included reverse genetics versions of the wt WF10 and HIN1pdm viruses.
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Pigs were screened for prior influenza exposure and were negative by an ELISA assay prior to
the study. IAV was not detected in nasal secretions of any pig at 0 days post-inoculation (pi).
Negative-control pigs remained negative for virus isolation throughout the course of the
experiment. Pigs, regardless of group, showed no clinical signs of disease over the course of the

study.

None of the 15 pigs directly inoculated (DI) with the 2P10:6WF10 virus showed viral
shedding at any sampling time points nor did their direct contact (DC) pigs (data not shown). In
contrast and as expected, all nasal swabs from the HIN1pdm DI group were positive from 2-6
dpi; and stopped shedding virus by 8 dpi (Fig 3.1). All 6 HIN1pdm DC pigs were positive for
virus by 2 days post contact (dpc) and continued shedding through 6 dpc before beginning to
clear the virus with low levels of virus shedding by 8 dpc (3/6 positive) and 10 dpc (1/6
positive). The 2P10:6pdm DI pigs shed virus from 2-6 dpi, although the amount of virus titer
was, on average, ~1.5 logio lower than the group infected with the HIN1pdm virus. DC pigs in
the 2P10:6pdm group became infected later when compared to the HIN1pdm group.
Additionally, there was an apparent second round of transmission within the infected DC pigs as
two previously negative DC pigs began shedding at 10 dpc, well after the DI pigs had cleared the
virus. Overall, 4 of the 6 DC pigs became infected with 2P10:6pdm virus. Finally, all 1P10:7pdm
DI pigs shed virus from 2 dpi through 6 dpi but were negative by 8 dpi. The 1P10:7pdm virus
was efficiently transmitted as 5 of 6 DC pigs began shedding by 4 dpc with clearance by 8-
10dpc. There was also an apparent secondary transmission event in this group as the one
previously negative DC pig began shedding virus at 10 dpc making 6 of 6 contact pigs positive
for infection. Of note, nasal swabs collected from 5 DI pigs in the 1P10:7pdm virus group that

were euthanized on 3 dpi were clearly positive for virus isolation but the titers were just above
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the limit of detection (indicated with an asterisk in Fig. 3.1) This observation is inconsistent with
virus titers in nasal swabs collected from these and other DI pigs in this group at 2 and 4 dpi, but
consistent with lower virus titers in BALFs at 3 dpi in the same subset of 5 pigs (Fig. 3.2c). The
significance of such finding remains to be discerned, but it does not change the observation that

the 1P10:7pdm virus replicated in the respiratory tract of DI pigs.

Pathological analysis revealed that pigs inoculated with the 2P10:6WF10 virus had very
few visible lung lesions at 3 dpi and not different from the negative control group at 5 dpi. The
H1N1pdm infected pigs showed the most significant macroscopic lung lesions (Fig. 3.2a and b),
with average percentage of lung affected (average of 5 pigs/group) being 16.5% and 20.5% at 3
dpi and 5 dpi, respectively. Pigs inoculated with the 2P10:6pdm and 1P10:7pdm viruses showed
an intermediate level of gross pathology. The 2P10:6pdm group averaged 5.6% and 3.3% on 3
dpi and 5 dpi, respectively. The 1P10:7pdm group had lesions covering 6.7% and 4.3% of visible

lung surface at 3 dpi and 5 dpi, respectively (Fig. 3.2a and b).

The 2P10:6WF10 group had no detectable virus in the BALF on either 3 or 5 dpi,
consistent with the nearly complete lack of pathology and lack of virus shedding at these time
points (Fig 3.2c). The H1IN1pdm group had the highest average titer of all 5 groups on both 3 dpi
and 5 dpi. The 1P10:7pdm group had the lowest average titer for both days, however by 5 dpi the
titer was nearly equivalent to the 2P10:6pdm virus group. Consistent with virus shedding in nasal
swabs, BALF virus titers from the HIN1pdm infected pigs were significantly higher than for the

1P10:7pdm group on both 3 and 5 dpi.
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Ferret-adapted mutations do not alter infectivity, transmissibility, and pathogenicity of H9

subtype viruses in quail

Unlike in swine, viral replication in quail respiratory samples was evident in the
2P10:6pdm group (Fig. 3.3), in which DI quail shed virus in trachea from 1 dpi to 5 dpi and
became negative by 7 dpi. In contrast, DI quail in the 1P10:7pdm group were positive only at 1
dpi, quickly clearing the virus and remaining negative for the remainder of the experiment. DI
quail in the 2P10:6WF10 group were positive for virus from 1 dpi through 5 dpi with the highest
virus titers at 3 dpi. This was similar to the wt WF10 infected quail, although in this latter group,
virus could be detected at 7 dpi. None of the DI quail showed clinical signs of disease, consistent
with previous observations (Perez et al., 2003a). No virus was isolated from cloaca swabs in any of
the groups except occasional shedding in the 2P10:6WF10 and wt WF10 groups. None of the PBS

control quail shed virus (not shown).

In the DC groups, 2 of the 6 DC quail in the 2P10:6pdm group were positive for virus by 4
dpi and another began shedding on day 5, with these quail shedding for only 2-3 days. DC
transmission did not occur in the 1P10:7pdm group as none of the DC quail became positive
during the course of the experiment, consistent with the limited shedding in the corresponding DI
group. All DC quail in the 2P10:6WF10 and wt WF10 groups became positive by 2 dpc, began to
clear virus by 6 dpc and had stopped shedding by day 8, except for one DC quail in the
2P10:6WF10 group (Fig. 3.3). Virus titers in lungs of inoculated quail collected at 4 dpi and 6 dpi
corresponded well with virus titers in tracheal swabs (Figs 3.3 and 3.4). Virus titers in the lungs of
quail infected with viruses carrying the WF10 internal gene segments (2P10:6WF10 and wt WF10)
were ~1.5log1o higher compared to those having the pdm backbone (2P10:6pdm and 1P10:7pdm,

Fig. 3.4).
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Seroconversion in swine and quail is consistent with H9 influenza virus infection

To measure seroconversion, all surviving pigs were bled at 14 dpi and 20 dpi and tested
by NP ELISA for evidence of infection (Table 3.2). No negative PBS control pigs showed
evidence of seroconversion (data not shown). From the 2P10:6WF10 group, only 3 of the
remaining 5 DI pigs seroconverted by 20 dpi and none of the DC pigs seroconverted, consistent
with poor virus replication in this group. It must be noted that one DI pig in the 2P10:6pdm
group and one DI pig in the HLIN1pdm were euthanized prior to serum collection due to
unforeseen circumstances unrelated to the experiment. The DI HIN1pdm group showed
seroconversion in 3 of 4 remaining DI pigs at 14 dpi and 4 of 4 at 20 dpi. All 6 DC pigs in the
H1N1pdm group seroconverted by 14 dpi. The DI pigs in the 2P10:6pdm group had 2 of 4
seropositive at 14 dpi and 4 of 4 at 20 dpi. The two DC pigs that were positive by virus isolation
by 6 dpc seroconverted by 20 dpi and were the only DC pigs to do so. The 5 remaining DI pigs
in 1P10:7pdm virus group were seropositive by 20 dpi. And 4 of the 6 DC pigs in this latter
group seroconverted at 14 dpi, but only 3 were positive by 20 dpi.

Quail (6 DI and 6 DC quail/group) serum samples were tested for seroconversion by HI
assay (Table 3.2). No negative control quail seroconverted. Of the 6 DI quail in the 1P10:7pdm
group, only 1 did not seroconvert; however, HI titers were low (<80), which is consistent with
virus replication below the limit of detection. Also consistent with this observation was the lack
of seroconversion in the DC quail in this group indicating a lack of transmission. All DI quail in
the other virus groups had significant HI titers (2P10:6pdm >80; 2P10:6WF10 and wt WF10
>320) against the respective homologous viruses, consistent with active virus replication.
Likewise all DC quail in the 2P10:6 WF10 and wt WF10 groups had HI titer of >320 consistent

with efficient virus transmission. DC quail in the 2P10:6pdm group showed low levels of
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seroconversion (HI <80) in 4 of 6 quail. In this group, 1 bird that never shed detectable virus had

low HI levels.

Discussion

HIN2 viruses in South-east Asia continue to play a pivotal role in the emergence and
maintenance of other avian influenza viruses that affect poultry and are a threat to human health.
HIN2 viruses have been the donors of broad-host-range genes through reassortment leading to
the emergence of zoonotic viruses like the HSN1, H7N9, and H10NS8 strains in China and, more
recently, the introduction of Eurasian-lineage H5N8 into the USA and Canada, and subsequent
reassortments generating H5N2 and H5N1 mixed-lineage viruses (Eurasian-American) (Chen et
al., 2014; Guan et al., 1999; Lee et al., 2015; Liu et al., 2013; Pasick et al., 2015; Wu et al., 2013;
Yu et al., 2011). Many of the recent HONZ isolates from poultry in Asia and the Middle East
possess hallmarks of human adaptation and have demonstrated the capacity to occasionally infect
humans and swine. The typical mild nature of human HIN2 infections reported to date (Chen et
al., 2011; Kimble et al., 2011) suggests that many occurrences may go unreported. Indeed,
human serological studies suggest that human exposure is high in poultry workers and in
individuals in contact with poultry where HIN2 viruses are present. Studies in Cambodia, Egypt,
India, Nigeria, and Vietnam have revealed significant exposure of humans to HON2 viruses
(Huang et al., 2013; Liu et al., 2009; Okoye et al., 2013; Pawar et al., 2012; Uyeki et al., 2012;

Zhou et al., 2014).

In this study, we tested the replication and transmission in pigs and quail of reassortant H9:pdm
viruses having ferret-adaptive mutations. We reported previously that three amino acid changes

in the surface genes of an avian HIN2 virus conferred efficient airborne transmission of a
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reassortant HON2 : H3N2 virus in the ferret model (Sorrell et al., 2009). We further showed that,
on the HIN1pdm backbone, the two changes in the HA alone were sufficient for airborne
transmission in ferrets without further adaptation (Kimble et al., 2011). In this study, we sought
to determine whether the ferret-adaptive mutations would restrict the host range of these viruses
in other natural hosts of influenza. Swine carry both avian- (a-2,3SA) and human- (a-2,6SA)
like influenza receptors in their respiratory tract (Ito et al., 1998; Kimble et al., 2010; Wan and
Perez, 2006). This allows for potential infection with both avian- and human-origin IAVs and
creates an ideal environment where two different viruses may reassort and lead to novel
genotypes. Similar to our results in ferrets, both the 1P10:7pdm and 2P10:6pdm viruses
replicated and were transmitted to contact pigs, with the number of transmission events (number
of DC pigs that became virus positive) higher in the 1P10:7pdm (H9N1) group compared with
the 2P10:6pdm (H9NZ2) group. In a similar study (Qiao et al., 2012), tested alternative HON1 and
HIN2 viruses having HLN1pdm internal gene segment in pigs and chickens and found that the
HIN1 reassortant virus with a wholly avian-origin HA gene was also more efficient than a
reassortant HON2 virus in replication and transmission in swine compared, but not in chickens. It
is important to emphasize that the studies in that report were consistent with the notion that the
H9 HA and N1 NA combination favors the transmission of these viruses in ferrets and pigs but
not in chickens or quail. This leaves the possibility of a swine HON2:H1N1pdm reassortant
adapting to the pig respiratory tract with the potential to transmit to humans. In a report by (He et
al., 2014) where HIN2:H1N1pdm reassortants were tested in the guinea pig model, the results
were somewhat different, with the (HON2)2:6pdm reassortants transmitting more efficiently than
the (HON1)1:7pdm, although the (HON1)1:7pdm viruses displayed enhanced pathogenicity. The

animal origin of the HON2 viruses (avian and swine) as well as different lineages (G1 and Y280)
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may account for these differences. A recent report from Li et al, showed that some naturally
occurring HIN2 isolates have the capacity for respiratory droplet transmission in ferrets without
adaptation (Li et al., 2014). At least one of these isolates was transmitted with apparently higher
efficiency, although the mean peak titers were lower than those observed for the HON2 and
HIN1 avian/human reassortants presented previously. The HA of the natural isolates from the
study by Li et al, have in common with our ferret-adapted P10 H9 the 1155T mutation, which
favors binding to a2,6SA, which may favor replication in mammals. However, P10 HA also
differed from the viruses described by 21 other amino acid positions (compared with sites with
consensus amino acids). It remains to be determined whether wholly avian HON2 viruses from
the Li et al. study are compatible for replication and transmission in pigs. It also remains to be
determined whether the viruses that showed improved replication and transmission in ferrets in
the Li et al. report will have a similar phenotype in pigs. Further detailed sequence analyses of
viruses should shed light on the adaptive changes that take place during initial rounds of

replication in different hosts.

A recent report concluded that the HIN1pdm matrix (M) and NA genes cooperate to allow
improved replication and transmission of a triple reassortant swine virus in pigs (Ma et al.,
2012). Another study showed that the inclusion of the HIN1pdm M and NA genes in the
background of a laboratory-adapted A/Puerto Rico/8/1934 (PR8) virus increased the replication
and transmission of the resultant reassortant virus compared with the wt PR8 virus in a guinea
pig model (Campbell et al., 2014). Our present results in the pig as well as our previous finding
in the ferret support this notion, as the efficiency of transmission was increased with the

1P10:7pdm virus in both ferrets and pigs.
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Quail are another important agricultural species that are susceptible to infection with many
influenza subtypes (Makarova et al., 2003; Thontiravong et al., 2012b) and could become mixing
vessels for IAV reassortment (Perez et al., 2003a; Perez et al., 2003b; Thontiravong et al.,
2012a). In the quail study, our results showed that reassortant viruses with both ferret-adapted
H9 surface genes (HA and NA) on a wild-type H9 or HIN1pdm backbone replicated and were
transmitted in quail. The role of the internal gene constellation appeared to be an important
factor in the replication and transmission phenotype observed in quail. The 2P10:6pdm virus
having ferret-adapted surface genes on an HIN1pdm backbone replicated in the quail and was
transmitted to 50% of the infected birds. Replacing the HLN1pdm internal genes with the avian
WF10 backbone increased the transmission efficiency of the 2P10:6WF10 virus to 100%, similar
to that of wt WF10. This observation reflects the adaptation of the avian- and mammalian-origin
backbones for their respective hosts. The importance of the origin of internal genes in the
transmission event was also observed in the pigs. In the 2P10:6WF10 virus, despite having
surface genes that allowed transmission in pigs, the presence of an avian-origin internal gene
constellation obliterated replication and transmission in pigs. In the quail study, we also found
that the molecular changes due to mammalian adaptation did not affect the ability of the virus to
replicate when both ferret-adapted surface genes were present. It has been reported that a
functional balance between HA and NA activity is important for virus replication and
transmission (Sun et al., 2013; Yen et al., 2011). An imbalance caused by an avian-origin HA
and a mammalian-origin NA may account for the lack of proper replication and transmission
observed in quail with the 1P10:7pdm virus. This poor replication phenotype of an HON1
reassortant has been reported previously in chickens (Qiao et al., 2012). Amino acids at positions

106 and 248 of the N1 NA of HIN1pdm viruses have been reported to play a role in the low-pH
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stability of HIN1pdm viruses (Takahashi et al., 2013). This low-pH stability has been shown to
be important for N2 NA replication in ducks (Takahashi et al., 2003). A valine-to-isoleucine
substitution at position 106 and asparagine-to-aspartic acid at position 248 increased the
replication of A/California/04/9009 virus by 10-fold in Madin—Darby canine kidney (MDCK)
cells. The N1 NA used in this study had V106 and N248, which may have contributed to the
poor replication observed in quail. Further tests to confirm the effects of these mutations are

needed but are beyond the scope of the present report.

This study highlighted the potential role that pigs and quail may play as amplifiers of reassortant
influenza viruses. It also underscores the potential threat that HON2 viruses could pose to
humans as a future pandemic subtype. Swine can be host to both HON2 and H1N1pdm viruses
and both viruses have a history of reassortment in swine (Howard et al., 2011; Vijaykrishna et
al., 2010; Yu et al., 2011). Pigs could also serve as suitable environment for the adaptation to the
mammalian host of any potential reassortant virus. Similarly, quail can be infected with H9
viruses and HIN1pdm have been shown to reassort experimentally in quail following co-
infection with other avian influenza viruses (Thontiravong et al., 2012a). The results in this
report showed that quail are susceptible to and can transmit reassortant HON2:H1N1pdm viruses
and that transmission of these viruses depends on the compatibility of the surface and internal
gene segments. These findings emphasize the need for continued surveillance of influenza in
swine and quail and the need for additional research on how HIN2 influenza behaves in both

species and how hosts can affect reassortment
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Materials and methods
Viruses

Viruses were generated by reverse genetics using previously described plasmids (Kimble et al.,
2011; Sorrell et al., 2009). Plasmids containing the genes for A/Netherlands/602/2009 (H1N1)
(pdm), A/guinea fowl/Hong Kong/WF10/1999 (H9N2) (WF10), and the ferret-adapted surface
genes from the A/ferret/Maryland/P10_UMD/2008 (H9N2) (P10) virus were used. Five viruses
were prepared (Table 3.1): The wt pdm and WF10 viruses, the P10 HA and NA on the WF10
backbone (2P10:6WF10), the P10 HA with the 7 other genes from pdm (1P10:7pdm), and the

P10 HA and NA with the 6 remaining genes from (2P10:6pdm).
Animal studies

Swine studies were performed in large animal BSL3-Ag facilities of the National Animal
Disease Center (NADC), Ames, IA, following protocols approved by the NADC and the
University of Maryland institutional animal care and use committees (IACUC). The study was
done on 3-week-old crossbred pigs that were obtained from a high-health herd free of swine IAV
and porcine reproductive and respiratory syndrome virus. Nucleoprotein (NP)-blocking enzyme-
linked immunosorbent assay (ELISA; IDEXX, Westbrook, Maine) was used to confirm the
absence of antibodies to IAV. Prior to the start of the study, pigs were treated with ceftiofur
crystalline free acid (Pfizer Animal Health, New York, NY) and enrofloxacin (Bayer Animal
Health, Shawnee Mission, KS) to reduce bacterial contaminants. The pigs were divided into 5
groups (n=15/group) and inoculated with 2 ml intratracheally and 1 ml intranasally of 10°
TCID50 ml! of either 2P10:6pdm, 1P10:7pdm, H1N1pdm, or 2P10:6WF10 virus or mock

inoculated with phosphate-buffered saline (PBS). Inoculation was performed under anesthesia,
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using an intramuscular injection of a cocktail of ketamine (8 mg kg™ of body weight), xylazine
(4 mg kg1), and tiletamine-zolazepam (Telazol; 6 mg kg?) (Fort Dodge Animal Health, Fort
Dodge, 1A). Two days post inoculation (dpi), 6 naive pigs for each virus group were introduced
to the 15 inoculated pigs as direct contacts, except in the PBS control group. Nasal swabs
(Fisherbrand Dacron swabs, Fisher Scientific, Pittsburg, PA) were collected in 2 ml of minimal
essential medium (MEM) on 2, 4, 6, 8, 10, and 12 dpi. On 3 and 5 dpi, 5 pigs from each group
were swabbed, bled, and humanely euthanized with a lethal dose of pentobarbital (Fatal Plus,
Vortech Pharmaceuticals, Dearborn, MI). The lungs were scored for macroscopic lesions,
followed by collection of bronchoalveolar lavage fluid (BALF) for virus titration. Nasal swabs
were filtered and subjected to virus isolation by inoculating 200 pl aliquots and 200 ul of serum-
free Opti-MEM (Gibco®, Life Technologies, Carlsbad, CA) supplemented with 1 pg ml™? of
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin and antibiotics onto confluent
phosphate-buffered saline (PBS)-washed MDCK cells in 24-well plates. Virus isolation-positive
nasal swab and BALF samples were then titrated in MDCK cells as previously described
(Kitikoon et al., 2006) and TCIDsg titers were calculated according to the method of Reed and

Muench (Reed and Muench, 1938).

Quail studies were conducted in a BSL3+ facility at the Department of Veterinary Medicine,
University of Maryland under protocols approved by the IACUC. Four-week old Japanese quail
obtained from B&D Game Farm (Harrah, OK) were kept under observation for 1 week prior to
start of experiment. Nucleoprotein (NP)-blocking ELISA (Synbiotics Co., San Diego, CA) was
used to confirm the absence of antibodies to influenza prior to infection. Quail were randomly
divided into 4 groups (n=12/group) and housed in HEPA-filtered isolators. Each quail was

infected with 1 ml containing 10° TCID50 ml of respective virus through the nares, trachea and
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cloaca (0.25 ml administered via the trachea and nares and 0.5 ml via the cloaca). A negative
control group of 6 quail received 1 ml PBS through the same routes. Naive quail (n=6/group)
were introduced as direct contact quail at 1 dpi. Tracheal and cloacal swabs were collected from
all quail daily until 14 dpi. Swabs were suspended in 1 ml 3.7% Brain Heart infusion media
(BHI) (Becton Dickinson, Sparks, MD) containing 10,000 U Penicillin, 10 mg Streptomycin and
25 pL Amphotericin B and stored at -80°C until used in virus titrations. At 4 and 6 dpi, 3 directly
infected quail per group were euthanized (2 quail in the control group) and lung tissue collected
for viral load titration. The left lung lobe was homogenized in 0.5 ml PBS using 3 mm tungsten
carbide beads (Qiagen, Valencia, CA) in a Tissuelyser LT (Qiagen, Valencia, CA) at 50 cycles
mint for 10 min. Samples were then clarified by centrifugation at 1000 g for 10 min and stored
at -80°C until used. Swabs and lung homogenate samples were titrated in MDCK as described

above.

Serological analysis

Pig serum samples collected at 14 and 20 dpi were tested for anti-NP antibodies by ELISA as
described above. Quail serum samples collected at 21 dpi were tested by Hemagglutination
Inhibition (HI) assay. HI assays were performed following treatment of samples with receptor-
destroying enzyme (RDE) (Denka Seiken, Japan), heat inactivation at 56°C for 30 min, to
remove nonspecific hemagglutinin inhibitors and natural serum agglutinins. HI assays were
performed with 8 HAU of each virus antigen and 0.5% chicken RBC according to standard
techniques (WHO). Negative and positive controls were included in the assay. Seroconversion

was considered positive when HI titers to homologous virus were > 40.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism software version 4.00 (GraphPad
Software Inc., San Diego, CA). Comparison between 2 treatment means was done using a
Students t test while multiple mean comparisons was done using two-way ANOVA followed by

Bonferoni’s multiple comparison test. P<0.05 was considered significant.
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Table 3.1: Genetic content of viruses used for each experimental group in pigs and quail.

Group HA subtype NA subtype Internal genes Mutations
(gene)
2P10:6WF10 H9 (ferret-adapted) N2 (ferret-adapted) Avian HON2 T189A (HAL),
G192R (HA2),
128V (NA)
2P10:6pdm H9 (ferret-adapted) N2 (ferret-adapted) Pandemic H1IN1 T189A (HAL),
G192R (HA2),
128V (NA)
1P10:7pdm H9 (ferret-adapted) N1 (human-adapted)  Pandemic H1IN1 T189A (HAL),
G192R (HA2)
WF10 H9 (avian) N2 (avian) Avian HON2 N/A
H1N1pdm H1 (human-adapted) N1 (human-adapted)  Pandemic H1IN1 N/A
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Table 3.2: Seroconversion in pigs and quail after exposure to different viruses.

Pigs Quail
Virus group NP ELISA positive serum# HI titers 21 dpi”
Jﬁ'm 14Ddcpi 20Dd|pi 2(E))§pi DI DC
2P10:6pdm 2/4 0/6 4/4 2/6 6/6 (226)° 4/6 (33)
1P10:7pdm 2/5 4/6 5/5 3/6 5/6 (57) 0/6 (0)
2P10:6WF10 2/5 0/6 3/5 0/6 6/6 (1140) 3/3 (320)
HIN1pdm 3/4 6/6 4/4 6/6 N/A N/A
wt WF10 N/A N/A N/A N/A 6/6 (507) 5/5 (735)

# Number of seropositive pigs out of total number of inoculated (DI) or contact (DC) pigs at 14
and 20 dpi, using a commercially available kit

“ Number of seropositive quail out of total number of DI or DC birds at 21 dpi.

SNumber in parentheses are geometric mean titers of seropositive samples >20
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Figure 3.1: Reassortant H9 viruses transmit in swine. Pigs (n=15/group) were inoculated (DI)
with the viruses indicated and nasal swabs collected at various days post-infection (dpi). The
number of DI pigs positive for viral shedding in each group vs. the total number of pigs is listed
under each time point. On 3 and 5 dpi, 5 DI pigs/group were sacrificed for virus titration in
BALFs. Direct contact (DC) pigs (n=6/group) were introduced in the same pen housing the DI
pigs at 1 dpi. Nasal swabs were collected from DC pigs and titrated as indicated above. The
number of DC pigs positive for viral shedding in each group vs. the total number of pigs is listed

under each time point. Note the DC graphs are measured in days post contact (dpc) not dpi.
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Figure 3.2: H9 reassortants result in intermediate pathology and replication in swine lungs.
5 DI pigs/group were euthanized on 3 (a) and 5 dpi (b). Lungs were scored for visible lesions and
a total percentage of the lung surface affected was calculated as previously described (Halbur et
al., 1995). (c) BALF samples were collected at the time of necropsy and then titrated for virus by
TCIDso in MDCK cells. Each square represents BALF titers per pig at different time points. A
two way ANOVA was used to determine significant differences with virus and time as factors.
Dashed line indicates statistically significant differences between groups (* denotes (P<0.05) and

** denotes (P<0.01).
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Figure 3.3: H9 reassortant viruses replicate and transmit in quail. Quail (n=12/group) were
inoculated (DI) with the viruses indicated and tracheal and cloacal swabs collected at various
days post-infection (dpi. The number of DI quail positive for viral shedding in each group vs. the
total number of quail is listed under each time point. Direct contact (DC) quail (n=6/group) were
introduced in the same pen housing the DI pigs at 1 dpi.. The number of DC quail positive for
viral shedding in each group vs. the total number of quail is listed under each time point. Note

the DC graphs are measured in days post contact (dpc) not dpi.
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Figure 3.4: Reassortant viruses replicate in quail lungs. On 4 and 6 dpi, 3 DI quail/group
were euthanized and lung samples collected for virus titration. Each circle represents lung titers
per quail at different time points. A two way ANOVA was used to determine significant
differences with virus and time as factors. Dashed line indicates statistically significant

differences between groups (* denotes (P<0.05) and ** denotes (P<0.01).
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CHAPTER 4

PLASTICITY OF AMINO ACID 226 IN THE RECEPTOR-BINDING SITE OF AN H9
SUBTYPE INFLUENZA A VIRUS AND ITS EFFECT ON VIRUS REPLICATION,

TRANSMISSION, AND TROPISM.?

2 Adebimpe O. Obadan, Jefferson J. J. Santos, Lucas Ferreri, Andrew J. Thompson, Silvia Carnaccini,
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Abstract

Influenza A viruses (IAVs) remain a significant public health threat causing more than 300,000
hospitalizations in the United states during 2015-2016 season alone. While only a few [AVs of
avian origin have been associated with human infections, the ability of these viruses to cause
zoonotic infections further increases the public health risk of influenza. Of these, HIN2 viruses
in Asia are of particular importance as they have contributed internal gene segments to other
emerging zoonotic [AVs. Notably, recent HIN2 viruses have acquired molecular markers that
allow for a transition from “avian-like” to “human-like” sialic acid (SA) receptor recognition via
a single amino acid change at position 226 (H3 numbering), from glutamine (Q226) to leucine
(L226), within the HA’s receptor-binding site (RBS). We sought to determine the plasticity of
the amino acid 226 and the biological effects of alternative amino acids on variant viruses. We
created a library of viruses with the potential of having any of the 20 amino acids at position 226
on a prototypic H9 HA subtype IAV. We isolated H9 variant viruses that carried natural and
alternative amino acids at position 226, some of which have yet to be identified in any reported
influenza subtype. Interestingly, some identified amino acids conferred a broader receptor-
binding profile to resulting viruses. Furthermore, in vivo fitness studies revealed some variant
amino acids to confer an in vivo replication advantage. This study shows the plasticity of position
226 of the HA of H9 influenza viruses and the resulting effect of single amino acid changes on

the phenotype of variants in vivo and in vitro.
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Introduction

The hemagglutinin (HA) of influenza A viruses (IAV) plays a central role in the virus’
life cycle through its involvement in receptor recognition, virus attachment, and membrane
fusion, and virus entry (1). The HA is also the most significant target of neutralizing antibodies
during infection. Antigenic differences led to the classification of the HA into 16 subtypes (H1-
H16) that are phylogenetically separated into two major groups: Group 1 contains H1, H2, HS5,
H6, H8, H9, H11, H12, H13, and H16, and group 2 contains H3, H4, H7, H10, H14, and H15. It
is widely accepted that wild waterfowl species are the natural hosts of IAVs where these viruses

establish an infection in the intestinal tract and spread by the fecal-oral route through the water.

The HA is a single-pass type I transmembrane glycoprotein present as a homotrimer on
the virus’ surface that extends ~130 A from the membrane. The HA undergoes N-linked
glycosylation at asparagine residues in the classical N-X-S/T consensus sequences. N-linked
glycosylation is essential for the protein’s structural integrity as well as to mask antigenic sites.
Between 3 to 9 potential N-linked glycosylation sites have been described depending on subtype
and origin of the virus. Each HA monomer contains two subunits, HA1 and HA2, produced by
the cleavage of the inactive precursor HAO. The cleavage of the immature HAO occurs typically
at a single arginine residue by trypsin-like proteases present in the lumen of the intestinal and/or
respiratory tract in birds and in the respiratory tract of mammals. Disulfide bonds between the
two subunits maintain the integrity of each monomer. Each monomer carries a transmembrane
anchor and a small cytoplasmic tail. Three monomers bundle in coiled-coil structures to make

the trimers.
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The globular head of the HA1 carries a shallow grove, the receptor-binding site (RBS),
which is responsible for the receptor recognition function (2-4). On the target cell, the RBS binds
glycan structures terminating in N-acetylneuraminic acid, also referred to as sialic acid (SA). In
nature, the SAs are linked to the penultimate galactose (Gal) in two major conformations:
02,3SA or a2,6SA. The structure of the RBS is conserved across all HA subtypes and is made up
of the 130 loop (residues 135-138), 190 helix (190-198), and 220 loop (221-228) (5). It is well
established that small amino acid changes in the RBS as well as differences in the type of SA
linkage expressed in different host species are major determinants of the host range and tissue
tropism of [AVs. Through a hydrogen-bonded network, the conserved residues Tyrosine 98
(Y98), Tryptophan 153 (W153), Histidine 183 (H183) and Tyrosine 195 (Y 195) form the base of
the RBS (6). Seminal work by Rogers and Paulson identified that a change at amino acid
position 226 from glutamine (Q226) to leucine (L226) within the RBS of the H3 HA subtype
altered the SA receptor recognition from an “avian-like” (a2-3SA) to “human-like” (02-6SA)
specificity (7). The Q226L mutation, along with the G228S mutation, played an important role in
the emergence of the 1968 Hong Kong H3N2 pandemic influenza virus. In general, the HAs of
avian origin IAVs have the Q226 residue allowing for the recognition and attachment a2-3SAs,
which are the predominant forms in the avian digestive tract (8, 9). In contrast, the HA of H3
subtype IAVs established in the human population carry L226 at this position (which has
transitioned to valine (V226 ) and, in most recent isolates, to isoleucine (1226)) allowing binding
to 02,6SAs found primarily in the respiratory tract of humans (10, 11). The Q226L change and
its influence on the SA recognition is not limited to H3 viruses. This phenomenon has been

observed with other subtypes such as H2, H4, H5, H7, and H9 (12-14). While the effect of the
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Q226L change has been well characterized, the plasticity at this position and the resulting effect

on receptor recognition and host adaptation is less understood.

The World Animal Health Organization considers the HON2 viruses as low pathogenic
avian influenza viruses (LPAIVs). Low mortality, coughing, sneezing, and marked decrease in
egg production and hatchability characterize HON2 LPAIV outbreaks. The first description of a
LPAIV of the HON2 subtype dates back to an outbreak in turkeys in February 1966 in northern
Wisconsin (U.S.A.)(15-17). HON2 viruses are endemic in most of Asia, the Middle East and
parts of Africa, where they have caused disease outbreaks in chickens, quail, and other minor
poultry species (20). HON2 viruses have been involved in the emergence of zoonotic strains by
the contribution of gene segments to, most notably, the goose/Guangdong H5N1 lineage and the
Asian-lineage H7N9 and H10N8 viruses, all of which have caused human fatalities (18-21). The
HO9N2 viruses continue to evolve through intra-subtype and inter-subtype reassortment events.
While older avian HIN2 virus isolates have the Q226 residue (216 in the H9 HA sequence),
which provides binding to avian-like receptors, the vast majority of HON2 strains carry L226,
which favors human-like receptor-binding (25). It is therefore not surprising that HON2 viruses
are capable of crossing the avian-mammalian host barrier and cause human infections (26-28).
The expanding geographical spread and enzootic nature of HON2 viruses as well as the presence
of molecular markers favoring transmission to humans make these viruses of pandemic concern.
We sought to determine the flexibility of position 226 (216 H9 numbering) in the context of a
prototypic H9 virus of the G1 lineage by perturbing this position using partial PCR based reverse
genetics (22). Our study reveals that position 226 is plastic and can accommodate several
different amino acids. We identified natural and alternative amino acids at position 226 in the

context of H9 HA as well as an amino acid that has yet to be found in any influenza virus
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subtype. In vivo, however, strong selection towards L226 was observed in quail, highlighting the
limitations of in vitro systems to fully recapitulate virus-host interactions in natural hosts. The
results provide new insights into the biology of HON2 influenza viruses and potential avenues for

development of live attenuated virus vaccines against the H9 and other influenza virus subtypes.

Materials and methods

Ethics Statement

All animal studies were conducted under Biosafety level 2 (ABSL-2) containment and approved
by the Institutional Animal Care and Use Committee (IACUC) of the University of Georgia
(Protocol: A201506-026-Y3-AS)

Cells

MDCK, 293T and DF1 cells were maintained in Dulbecco’s Modified Eagles Medium (DMEM)
containing 10% fetal bovine serum, 1% Antibiotic/Antimycotic (Ab/Am) (Sigma-Aldrich, St.
Louis, MO), 1% L-Glutamine and 2.5% HEPES (Sigma-Aldrich, St Louis, MO). Cells were
cultured at 37 °C in a humidified incubator under 5% COx.

Generation of reverse genetics-ready PCR 2:sHA library

The full-length cDNA copy of the HA gene segment of the strain A/guinea fowl/Hong
Kong/WF10/1999 (HIN2) (WF10) was split into two overlapping fragments and cloned into two
separate plasmids. The plasmid pHA: contains nucleotides 1-767 of H9 HA gene segment
preceded by the 5’ end sequence corresponding to the mouse RNA polymerase I terminator (t1).
The plasmid pHAn contains nucleotides 738-1742 of the H9 HA segment, immediately upstream
of the human RNA polymerase I promoter (pol I) (Figure 4.1a). The 26HA PCR library was
generated focusing on the codon encoding amino acid 226 using two different approaches. In the

first approach a PCR product was produced from pHA: using the primer set T1FragFw (5’-
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ACCGGAGTACTGGTCGACCGAAGTTGGGGGGGAGCAAAAGCAGG-3’) and WF10-
HA713-757um (5’-CAATAATAATCAATTCTTCCCTGNNNACCATTGACAAGGGGCC-3’).
The resulting 5°-11,,,HA757-3" PCR product included the t1 terminator sequence and the HA
fragment with the NNN codon at position 226. In the second approach, an equivalent PCR
product, 5’-t1.quiHA757-3°, was generated from pHA; using the primers T1FragFwd and 50
pmol/ul of a primer mix containing 20 primers designed to introduce every possible amino acid
at position 226 (Table 4.4). The second half of the HA was amplified from ,HAp using the set of
primers WF10 HA 738-770 (5’-GGAAGAATTGATTATTATTGGTCGGTACTAAAA-3’) and
hPollRev (5’-ATGCTGACAACGTCCCCGGCCCGGCGCTGCT-3’) to generate the PCR
product 5°-HA738poll-3’ that included the second half of the HA followed by the poll promoter
sequence. The full-length reverse genetics-ready HA PCR libraries, nnn226H9PCR and

equi2z HIPCR, were obtained by overlapping PCR using either the 5’-¢1,,,HA757-3" or 5 -
tequiHHA757-3" PCR fragments along with the 5’-HA738poll-3’ PCR fragment and the primer
pair T1FragFwd and hPoll1Rev. The 50 pl PCR reaction contained 10 ng of each PCR product,
25 ul of the PCR Master mix, 50 pmol/ul of each primer and 1.5u1 DMSO. PCR amplification
was done using Phusion high-fidelity PCR master mix with GC Buffer (New England Biolabs,
Ipswich, MA) under the following cycling parameters: 98°C 30 sec, (98°C for 8 sec, 56°C for

Imin and 72°C for 3 min) x 30 cycles, and 72°C for 10 min.

Generation of nnun226HIN2, nnun226HINI, equiz26HIN2, and cqui226HINI virus libraries

Independent virus rescue experiments were performed with the 1nn226HIPCR and equiz2s HIPCR
amplicon libraries, as previously described (22). To generate the nn226HIN2 and equizas HON2
virus libraries, the corresponding PCR amplicons were co-transfected along 7 reverse genetics

plasmids encoding the rest of the WF10 genome (Figure 4.1b). To generate the nmn22sHIN1 and
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equizsH9N 1virus libraries, the PCR amplicons were co-transfected along 7 reverse genetics
plasmids encoding the PB2, PBI1, PA, NP, NA, M, and NS gene segments of the laboratory-
adapted strain A/Puerto Rico/8/1934 (HIN1) (PRS) (Figure 4.1b). For transfection, co-cultures
of MDCK and 293T cells were seeded in each well of a 6 well plate overnight at 37°C. The
following day, 1pg of each of the 7 plasmids of either WF10 or PR8 and 1pug of PCR amplicon
was mixed with 16 pl of TransIT-LT1 transfection reagent (Mirus Bio LLC, Madison, WI) and
incubated for 45 min. After 45 min, the MDCK/293T cells were overlaid with transfection
mixture and incubated at 37°C for 24 h. At 24 h post transfection (hpt), the transfection mixture
was replaced with fresh OptiMEM media containing 1 pg/ml of tosylsulfonyl phenylalanyl
chloromethyl ketone (TPCK)-trypsin (Worthington Biochemicals, Lakewood, NJ). Supernatants

containing rescued viruses were collected at 96 hpt.

Isolation and identification of individual virus variants and growth of virus stocks

Single virus variants (var) in the virus libraries were isolated by limiting dilution assays as
previously described (23). Briefly, MDCK cells (2x10"4 cells/well) in a 96 well plate were
infected with 8 serial 10-fold dilution of the rescued virus library in OptiMEM media containing
Iug/ml of TPCK-trypsin (Worthington Biochemicals, Lakewood, NJ). The var strains were
produced starting from the nmn226HIN2 virus library (n=12), the nn226HIN1 virus library (n=12),
the equizasHIN2 virus library (n=24), and the cqui22sHIN1 virus library (n=24). After 72 h
incubation at 37°C, var virus supernatants were collected from wells infected with the most
diluted sample displaying the cytopathic effect (CPE). This process was repeated twice,
followed by Sanger sequencing to determine the amino acid at position 226 in HA. A third round
of limiting dilution was carried out for samples yet to resolve at position 226 after the second

limiting dilution. The var viruses were further expanded in MDCK cells and stocks aliquoted and
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stored at -80°C until used. The var virus stocks were titrated by 50% tissue culture infectious

dose (TCIDso) in MDCK cells and titers determined by the Reed-Muench method (24).

Generation of Quail antisera

Three-week-old Japanese quails (Cortunix japonica) were infected with 10° TCIDso of WF10 or
the M226 var virus. Quails were then boosted with the respective virus containing 1:1 (v/v) of
Montanide as an adjuvant at 14 dpi. Quails were bled for serum collection at 14 days post boost

and antisera collected used in HI assays.

Hemagglutination (HA) and Hemagglutination Inhibition (HI) assays

Standard HA assays were performed using either 1% horse red blood cells (RBCs), 0.5% chicken
RBCs or 0.5% turkey RBCs and expressed in HA units (HAU) as previously described (25). HI
assays were performed as previously described (33) using the H9 var viruses as antigens and

quail anti-sera generated against the WF10 (H9N2) virus and the M226 var virus.

Preparation of viral RNA and cDNA

VRNA and cDNA from var viruses was prepared as previously described (22). Total RNA was
extracted from var viruses using RNeasy Kit (Qiagen, Valencia, CA) following manufacturer’s
protocol. To obtain cDNA, reverse transcription was carried out using the Avian myeloblastosis
virus reverse transcriptase (Promega, Madison, WI) and Unil2 primer (5’-

AGCAAAAGCAAGG-3’).
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In vitro growth kinetics assays

MDCK and DF1 cells were infected with wt and var H9 viruses at an MOI of 0.01 in 6 well
plates for 15 min at 4°C and 45 min at 37°C. Two independent growth kinetics experiments were
carried out and infections were carried out in triplicates for all viruses. Following 3 washes with
Phosphate buffered saline (PBS) to remove any unbound virus, MDCK cells were overlaid with
2 ml OptiMEM media containing Ab/Am (Sigma-Aldrich, St. Louis, MO) and 1pg/ml TPCK-
trypsin. For infected DF1 cells, TPCK-trypsin was replaced with 5% allantoic fluid. At 6, 12, 24,
48, and 72 h post-infection (hpi), supernatant was collected and stored at -80°C until viral
titration in MDCK cells. Viral titer was determined by TCIDs using the Reed and Muench

method (24).

Solid phase binding assays

The receptor-binding specificity was determined using two versions of the solid phase direct
binding assay as previously described (12, 26). Briefly, ELISA 96 well plates coated with Fetuin
were incubated overnight at 4°C with 128 HAU of purified var virus in 50ul. Next, plates were
blocked with PBS containing 0.1% neuraminidase-treated Bovine serum albumin (BSA-NA) for
2 h at room temp. For the first version of the assay, following 3 washes with ice cold PBS +
0.01% Tween 80 washing buffer (WB), wells were incubated at 4°C for 1 h with 50 pl of 2-fold
serial dilution of 3’SLN or 6 SLN high molecular weight biotinylated sialyglycopolymer
(Glycotek, Gaithersburg MD) in reaction solution (RS) (PBS containing 0.02% Tween-80, 0.1%
BSA-NA and 2 uM oseltamivir carboxylate). Subsequently, wells were washed 5 times with WB
and incubated with a 1:1000 dilution of Streptavidin-HRP (ThermoFisher) for 1hr at 4°C

Alternatively, for the second version of the assay, wells were incubated with 50 pl of 3-Fet-HRP
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and 6-Fet-HRP in RS for lhr at 4°C. After incubation, plates were washed 5 times with WB and
the wells replenished with 100 pl of freshly prepared substrate solution added (0.1% TMB in
0.05M sodium acetate and H»0>). The reaction was stopped with 3% H>SO4 after 30 min unless
otherwise stated. Absorbance readings obtained at 450 nm using a Victor X3 multilabel plate

reader (PerkinElmer, Waltham, MA).

Glycan array analysis

Glycan array analysis was performed using an NHS ester-coated glass microarray slide
containing six replicates of 128 diverse sialic acid-containing glycans, including

terminal sequences and intact N-linked and O-linked glycans found on mammalian and avian
glycoproteins and glycolipids. Whole H9 influenza virus samples where diluted to 256

HAU (final) in PBS containing 3% BSA and incubated on the array surface for one hour at room
temperature in a humidity-controlled chamber. After one hour, slides were washed in PBS and
incubated with a virus-specific anti-H9 mouse antibody (derived from mouse ascitic fluid)
diluted 1:200 in PBS, 3%BSA for a further hour. Slides were washed in PBS and incubated for a
final hour in Goat anti-Mouse [gG-Alexa Flour Plus 488 (A32723, Thermo Fisher Scientific; 10
ug/ml final) diluted in PBS, 3% BSA. Slides were washed twice in PBS, and in dH2O, then dried
prior to detection. Slide scanning to detect bound virus was conducted using an Innosca-
nl100AL (Innopsys) fluorescent microarray scanner. Fluorescent signal intensity was measured
using Mapix (Innopsys) and mean intensity minus mean background of 4 replicate spots was

calculated.
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Cell avidity assays

The cell avidity assay was performed as previously described (27, 28). Chicken RBCs were
treated for 1 h at 37°C with serial dilutions of neuraminidase from Clostridium perfringes
(Sigma-Aldrich, St Louis, MO) to remove sialic acids. RBCs were washed twice with PBS and
resuspended into a 1% solution with PBS. Then 50pul of 1% RBCs were incubated with 50 pl of

virus (8 HAU) at room temperature for 45 min to determine the HA titer.

Virus Histochemistry with avian tracheal and mouse lung tissues

Tracheal tissues from influenza virus negative 4-6 week old Japanese quail, 6 week old broad
breasted white turkeys (Meleagris gallopavo), 6 week old chickens (Gallus gallus) and lung
tissue from 5-6 week old female DBA2J mice ( The Jackson Laboratory, Bar Harbor, ME) were
used for virus histochemical studies. Virus histochemistry was performed as previously
described using fluorescein isothiocyanate (FITC) labeled viruses (29, 30). Briefly, tissue culture
grown var viruses were clarified by low speed centrifugation. Following clarification, viruses
were concentrated by centrifugation at 28000 rpm for 2 hr at 4°C and resuspended in PBS.
Concentrated viruses were labeled with FITC by mixing equal volume of virus and 0.1mg/ml of
freshly prepared FITC in 0.5 M bicarbonate buffer at pH 9.5. Formalin fixed, paraffin embedded
tissues were deparaffinized using xylene rehydrated with graded alcohol and subsequently
incubated with FITC-labeled viruses (100 HAU/50 pl) at 4°C overnight in a humidified chamber.
Following washing with 0.2M Tris-HCI, 0.1M NacCl, 0.5% Tween20 (TNT) buffer, FITC was
detected using a peroxidase labeled rabbit anti FITC antibody (Dako). To enhance detection,
signal was amplified using a Tyramide Signal Amplification system (Perkin Elmer, Akron, OH)

according to manufacturers’ protocol. 3-amino-9-ethyl-carbazole (AEC) (Sigma-Aldrich, St.
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Louis, MO) was used to reveal the peroxidase and counter staining was done with Mayer

Hematoxylin. Viral attachment was seen as red staining on the surface.

Virus thermal stability assays

Var virus stocks were diluted to 128 HAU/50 pl and then heat-treated on a heat block at 56°C for
various times (0, 15, 30, 60, 120, 180, and 240 min). Subsequently, HA assays were carried out

on heat-treated viruses in quadruplicate.

Ex-vivo growth kinetics

Ex-vivo chicken lung and tracheal explants were used to assess variant virus replication. 6-week-
old SPF chickens free of antibodies to influenza were euthanized following deep sedation with
Isoflurane (Akron Inc., Lake Forest IL) and cervical dislocation. Full-length trachea and whole
lungs were collected and washed in PBS containing Ab/Am (PBS+Ab/Am) to remove debris.
Biopsy cores were made from the lungs using a disposable biopsy punch (Integra York PA Inc.,
York, PA) while trachea was cut into ~2mm rings using a scalpel. Tracheal rings were placed in
tracheal explant media containing 1:1 DMEM media (Sigma-Aldrich, St. Louis, MO) and RPMI
media (Life technologies, Grand Island, NY), Ab/Am (Sigma-Aldrich, St. Louis, MO), 0.1mg/ml
Gentamicin (Sigma-Aldrich, St. Louis, MO) and 0.3ng/ml Glutamine (Sigma-Aldrich, St. Louis,
MO) until infected. Lung cores were placed in lung explant media containing Medium 199 (Life
technologies, Grand Island, NY), Ab/Am (Sigma-Aldrich, St. Louis, MO), 0.1mg/ml Gentamicin
(Sigma-Aldrich, St. Louis, MO), Vitamin supplement (ATCC, Manassas, VA), ITS Liquid media
supplement (Sigma-Aldrich, St. Louis, MO) and 0.5ug/ml Hydrocortisone (Sigma-Aldrich, St.
Louis, MO) until infected. Infection of the tracheal and lungs were carried out by incubating

explant samples in 1x10° TCIDso/ml for 1hr at 37°C followed by 3 washes in PBS+Ab/Am. After
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washing, each explant was placed on a sterile gauze plug in a 12 well plate containing 2 ml of the
appropriate explant media without submerging the explant to create an air-liquid interface. Plates
of explant replicates were maintained at 37°C in a 5% CO incubator for 72 hours. To assess
replication kinetics, 200ul of media was collected at 0, 12, 24, 48 and 72 hpi and stored at -80°C
until used in viral titrations. Media was replaced following each collection to maintain initial
volume.

In vivo competition study

Four groups of 4-5-week-old Japanese quail (n=6/group) were used. Quail eggs obtained from
the College of Veterinary Medicine University of Georgia were hatched at the Poultry
Diagnostic and Research Center, University of Georgia. A week before virus inoculation, quails
were bled and confirmed seronegative for IAV exposure. Quails were inoculated with 1 ml of
virus mix (0.25 ml administered via the trachea and nares and 0.5 ml via the cloaca) containing a
homogenous mixture of variant viruses with or without Leucine or Glutamine virus. The first
group of 6 birds served as the negative control receiving Iml PBS through the same routes
(Group 1-PBS). In group 2 (varALQ), birds were inoculated with 10°TCIDso virus mix
containing the following 10 var viruses on the WF10 backbone: 1226, S226, T226, M226, H226,
N226, F226, V226, C226 and G226 viruses. Group 3 (var+Q) birds received all 10 var viruses
and the Q226 virus while group 4 birds (var+L) were infected with the 10 var viruses and the
L226 (WF10) virus. Group 5 (var+LQ) birds were infected with a mix of all 10 var viruses along
with the L226 and Q226 viruses (var+LQ). One day post infection (dpi), naive quail
(n=6/group) were introduced as direct contact quail to determine transmission. At 5dpi and 6dpc,
3 quails were randomly selected from each directly inoculated and contact group and sacrificed

for virus titration in tissues. Tracheal and cloacal swabs were collected daily from each bird until
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14 dpi. Swabs were suspended in 1 ml 3.7% Brain Heart infusion media (BHI) (Becton
Dickinson, Sparks, MD) containing 10,000 U Penicillin, 10 mg Streptomycin and 25 pL.
Amphotericin B and stored at -80°C until used in virus titrations.

Quantification of virus shedding in quail samples

Virus RNA was isolated from tracheal swab samples using the MagMAX-96 AI/ND Viral RNA
Isolation Kit (Thermo Fisher Scientific, Waltham, MA) following manufacturer’s instructions.
RNA was eluted in 50 pl of nuclease-free molecular grade water. One step quantitative
polymerase chain reaction (qPCR) based on the avian influenza matrix gene as surrogate of virus
shedding was carried out using the primers/probe set previously described (31). The qPCR was
performed in a LightCycler 480 Real Time PCR instrument (Roche Diagnostics, Rotkreuz,
Switzerland) using the LightCycler 480 RNA Master Hydrolysis Probes kit (Roche Life Science,
Mannheim, Germany) in a final reaction volume of 20 pl. Each reaction contained 1X
LightCycler 480 Probes Master mix, 0.5 pM of forward and reverse primers, 0.3 uM of probe
and 5 pl of RNA. The qPCR cycling conditions ran at 61°C for 10 min, a denaturation step of
95°C for 30 sec, followed by 45 cycles of amplification at 95°C for 10 sec, 60°C for 20 sec, and
72°C for 1 sec, with a final cooling step at 40°C for 10 s. A standard curve was generated using
10-fold serial dilutions from a virus stock of A/guinea fowl/Hong Kong/WF10/1999 (HIN2) of
known titer to correlate qPCR crossing point (Cp) values with the amount of virus shedding from
each bird, as previously described (32).

Sequencing

Standard Sanger sequencing was performed on the full length nn226HA and equiz2sHA PCR
product prior to transfection and on HA from all var virus stocks. Sequences were generated

using specific primers, Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems,
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Calsbad, CA) and a 3100 Genetic Analyzer (Applied Biosystems, Carlsbad, CA), according to
the manufacturer’s instructions. RNA isolated from var virus stocks were used to amplify the var
viruses whole genome by one-step reverse transcription PCR (RT-PCR) and subjected to whole
genome sequencing using the Illumina Miseq platform for NGS.

Database analysis of HA sequences

For molecular analyses, all H9 subtype HA sequences, as well as all H2, H4, H6, H8, H10-H16
and a subset of H1, H3, H5, and H7 HA subtypes were obtained from the Influenza Research

Database (IRD) (33) through the web site at http://www.fludb.org.

Statistical analysis

All data analyses were performed using GraphPad Prism Software Version 7 (GraphPad
Software Inc., San Diego, CA). For multiple comparisons, either one-way or two-way analysis of
variance (ANOVA) was performed followed by a post-hoc Tukey test. Differences in survival
curves were analyzed using the log-rank test. A p value below 0.05 (P<0.05) was considered
significant.

Results

Position 226 of H9 HA is flexible

To determine the plasticity of amino acids at position 226, two reverse genetics-ready PCR

libraries of the H9 HA gene segment were generated: the first one containing a degenerate codon
at position 226 and the second one produced with an equimolar mixture of 20 primers capable of
introducing every possible amino acid at this position. The PCR libraries were subsequently used
to generate four virus variant libraries in two subtype combinations: Two paired with the N2 NA

gene segment in the background of the WF10 virus (nnn226HIN2 and equiz2s HIN2 virus libraries)
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and two paired the N1 NA gene segment in the background of the laboratory-adapted strain PR8
(nnn226HINT1 and equizasHINT1 virus libraries). Following, limiting dilution in MDCK cells, partial
sequencing of the HA gene segment revealed the presence of natural and alternative amino acids
at position 226. Six variants were produced from the mn226HIN2 library after analysis of 12
individual virus clones. The most common variants identified among this group were asparagine
(N226, n=4), and alanine (A226, n=3). Other variants included histidine (H226, n=2), isoleucine
(I226, n=1), serine (S226, n=1) and methionine (M226, n=1) (Figure 4.2a). Interestingly, none
of the variants generated using this approach contained the most common amino acids found in
nature, either L226 or Q226. In the context of the nn226HIN1 virus library, only 4 variants were
obtained by limiting dilution out of 12 independent virus clones. Notably, the naturally occurring
amino acids Q226 (n=4) and L226 (n=5) were the most commonly isolated variants from the
ann226HIN1 virus library, and the remaining 2 variants included valine (V226, n=2) and arginine

(R226, n=1) (Figure 4.2a).

Given that the codon usage for amino acids differ and the probability that the presence of
an amino acid in a virus variant may stem from increased codon usage of that amino acid (6
codons code for leucine compared to 1 codon for methionine), we proceeded with an alternative
approach to give each amino acid the same representation in the library. Analysis of 24
individual virus clones produced from the ¢qui22sHIN2 virus library revealed that N226 (n=8) was
the most commonly selected amino acid as was seen with clones obtained from the nnn226HIN2
virus library. Also consistent with results using the nn226HIN2 virus library, clones produced
from the cqui226HIN2 virus library contained H226 (n=6), 1226 (n=1), M226 (n=1), and S226
(n=1). In addition, clone selection from the equi226HIN2 virus library resulted in clones with

threonine (T226, n=2), phenylalanine (F226, n=2), cysteine (C226, n=1), and V226 (n=1). Once
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again, L226 and Q226 viruses were absent after clonal selection of the equi22sHIN2 virus library
(Figure 4.2a). It must be noted that the absence of these two variants is not due to a
misrepresentation of the corresponding codons in the preparation of the virus library or a defect
in virus rescue. Both of these viruses were independently recovered in the HON2 background
using PCR reverse genetics and the corresponding primer set indicating that they are viable, as
expected (13). On the equiz2sHIN1 virus library background 9 different variants resulted from 24
clones with L.226 (n=7) being the most frequent. Other variants had H226 (n=5), N226 (n=4),
V226 (n=2) while Q226, T226, Y226, S226 and F226 were found in only one variant each

(Figure 4.2a).

Limited effects in hemagglutination activity by 226 var viruses

We assessed the ability of var viruses to agglutinate red blood cells from different species using
stocks grown in MDCK cells. Turkey and chicken red blood cells (RBCs) have both a2,3SAs
and a2,6SAs while horse RBCs have predominantly a2,3SAs (34, 35). In general, HA titers of
var viruses were similar or within 1-fold for all viruses tested (Table 4.1). A difference in
agglutinating ability however, was observed with the horse RBCs. While most HON2 and HON1
var viruses and the WF10 (L226) virus were unable to agglutinate horse RBCs, the variants with
Q226, N226, and Y226 agglutinated to varying degrees suggesting that these viruses have the

ability to recognize a2,3SAs.

Position 226 does not impact the antigenicity of the H9 HA protein

Amino acid changes around the receptor-binding site are known to contribute to the antigenic
drift of resulting viruses (36, 37). The L226Q mutation has previously been identified in HON2

monoclonal antibody escape mutants (38). To evaluate if other amino acids can alter the
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antigenicity of variant viruses we carried out HI assays using quail antisera against the WF10
and the M226 var viruses (Table 4.1). For all var viruses tested, the HI titers were the same or
within 1-fold of the homologous HI titer. The lowest HI titer observed was with the Q226 virus,

which had a titer 2-fold less that obtained for the WF10 virus.

Receptor-binding avidity is decreased for var viruses

To investigate receptor-binding avidity, we carried out HA assays using chicken RBCs treated
with varying concentrations of neuraminidase. As shown in Figure 4.2b, all var viruses had
lower receptor avidity compared to the WF10. Of note, the var viruses with the 2 most
commonly found amino acids at position 226 i.e. Q and L, had receptor-binding avidity similar
to the WF10 virus. Though the avidity for receptors for most variants was lower than that of the
WF10 virus, the avidity was similar to the PR8 virus with the exception of C226 (H9N2), H226

(HONT1) and T226 (H9N1) var viruses, which had greatly reduced receptor avidity.

Var viruses retain replicative fitness in cells of avian and mammalian origin

To investigate the contribution of the various amino acids to viral replication, we evaluated and
compared the growth kinetics of var viruses to WF10 and PR8 viruses in both mammalian and
avian cell lines. Confluent canine-origin MDCK or chicken-origin DF1 cells were infected at an
MOI of 0.01 and supernatants collected at different times post-infection. Var viruses exhibited
diverse replication profiles in MDCK and DF1 cells compared to L226 wtWF10 virus (Figure
4.3). At 24hpi of MDCK cells, all HON2 var viruses replicated to titers similar to the L226 virus
with the exception of the 1226 (P < 0.0001), M226 (P < 0.05) and V226 (P < 0.05) that grew to
significantly less titers while the Q226 virus grew to higher titers compared to the L226 virus

(Figure 4.3a). At 72hpi, G226 and Q226 replicated to higher titers compared to L226 (P < 0.001
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and P< 0.0001 respectively). The 1226 replicated at consistently lower titers during the course of
the experiments (P < 0.0001) both at 48 and 72hpi. Similar to kinetics in MDCK, 1226 replicated
to lower titers at every time point except at 24hpi and Q226 replicated to higher titers than other
variants tested in the DF1 cells (Figure 4.3¢). By 72hpi, Q226 and G226 replicated better than
L226 as observed in MDCK (P < 0.0001 and P < 0.01 respectively). S226 on the other hand
grew to titer similar to 1226 at 72hpi while there was no difference between the L226 and other
var viruses at 72hpi. In MDCK cells, all HON1 var viruses replicated to less titers compared to
wtPRS at 48hpi and by 72hpi there was no significant differences between var viruses and
wtPRS8 except for L226 (P < 0.0001), N226 (P <0.001) and F226, S226 and H226 (P < 0.05) that
grew to lower titers (Figure 4.3b). In DF1 cells, wtPR8 grew to significantly lower titers

compared to the HON1 var viruses between 24 and 72hpi (Figure 4.3d).

Temperature stability profile of var viruses is dependent on amino acid at 226

We used a temperature stability assay as a surrogate to determine if the single amino acid
changes at position 226 can contribute to pH stability. Interestingly, we observed differences
depending on which amino acid was present at position 226. By 1 hpi at 56°C, all HIN2 viruses
had HA titers less than 2 HAU, except viruses with aliphatic amino acids, V226, L226 and 1226,
as well as the C226 and Q226 var viruses (Figure 4.3¢). At 4 hpi only the viruses with V226 and
L226 showed any HA titer and were the most stable viruses. For HON1 variants, at 1 hpi, the
Q226, V226 and L226 var viruses had titers >2 HAU as well at the PR8 virus. By 2 hpi, only

V226, Q226 and the PRS viruses had detectable HA titers (Figure 4.3f).

113



Sialic acid specificity modulated by amino acid 226

We performed solid phase direct binding assays using 3-Fet-HRP or 6-Fet-HRP to test the
specificity of var viruses for a2,3SA or a2,6SA receptors. The WF10 (L226) virus bound
strictly to 6-Fet-HRP indicating a preference for a2,6SA. In contrast, the Q226 var virus bound
exclusively to 3-Fet-HRP, consistent with previous observations (Figure 4.4a-left panel)(13).
The M226, N226 and V226 var viruses on the WF10 backbone displayed dual a.2,3SA and
a2,6SA preference while the C226 var virus appears to bind exclusively to a2,3SA receptors
(Figure 4.4b-c: left panel). Due to low avidity for receptors, it was not possible to clearly
distinguish receptor specificity for the other variants using the Fet-HRP assay (Figure 4.4b-c:
left panel). To define the specificity for the low avidity viruses as well as confirm the dual
specificity observed for some var viruses with the Fet-HRP assay, we used a modified version of
the assay using synthetic high molecular weight biotinylated macromolecular probes having
multiple copies of monospecific sialyoligosaccharide moieties (39). As expected, the L226 and
Q226 viruses still bound mainly 6SLN-PAA-biot and 3SLN-PAA-biot respectively (Figure
4.4a: middle panel). C226, S226, T226 and H226 var viruses bound more to the 3SLN-PAA-
biot moiety (Figure 4.4c: middle panel). Variants that displayed dual receptor specificity in the
Fet-HRP assay also show the same behavior in this assay. In addition to the M226, V226 and
N226 var viruses, the variants with G226, 1226 and F226 also exhibited preference for both
3SLN and 6SLN sugars (Figure 4.4a-b: middle panel). While biochemical characterization of
variants was limited to variants identified using the equi226 approach to exclude bias in variants
generated, we tested the receptor specificity of the A226 and R226 variants, 2 amino acid
residues not identified via the equi226 approach (Figure 4.8). Both viruses displayed a

preference for a2,3SA in the solid phase binding assay (Figure 4.8). Interestingly, while the
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binding profile of the A226 virus on the glycan microarray was predominantly a2,3, the R226

virus displayed lack of binding on the glycan microarray (Figure 4.8).

To further corroborate the results from the solid phase binding assay, we tested the
receptor specificity of variant viruses on a custom glycan microarray with linear, O-linked, and
N-linked sialosides. L226 and Q226 variants exhibited preferences same as has been previously
reported and similar to our findings with the solid phase binding assay (40, 41). L226 virus
bound almost all a2,6SA on the array resulting in fewer gaps and a less ‘comb-like’ appearance
(Figure 4.4a: right panel). C226, S226, T226 and H226 viruses bound exclusively to a2,3SA
on the glycan array also corroborating the solid phase binding data (Figure 4.4c¢: right panel).
We did observe limited binding of these variants to some o.2,6 N-linked sialosides with 4-5
LacNac repeat with the exception of H226 where binding was limited to only the a2,3SA. Also,
while Q226, C226 and S226 bound the fucosylated sugars on the array, this was more limited
with H226 and T226 variants (Figure 4.4¢: right panel). Preference for the M226 variant was
restricted to only the N-linked subset of the .2,6SA terminating sialosides (Figure 4.4a: right
panel). This was in contrast to the solid phase data where M226 bound both 3SLN and 6SLN
sugars equally well Figure 4.4a: left and middle panel). The 1226 and V226 viruses bound
a2,6SA in linear as well as O-and N-linked conformations (Figure 4.4b: right panel). A more
expanded binding phenotype was seen with the N226, G226 and F226 viruses (Figure 4.4a-b:
right panel). These 3 variants bound linear and N-linked a2,3SA with variable and low binding
to O-lined a2,3SA. Further inspection showed that the F226 virus bound fewer linear a2,3SA
and no interaction with the L* a2,3SA unlike the G226 and N226 viruses (Figure 4.4b: right

panel). In the a2,6SA conformation, F226 did not bind linear sugars and showed a preference
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for longer branched sugars. The binding phenotype for the N226 and G226 were both similar in

appearance.

A subset of the var viruses were further tested on an expanded glycan microarray for
comparison. Unlike the previous array with only 135 sugars, the CFG array v5.3 consists of 609
sugars. The binding profile of the N226 from the CFG microarray was similar to that from the
Scripps microarray though the binding of virus to a2,3SA was more pronounced in the CFG
array (Figure 4.9). We also observed that the binding profile was similar irrespective of the
origin of the neuraminidase and internal genes when we compared the HON2 and H9N1 var
viruses with N226 (Figure 4.9). With the L226 virus, a preference for a2,6SA was apparent on
both glycan microarrays tested. We did observe more a2,3SA binding on the CFG array for the
subset of viruses tested (Figure 4.9). Overall, the receptor binding profile of viruses tested were

comparable irrespective of the source of the microarray used in the experiments.

Intensity and pattern of virus attachment differs with amino acid at position 226 in avian and

mammalian tissues:

The pattern of influenza virus attachment (PVA) in the respiratory tract is an indicator of the
virus tropism, which can determine the efficiency of viral replication and transmission (42).
Viral attachment pattern of var viruses was determined using virus histochemistry comparing
tracheal tissues obtained from Japanese quail, turkeys, chickens and mice (Table 4.3). Several
distinct patterns of attachment were observed with the quail tracheal tissue. In general, the PVA
of variant viruses can be classified as intense, moderate or mild. The N226, F226, Q226 var
viruses and the WF10 (L226) attached strongly to the trachea compared to the M226 variant

which had moderate binding. The H226, 1226, V226, S226, G226 and T226 variants bound with
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mild intensity to the quail trachea tissue. Attachment of the T226 variant was restricted to the
basal structures of the tracheal epithelium (Figure 4.5). 1226 and H226 attached mildly in
punctate and discrete areas near the base of the cilia, unlike the M226 variant with intense
staining restricted to the base of the ciliated tracheal epithelium (Figure 4.5). For the S226
variant, though binding to the cilia was moderate, the basal membrane of the cilia was intensely
stained. Similar attachment patterns were observed for the N226, F226 and L226 viruses
displaying abundant attachment to the cilia as well as moderate binding to the basement
membrane of the trachea, which matches the pattern of a2,6SA receptor expression in quail (43).
The G226 virus bound in a similar pattern but with reduced intensity. The most distinct pattern
was observed for the Q226 virus, which attached abundantly to discrete areas on the ciliated
epithelium along with strong staining of the goblet cells. The Q226 staining pattern matches the

pattern of a.2,3SAs staining in quail trachea (43).

We also tested these var viruses in turkey tracheal tissues based on the historical
infections of turkeys with H9 viruses particularly in North America. The pattern of virus
attachment in turkey tracheal tissues was somewhat different compared to quail for some
variants and similar for others. It has been previously reported that the pattern of receptor
expression in the respiratory tract of turkey shows noticeable a2,3SA presence at all ages but
increases in a2,6SA expression as birds get older (>4 weeks old) (44). V226, N226, and Q226
variants bound with greater intensity compared to other variants. H226, G226, S226, Y226 and
L226 had moderate binding intensity while T226, 1226, M226, F226 and C226 were the least
with regards to binding intensity (Figure 4.5). As observed in the quail, the 1226 virus attached
very poorly with few discrete areas of binding on the ciliated cells of the tracheal epithelium of

the turkey. An increased binding intensity but similar pattern to the 1226 was seen with the M226
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virus. Binding was mainly restricted to the epithelial surface of the trachea for all variants except
the F226, G226, N226, and H226 viruses. The distinct pattern observed with the Q226 virus in
the quail tissue was also seen in the turkey tracheal tissue where binding was well defined to the

ciliated epithelium and the goblet cells (Figure 4.5)

In chicken tracheal tissues, the N226 and Q226 viruses bound with greatest intensity
similar to observations in the quail and turkey tissues and consistent with the pattern of
expression of a2,3SA and a.2,6SA receptors in the trachea of chickens (43). The characteristic
intense staining of the goblet cells with the Q226 virus was also observed in the chicken trachea
tissue. Variants with H226, G226, S226, C226 and L226 bound with moderate intensity while
T226, M226, V226 and Y226 had minimal binding. An apparent lack of binding was observed
with the 1226 and F226 var in chicken tracheal tissues despite intense staining of the basement
membranes by the F226 virus. As seen in the turkey, staining of the basement membranes was

associated with the N226, 1.226, S226, T226 and G226 viruses (Figure 4.5).

We further compared the virus binding characteristics of var viruses in a mammalian
model of influenza virus infection. Mice are often used to study influenza virus replication and
pathogenesis and are considered to have mainly 2,3SA in the lower respiratory tract thus we
sought to determine how the var viruses would behave using mouse tissue. No binding was
observed with 1226, F226, V226 and G226 viruses. Binding to the alveoli and bronchiolar
mucosa was mild for the S226, T226, M226, H226, C226 and L226 (wt). Binding profile of
Q226 var virus was intense, similar to observations for all tissues tested in this study while N226

and Y226 bound moderately to the alveoli (Figure 4.5)

118



Poor replication of viruses in ex-vivo avian cultures

We tested the replication of the isolated variants in ex-vivo avian explants using chicken tracheal
and lung tissues. The highest average virus titers of about 10° TCIDso was reached at 48hpi in
both lungs and tracheal tissues (Figure 4.6a-b). For viruses on the WF10 backbone in both tissue
types, N226, F226, H226 and M226 variant viruses replicated to the highest titers. We also
observed some tissue dependent differences for some variants on this backbone. 1226 and G226
variants titers in both lung and tracheal tissues were below the limit of detection by TCIDso,
C226 and V226 replicated better in the lungs compared to the trachea where virus titer could not
be detected. The wtWF 10 virus replicated poorly in the tracheal explants and had delayed
replication in the lung explants with a high titer evident at 72hpi compared to other variants. For
variants on the PR8 backbone, the N226 and F226 replicated to the highest titers in both trachea
and lungs similar to observations with these variants on WF10 backbone (Figure 4.6¢c-d). The
Q226 variant behaved similar to the N226 and F226 virus in the lungs while the L226 and T226
replicated to levels similar to the N226 variant in the trachea.

In-vivo replication advantage of HY variants

To investigate the competitive replication and/or transmission advantage conferred by specific
amino acids, we inoculated quail with mixtures of the var viruses on the HON2 backbone with or
without the commonly found L226 and Q226 residues. At 1 dpi, we introduced naive quail
(n=6/group) to monitor transmission. Quail are known to replicate and transmit H9 viruses and
possess both a2,3SA and a2,6SA receptors in their respiratory tract. Quail were randomly
assigned to 5 groups (n=6/group). Birds in group 1 (PBS) received PBS and those in group 2
received a mix of the HON2 var viruses only without L.226 and Q226 (varALQ). Birds in group 3

(var+Q) received the HON2 var virus mix along with the Q226 var virus, group 4 (var+L) birds
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received a similar mix with the L226 virus while a final group 5 (var+LQ) received a mix of all
the HON2 variants and both the L226 and Q226 viruses. Over the course of 14 days, infected
birds displayed minimal signs of infection as has been previously reported. No shedding was
observed in the PBS group during the duration of this study (data not shown). By 3 dpi, all
inoculated birds were positive with all groups shedding similar levels of virus (10"6 TCID50/ml
equivalent) (Figure 4.7a). Virus titers reduced by 7dpi with quails shedding an average of 10”3
in the var+Q and var+L groups. In the var+LQ group, 2 birds shed between 1074 and 10"6
TCIDso while the last bird in the group had titers similar to birds in the var+Q and var+L groups.
Only 2 birds in the varALQ group were positive for virus by 7dpi with one bird shedding up to
1076 TCIDso (Figure 4.7a). No significant differences in virus titers were observed among the
different groups of inoculated birds. Direct contact quail in the varALQ group showed delayed
replication kinetics. While direct contact quail in other groups shed an average of 10"6 TCIDso
equivalent by 2 dpc, the average virus titer in tracheal swabs of varALQ direct contact birds was
significantly less that for all other contact groups (P < 0.001) (Figure 4.7b). By 7 dpi (6 dpc), the
average virus titer shed by birds in the varALQ group was significantly higher than other groups
(P<0.05). At 5dpi and 6dpc, 3 birds were sacrificed from each group for virus titration in lungs
and trachea. Viral titers were higher in the upper respiratory tract compared to the lower
respiratory tract in both inoculated and contact (Figure 4.7¢-f). Virus titer in lung homogenates

from contact birds were at the level of detection by 6dpc.

To determine what amino acids were associated with contact transmission events, tracheal
samples collected at 9 dpi (n=3/group) and 8 dpc (n=3/group) were subjected to virus sanger
sequencing (Table 4.3). In the majority of directly inoculated quail, there was a lack of amino

acid resolution at position 226 (labeled as “X’’) with the exception of 2 quail showing M226 in
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the varALQ inoculated group and 1 quail showing L.226 in the var+LQ inoculated group. In
contrast, the vast majority of contact quail shed the L226 variant by 8 dpc, indicating a natural
fitness advantage of this variant in this bird species, clearly in contact birds in the var+L and
var+LQ groups. The exceptions were in the varALQ direct contact group with 1 bird shedding an
undefined (at position 226 of HA) virus population and 1 bird shedding the N226 variant,
whereas the third bird in this group surprisingly selecting for a L226 variant. The L226 variant in
the varALQ contact group could have easily emerged from a single mutation in the first nt of
codons encoding either F226, 1226, M226, or V226. Likewise, for contact birds in the var+Q
group showing the L.226 variant, such variant could have been selected by a similar mechanism
or from a single mutation in the second nt of the codon encoding for the Q226 variant. This quail
study strongly suggests strong natural selection of H9 HA variants with L226 in this species,

which is consistent with the prevalence of L226 variants in poultry.

Discussion

Receptor engagement is a critical step in influenza virus infection and is mediated by the
HA. It is well known that changes to amino acids in the receptor-binding site of HA modulate
receptor recognition, which in turn influences host adaptation. In this study, we evaluated the
flexibility of amino acids in the receptor-binding site with a focus on a previously characterized
position capable of altering receptor recognition. Several studies have linked the changes at
position 226 and 228 (H3 numbering) to receptor preference. The combination of glutamine and
glycine (Q226/G228) allows for avian-like a2,3SA recognition while leucine and serine
(L226/S228) favor human 02,6SA recognition in the context of H2, H3 and H4 HA subtype
viruses (7, 45-47). For H9 influenza viruses, position 226 has been implicated in changes in

receptor preference (13, 41). The Q226L change has also been associated with improved direct
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contact transmission of HIN2 viruses in the ferret model (40). Analysis of the 4,829 H9 HA
sequences available to date in the Influenza Research database revealed that 81.28% of isolates
have 1.226, 18.24% have Q226 and the remaining 0.48% of the sequences carries M226, 1226,
H226, P226, S226, or F226. Given the rather limited repertoire of amino acid usage at this
position in the context of H9 viruses and the increasing number of HON2 isolates with the human
L226 residue, we sought to determine the plasticity of this position and its effect on virus
phenotype. Our results reveal the flexibility at this position, identifying a diverse set of amino
acids that can be accommodated. Using 2 approaches, an H9 HA library was used to generate
viruses with heterogeneity only at position 226 on either a wtHIN2 or wtH1N1 backbone such
that any changes observed are due to the change at position 226. From isolated variants, 14
different amino acids were identified, 8 of which (A226, C226, G226, N226, R226, T226, V226
and Y226) are yet to be found in natural isolates of H9 viruses while one (C226) is yet to be
found in any influenza virus HA irrespective of subtype. We did not obtain a variant with P226,
which is represented by a single isolate in the database, or variants with acidic amino acids
(D226, E226) or basic amino acid (K226) or with an indole side chain (W226). We proceeded to
characterize these var viruses with a focus on those generated using the approach with less bias
(equi226). It was surprising to observe that some of the most favored variants from the HON2
and H9N1 virus libraries corresponded to amino acids that have yet to be found in nature (N226,
n=17 overall) or that are uncommon (H226, n=13 overall) in the background of the H9 HA.
Equally surprising was the lack of selection of the L226 variant from the ,nnHIN2 virus library
considering that L226 could have been selected from 6 different codons in the nun226HOPCR
library versus 2 codons for the N226 or the H226 variants. It is unlikely that the lack of selection

for the L226 variant in the WF10 background was because of lack of representation in the
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nmn226H9PCR library. The same nnn226H9PCR library was used to generate the nan HON1 virus
library, resulting in the L226 as the most prominent variant in the virus pool (n=5, and n=12
overall). Like the L226 variant, the Q226 variant was only obtained when paired with the N1 NA
in the PR8 background. These results indicate that in vitro and in vivo fitness do not necessarily
correlate and questions whether some of the variants observed in isolates could indeed be
artifacts of the method used for virus growth, something that could be easily ascertained by

sequencing the virus directly from the field sample.

Using solid phase binding assays, we determined the receptor preference of these single
amino acid variants. In concert with previous studies with H9 viruses, virus with Q226 bound
strongly to sugars containing o.2,3SAs while the virus with L226 preferentially bound sugars
containing a2,6SAs (13, 41). We isolated viruses with V226 and 1226, these residues are
commonly found in H3 viruses and are associated with a2,6SA binding (48). In the H9 variants,
these viruses behaved similarly, binding a.2,6SAs in addition to a2,3SA binding. Though the
amino acids involved with receptor specificity in H1 influenza viruses do not include position
226, R226 has been found in an H1 virus following adaptation to egg and allowed for a.2,3SA
recognition an observation consistent with the R226 H9 var virus (49) (Figure 4.9).
Furthermore, we observed a pattern of polar amino acid residues recognizing the 3SLN sugars
exclusively while hydrophobic amino acid residues were able to interact with both a2,3SA and
a2,6SA sugars using the solid phase binding assay. The exception to this observation was with
A226 (a hydrophobic residue binding a2,3SA) (Figure 4.9) and N226 (a polar residue able to
bind to both sugars). On the crystal structure of A/swine/Hong Kong/9/98 (HON2) HA, the L.226
makes non-polar interactions with the C6 atom of the SA (50). With the exception of N226, all

the dual binding var viruses contain hydrophobic amino acid residues similar to leucine and are
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capable of making van der Waals interaction that allow recognition of SAs in the 02,6
conformation. Other amino acids in the RBS have been implicated in the receptor-binding
preference of H9 viruses. In a recent study, A190V mutation was identified in an HIN2 as being
able to expand SA recognition and interaction by widening the RBS pocket (51) while in H3
viruses E190D increased a2,6SA recognition (52). All variant viruses in this study possessed an
E190 residue, which is fairly common in influenza viruses of avian origin. In addition to position
190, the I155T, H183N and G228S (H3 numbering) mutations have also been associated with
changes in receptor preference (53). It has been suggested that the [155T mutation plays an
important role in HON2 virus binding to human-like SA receptors. An HIN2 virus engineered to
carry 1155 lost its ability to bind a2,6SA despite carrying the L226 profile (54). The var viruses
described in this report have distinct patterns of 2,3SA and/or a2,6SA receptor binding
depending on the amino acid residue at position 226 despite carrying the T155 mutation,
suggesting that the contribution of the I155T change may be minimal for human-like receptor

recognition.

Glycan microarrays provide an additional tool to investigate virus-receptor interaction. Our data
from the microarray analysis are in concert with the solid phase binding data for most of the var
viruses. Similar to previous studies with H7N9 and H3N2 viruses (55, 56), there was an overall
preference for N-linked glycans by all viruses tested. N-linked glycans are known to be
predominant in the human and ferret glycome (57, 58). Var viruses show an ability to bind
sugars in different conformations to varying degrees though binding to N-linked sugars seen for
both a2,3SA and a.2,6SA conformations irrespective of the amino acid at position 226. We
observed a few differences between the glycan microarray data and the solid phase direct binding

assay for some var viruses. The M226, V226 and 1226 var viruses had a preference for both
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a2,3SA and a2,6SA on the direct binding assay but displayed a preference for only a2,6SA on
the glycan microarray while the F226, G226 and N226 showed an expanded binding profile in
both the direct binding assay and glycan microarray. Two variants showed considerable
difference between glycan microarray and solid phase binding assay. The R226 variant showed
exclusive a2,3SA preference with the solid phase binding assay while the Y226 virus had low
but detectable 02,6 binding (Figure 4.9), for both variants however, binding was undetectable
with the glycan microarray. The comparatively lower binding intensities of both variants on the
solid phase assay despite the use of the multivalent biotinylated SGPs, may account for the lack

of binding on the microarray.

In addition to receptor-binding preference, recent studies have highlighted the role of pH
stability in the adaptation of avian viruses to humans (59, 60). Amino acid residues in the RBS
have been shown to contribute to the pH stability of influenza viruses. On the HON2 backbone,
the V226, 1.226, 1226, C226 and Q226 var viruses were the more stable variants, with V226 and
L226 var viruses still adsorbing RBCs after 4 h incubation at 56°C. On the HIN1 backbone,
V226 and Q226 were stable for 2 h at 56°C. Our results with the HON1 var viruses are similar to
observations with an H7N9 virus where Q226 (217 in H7 numbering) had increased
thermostability compared to a virus with L226 when incubated at 50°C (61). The reduce stability
of the HON1 var viruses compared to the HON2 var viruses suggest a role of NA in
thermostability. As previously reported, the activities of HA and NA are functionally linked (62).
It is possible that the reduced compatibility between the H9 and the N1 is responsible for the

differences observed in the stability of the HON1 variants.
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The in vitro data suggests that all of the mutants can be viable in nature as they all
replicated to similar titers in both avian and mammalian cell lines although with lower average
titers in DF1 cells compared with MDCK cells. Results from the in vivo competition studies in
quail however, indicate that while all variants are ‘fit’ in vitro (and ex vivo, not shown), there are
bottlenecks affecting virus phenotype in vivo that cannot be recapitulated by in vitro systems.
Due to limitations in the number of animal studies that could be performed, we decided to
ascertain the relative fitness advantage of the 226 var viruses in an in vivo competition model.
Undoubtedly, the L226 var virus showed an in vivo advantage in the quail model. L226 was the
predominant var virus in contact quails in groups var+L and var+LQ where this variant was
included in the infection mix. This may reflect what is seen in natural isolates where L.226 is
found in 80% of isolates. Interestingly, in the var+Q group where Q226 but not L.226 was
included in the virus mix, the L226 var virus was ultimately selected in both inoculated and
direct contact birds. This is somewhat consistent with previous studies that have shown that
position 226 is under selective pressure: a change from Q226 to 1226 was observed in an HON2
virus following only 3 passages in turkey tracheal tissues and a V2261 mutation was acquired in
an H3N2 virus within 5 passages in tissue culture (48, 63). In addition to L226, we isolated a
M226 var virus from 2 directly inoculated quails in the varALQ group at 9 dpi. The M226
variation occurs naturally in H9 isolates and confers preference for mostly a2,6SA with possible
residual binding to 02,3 as seen in the direct binding in this study. Isolation of M226 from 2 of
the 3 inoculated birds in the varALQ group suggests that this amino acid conferred a replication
advantage. Sanger sequencing however did not identify M226 in any of the contact birds though
there was a lack of resolution in 1 DC bird. Without temporal replication data, we cannot exclude

the possibility that at earlier time points, other var viruses such as N226 isolated from a DC bird,
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was shed by inoculated birds. It is also possible that the absence of M226 in DC birds was a
direct consequence of reduced transmission fitness in quails. L226 was also identified from one
DC bird in this group. It is interesting that a L226 var was found in one contact quail in this
group and as mentioned above could be the result of selective pressure on this position.
Furthermore, only one nucleotide change is necessary for a change from M226 (ATG) to L226
(CTQ). It is interesting to note that the var viruses identified in contact birds all bound with the
most intensity in the quail virus histochemistry study and the ability of these var to bind and

initiate infection in the contact birds.

Overall, this study identified amino acids that have yet to be seen in H9 viruses and that
have the ability to expand the SA preference of H9 viruses. This is important not only for
surveillance efforts to identify viruses of greater pandemic concern but also can be harnessed in
areas such as vaccine production, particularly live attenuated vaccines. In addition, to those
approved for use in humans, live attenuated influenza virus vaccines are approved for use in
horses, and recently, in pigs. These live virus vaccines carry HA gene segments that are
indistinguishable from those circulating in the field. Our studies indicate that vaccine strains
could be produced with 226 (or alternative RBS) mutations with optimal or improved in vitro
growth characteristics without affecting antigenicity. Generation of vaccine candidates with
these mutations could preclude the current issues accompanying growth of H3N2 vaccine viruses
in eggs. RBS var vaccine viruses would complement the attenuation phenotype of live virus
vaccines. RBS var vaccine viruses would be less likely to transmit and reassort which are the
major concerns for mass implementation of live attenuated influenza virus vaccines in
agriculture, particularly in poultry. The RBS var virus vaccine approach could be implemented

regardless of the live attenuated platform used and would improve the safety profile of such
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vaccines. We believe that approaches that improve vaccine production in vitro but decrease HA
fitness in vivo without sacrificing its immunogenicity is important in the context of major efforts

towards universal influenza virus vaccines based on live attenuated approaches.
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Table 4.1: Hemagglutination and Hemagglutination inhibition assay titers of variant viruses.

Var virus HA titers HALI titers
0.5% 0.5% 1% WF10 M226
c¢cRBC tRBC hRBC Antisera Antisera

1226 (H9N2) 512 512 0 2560 2560
S226 (HIN2) 256 128 0 2560 2560
T226 (HIN2) 512 256 0 5120 2560
M226 (HIN2) 512 512 0 2560 2560
H226 (HIN2) 256 512 0 2560 2560
N226 (HIN2) 1024 512 4 2560 2560
F226 (HIN2) 256 256 0 2560 5120
V226 (HIN2) 256 256 0 2560 2560
C226 (HIN2) 256 128 0 2560 2560
G226 (HIN2) 512 256 0 2560 2560
L226 (HIN2) 256 256 0 2560 2560
G226 (HIN2) 512 512 128 320 640

Y226 (H9N1) 128 512 8 5120 10240
R226 (H9N1) 512 512 128 ND ND

A226 (HIN2) 256 256 64 ND ND

PRS8 (HIN1) 1024 1024 0 <10 <10
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Table 4.2: Summary of sialic acid specificity and virus histochemistry data for var viruses

Direct binding® Glycan array” Virus Histochemistry”
Var virus”*
3 Fet-HRP | 6-Fet-HRP | 3SLN 6SLN | 23L | 230 | 23N | Lx | 26L | 260 | 2,6 N | Quail | Tky | Chicken | mouse

1226 +/- +/- + + - - 4+ - ++ ++ ++ + + - -
S226 +/- - + - ++ ++ +++ | ++ - - + + ++ ++ +
T226 +/- - + - ++ + 4+ + - - + + + + +
M226 + ++ + + - - +/- - + + 4+ ++ + + +
H226 + - + - ++ +/- 4+ - - - - + ++ ++ +
N226 ++ + + + ++ + -+ | | ++ 4+ +++ | 4+ ++
F226 - - + + + + 4+ + + ++ 4+ 4+ + - -
V226 ++ ++ + + +/- +/- + - 4+ ++ 4+ + 4+ + -
C226 ++ - + - ++ ++ +++ |+t - - - ND + ++ +
G226 + + + + +++ ++ +++ | + ++ +++ + ++ ++ -
L1226 - ++ +/- + +/- +/- 4+ - | | e | ++ ++ +
Q226 ++ - + - | | | - - - - +++ | 4+ 4+

Y226 (H9N1) +/- +/- +/- +/- - - - - - - - ++ ++ + ++

#: Viruses on HON2 backbone except Y226 virus on HON1 backbone.

$: Scoring for direct binding assay classified as + (binding to sialic acid substrate), - (did not bind sialic acid), +/- low binding to both 2,3 and 2,6 and binding
cannot be determined.

*: Glycan microarray data classed as — (no binding), + (narrow binding), ++ (moderate binding to some sugars), +++ (strong binding at most/all sugars of the
micro array)

%: Scoring for virus histochemistry- + mild, ++ moderate, +++ intense, - no binding
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Table 4.3: Amino acid identified at position 226 in inoculated and contact quails following
infection with virus mix.

Group Directly inoculated quail (9dpi) Direct contact quail (8dpc)
Amino acid at | Nucleotide Amino acid at Nucleotide
226 226
varALQ M, M, X" ATG/ATG/MTR X,N, L WTG/AAT/CTS
var+L X, X, X MWR, MTG, MTG L,L,L CTG, CTG, CTG
var+Q X, X, X ATG/MTG/CKG/MTR L,QL CTG, CAA, CTA
var+LQ X, X, L ATD/MTG/CTG/MTG L,L,L CTG, CTG, CTG

*: Unresolved amino acid at position 226 following Sanger sequencing
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Table 4.4: List of primers used in equi226 primer mix.

Primer name

Primer Sequence

WF10_HA-A226 Rev

5S’CAATAATAATCAATTCTTCCCTGTGCACCATTGACAAGGGGCCIT 3’

WF10_HA-C226 Rev

5S’CAATAATAATCAATTCTTCCCTGACAACCATTGACAAGGGGCCTT 3’

WF10_HA-D226 Rev

5S’CAATAATAATCAATTCTTCCCTGATCACCATTGACAAGGGGCCTT 3’

WF10_HA-E226 Rev

S’CAATAATAATCAATTCTTCCCTGITCACCATTGACAAGGGGCCTT 3°

WF10_HA-F226 Rev

5S’CAATAATAATCAATTCTTCCCTGGAAACCATTGACAAGGGGCCTT 3’

WF10_HA-G226 Rev

5S’CAATAATAATCAATTCTTCCCTGTCCACCATTGACAAGGGGCCTT 3’

WF10_HA-H226 Rev

5S’CAATAATAATCAATTCTTCCCTGATGACCATTGACAAGGGGCCTT 3°

WF10_HA-1226 Rev

5S’CAATAATAATCAATTCTTCCCTGTATACCATTGACAAGGGGCCTT 3°

WF10_HA-K226 Rev

5S’CAATAATAATCAATTCTTCCCTGTITTACCATTGACAAGGGGCCTT 3°

WF10_HA-L226 Rev

5S’CAATAATAATCAATTCTTCCCTGTAGACCATTGACAAGGGGCCTT 3°

WF10_HA-M226 Rev

5S’CAATAATAATCAATTCTTCCCTGCATACCATTGACAAGGGGCCTIT 3’

WF10_HA-N226 Rev

5S’CAATAATAATCAATTCTTCCCTGATTACCATTGACAAGGGGCCTT 3°

WF10_HA-P226 Rev

5S’CAATAATAATCAATTCTTCCCTGTGGACCATTGACAAGGGGCCTT 3°

WF10_HA-Q226 Rev

5S’CAATAATAATCAATTCTTCCCTGTTGACCATTGACAAGGGGCCTT 3’

WF10_HA-R226 Rev

S’CAATAATAATCAATTCTTCCCTGCCTACCATTGACAAGGGGCCTT 3’

WF10_HA-S226 Rev

5S’CAATAATAATCAATTCTTCCCTGTGAACCATTGACAAGGGGCCTT 3°

WF10_HA-T226 Rev

5S’CAATAATAATCAATTCTTCCCTGTGTACCATTGACAAGGGGCCTT 3’

WF10_HA-V226 Rev

5S’CAATAATAATCAATTCTTCCCTGTACACCATTGACAAGGGGCCIT 3’

WF10_HA-W226 Rev

5S’CAATAATAATCAATTCTTCCCTGCCAACCATTGACAAGGGGCCTT 3°

WF10_HA-Y226 Rev

5S’CAATAATAATCAATTCTTCCCTGATAACCATTGACAAGGGGCCTT 3°

142




Generation of reverse genetics-ready PCR ,,,HA library
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Transfection
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and ,,,.2,sHINI virus libraries

Figure 4.1: Schematic overview of the steps to generate degenerate H9 HA PCR product
and rescue of H9 HA virus library. (A) WT WF10 HA plasmid was split in 2 plasmids pHA1
and pHA2 with designed primers. HA PCR product (1-767) carrying the mouse RNA

polymerase terminator sequence and the degenerate NNN codon at position 226 was generated
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from the pHA1 plasmid either by a specific primer with the NNN codon (nnn226) or with a mix
of primers able to introduce all 20 amino acids (equi226). Another PCR product with the
remaining HA (738-1742) and human polymerase 1 promoter generated from pHA2. Using
overlapping PCR, a full-length HA was obtained with the degenerate codon at 226 flanked by the
mouse RNA polymerase terminator sequence and the human pol 1 promoter. (B) Generation of
virus library by PCR based reverse genetics using 2206HA PCR product and 7 plasmids from

WF10 (HON2) or PR8 (HIN1)

144



W

cell binding (mU Neuraminidase)

HI9NXx
field isolates of HIN2
avian origin human-origin
OrF
Ou
Oz
W L,81.283 -
O M n.(n=17)
Ho,18.243
(03]
Hs
B xaa O M(n=1)
H o(n=2)
Total=4828 Total=20
nnnHI9N2 equiH9N2 nnnH9N1
library library library
O am=3) M n(n=8)
=C(n 1)
n= G(n=1)
H n(n=4) B 5(ams)
O 1(n=1)
0 1(n=2) O M(n=1)
O 1(n=1) E::n:i;
O m(n=1) e
—re LES
Total=12 Total=24 Total=12
40
30
20
10
0 T I T T T 1 1
LCFGH I MNSTVFH

HON2 var viruses

L

@ r(n=1)

W o(n=4)

M L(n=5)

O v(n=2)

N

HIN2
swine-origin

H »(n=19)

O M(n=1)
H o(n=25)

Total=45

equiH9N1
library

M n(n=5)
M o(n=1)
O 1 (n=5)

W L(n=7)
O F(n=1)
M s(n=1)
Bl T(n=1)
A v(n=1)
O v(n=2)

Total=24

QS TV YPRS

HON1 var viruses

145



Figure 4.2: Amino acid diversity at position 226 following limiting dilution and receptor
avidity of isolated variants. (A) Amino acid present at position 226 in natural isolates of HONx
viruses by species of origin compared to amino acid identified experimentally using either the
nnn226 approach or the equi226 approach on either the HON1 or HON2 backbone. (B) Receptor
binding avidity of var viruses using cells treated with increasing concentration of neuraminidase

Clostridum perfringes and compared to wt WF10 (L) virus and wt PR8 virus.
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Figure 4.3: In-vitro replication and temperature stability of isolated variants. Replication of
HON2 and HON1 var viruses in mammalian MDCK (A and B) and avian origin DF1 cells (C and
D) at 37°C. Confluent monolayers of MDCK or DFI cells were infected with var viruses at an
MOI of 0.01 and supernatant collected at 0, 6, 12, 24, 48 and 72hpi. Collected supernatant was
quantified in MDCK cells by TCIDso using the Reed and Muench method. Plotted data
represents means =+ standard error. Temperature stability of HON2 (E) and HIN1 (F) var viruses
at 56°C. Var viruses diluted to 128 HAU/50ul were incubated at 56°C. Samples collected at 0,
15, 30, 60, 120, 180 and 240 min post incubation were used for HA assays. Treatment was

carried out in quadruplicate.
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Figure 4.4: Sialic acid specificity of var viruses is dependent on amino acid at position 226.
Receptor specificity of var viruses on the HIN2 backbone comparing direct binding solid phase
assays with Fet-HRP (4.4a-c left panel), direct binding solid phase assay with biotinylated
sialylglycopolymers (4.4a-c middle panel) and glycan microarray (Scripps) (4a-c right panel).

Two independent assays were conducted in duplicate for the solid phase binding assays.
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Figure 4.5: Pattern of virus attachment to avian and mammalian tissues. Bright field images
comparing the pattern of viral attachment of different var viruses in quail, chicken and turkey

tracheal tissues and in mouse lung by virus histochemistry.
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Figure 4.6: Ex-vivo replication of var viruses. Ex-vivo chicken lung (a, ¢) and tracheal (b, d)
cultures from 6-week-old birds were infected with 10® TCIDso of HON2 var viruses (a, b) or
HON1 var viruses (¢, d) in culture specific media at 37°C. Supernatant was collected at 0, 6, 12,
24, 48 and 72hpi. Quantification of virus shedding in explants was determined by titration of

supernatant in MDCK cells. Experiment was carried out twice in triplicate.
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Figure 4.7. In-vivo replication and transmission phenotype of var viruses. Quails were
randomly divided in 5 groups, one group served as a control. At 4-6-week of age, 6 birds were
inoculated intranasally, intratracheally and via the cloaca with a mixture of variant viruses with
or without Glutamine and Leucine at 10° TCIDso per ml per bird. Group 2 received only HON2
var viruses (var ALQ), group 3 received var viruses and glutamine virus (var +Q), group 4
received var viruses and leucine virus (var+L) and the final group received all var viruses and
the leucine and glutamine viruses (var +LQ). On day 1 post infection, 6 naive quails were
introduced as direct contact animals. (A, C, E) Virus shedding quantified by qRT-PCR in
tracheal swabs at 3, 5, 7 and 9dpi and in tracheal and lung homogenates at 5dpi for inoculated
birds. (B, D, F) Virus shedding quantified by qRT-PCR in tracheal swabs at 2, 4, 6 and 8dpc and

in tracheal and lung homogenates at 6dpc for direct contact birds.
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Figure 4.8 Glycan microarray analysis of var subset tested on different glycan microarrays.
Comparison of glycan microarray analysis data obtained using the CFG v5.3 glycan microarray
(A, B, D and E) and data obtained from the Scripps microarray (C and F). Similar binding
patterns were observed using the 2 different arrays. Comparison of binding phenotype of HON2
and HIN1 var viruses with same amino acid at position 226 show that subtype origin of the

internal gene and neuraminidase genes did not significantly alter binding phenotype.
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Figure 4.9 Comparison of the receptor binding specificity of 3 var viruses. Solid phase
binding assays and glycan microarray analysis were used to determine the specificity of the

A226 (top panel), R226 (middle panel) and Y226 (bottom panel) variants.
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Figure 4.10 Schematic representation of PCR products used to generate HOPCR libraries.
Top panel schematic showing the sequence of the PCR products and primers used to generate the
HA fragment from pHA1 and pHA2. Bottom panel showing the sequence of the full length HA

PCR product obtained from the overlapping PCR reaction.
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CHAPTER 5
CONCLUSIONS AND FUTURE PROSPECTS

Every year, influenza A viruses (IAVs) cause seasonal epidemics and are a threat to
public health worldwide. This threat is not limited to currently circulating
human H1 and H3 subtype viruses that continually change antigenically to evade existing
population immunity but also IAVs from other species can cross the species barrier and establish
infections in humans. The H5N1 outbreak in the late 1990s caused a shift in the influenza
transmission paradigm that had previously portrayed that IAVs of poultry origin do not cause
human infections. Following this event, research interest into the mechanisms that allow for
interspecies transmission has increased, expanding our understanding of the virus-host
relationship. In addition to the H5 subtype, H7, H9, H10 and H6 subtype viruses have caused
human infections. While the molecular mechanisms and viral factors that enable cross species
transmission of avian-origin IAVs are not completely understood, it is evident that changes to the
surface genes, particularly the HA, and the exchange of genetic material via reassortment are key
factors in this process.

In this dissertation, I examined the effects of molecular changes in the surface genes and
reassortment with a focus on an H9 subtype IAV. I tested the contribution of these changes using
an avian model of influenza virus transmission, quail (Coturnix japonica). Quail are land-based
poultry that have the potential to act as intermediate hosts for influenza virus. They are capable
of being infected with and replicating diverse avian-origin [AVs with minimal or no clinical

signs, making these birds ideal for disseminating IAVs. Quail also possess receptors for both
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mammalian and avian IAVs similar to pigs. Pigs have historically been considered the
intermediate hosts for the emergence of novel IAVs due to their ability to be infected with both
human- and avian-origin IAVs creating an opportunity for reassortment to occur. Reassortment
between from humans and avian species played a major role in the emergence of pandemic
influenza in 1957 (H2N2), 1968 (H3N2) and 2009 (pHIN1). I sought to investigate if avian-
human HO9N1 reassortant virus would it still be viable for replication and transmission in an
avian natural host such as the quail after acquiring adaptive mutations in the mammalian host, or
if the mammalian adaptive mutations would be a hindrance to the fitness of such virus in the
avian host. I hypothesized that in the quail such reassortant viruses would be capable of
replication and transmission to naive animals without any need for further adaptation. In Chapter
3, reassortant viruses carrying adaptive mutations in the surface genes (arising from passage in
ferrets) were tested for replication and transmission fitness in quail. From the results described in
Chapter 3, I can conclude that the 3 mutations that arose following mammalian adaptation did
not prevent replication and transmission in the quail thus these land-based poultry could serve as
intermediate host for reassortant viruses with the ability to efficiently cross to mammals.
Furthermore, I identified a role for the internal gene constellation in the efficiency of reassortant
virus transmission in the quail with the avian-origin internal gene cassette conferring a greater
transmission efficiency compared to mammalian-adapted internal gene segments. I also observed
the effect of the functional balance between the HA and NA and their co-evolution on virus
replication in a natural host. A reassortant virus with the surface genes from different host origins
(H9 avian, N1 mammalian) was unable to replicate and transmit in quail. My conclusions
confirm the importance of quail as an intermediate host of I[AVs. This is of particular importance

in regions where multiple species are kept in confined spaces such as is commonly found in
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backyard farms and live animal markets. This can provide an optimal ecosystem where the risk
of bidirectional transmission of A Vs is greatly enhanced.

In the second half of the thesis, my focus was on molecular changes in the receptor
binding site of the HA. This shallow groove at the tip of the HA engages the viral receptor, the
first step in virus-host interaction. Receptor specificity is a critical determinant of host range and
is important for interspecies transmission of IAVs. Changes at position 226 can alter sialic acid
receptor recognition and seminal studies identified Q226L mutation as responsible for a shift
from avian to human receptor preference of H3 IAVs. In the context of an H9 virus, the same
amino acid change confers a shift to a human receptor preference. An increasing number of
recent H9 viruses have acquired the mammalian L226 residue at this position, increasing the
public health risk posed by H9 viruses. I sought to determine the flexibility of position 226 in H9
viruses, to understand which amino acids other than leucine and glutamine are tolerated at this
position. As discussed, in Chapter 4, my studies showed that this position is flexible. I identified
variants with 14 different amino acids, 7 of which have yet to be identified in an H9 influenza
virus. Of these 7 variants, one variant with cysteine at position 226 is not present in any naturally
occurring influenza virus. To my knowledge, this is the first time that the plasticity of the RBS
has been studied in this manner. All var viruses isolated were viable, and replicated in avian-
origin and mammalian-origin cells. Using biochemical assays, I determined the effect of the
changes at position 226 on receptor recognition and found that changes at this position do
influence the specificity of the variant virus for cellular receptors. Some single amino acid
changes restricted binding of variants to avian receptors or human receptors while some others

expanded the receptor recognition to both human and avian receptors.
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Future prospects

Based on these results, future prospects and studies should include:

1. Effects of mammalian adaptation and reassortment on replication and transmission.

a.

I tested the replication and transmission of the mammalian adapted reassortant
viruses in quail. Future studies can include other avian species including aquatic
and land based poultry.

I observed a lack of replication and transmission 1P10 reassortant virus in quail
due to the lack of balance between the HA and NA genes. Serial passage of this
reassortant virus in quails to yield a transmissible virus can be carried out to
identify the molecular changes needed to shift the HA-NA balance such that this
reassortant virus is able to transmit.

The transmission studies done focused on direct contact transmission. Future
studies into the effect of the mammalian-adapted mutation on indirect (airborne)
transmission should be considered particularly for the viruses that showed contact

transmission.

2. Effects of amino acid changes at the RBS of an HY virus

In the studies described in Chapter 4, I focused on only one position in the 220
loop of the receptor binding site — position 226. The RBS is composed of other
structures such as the 130 loop and the 190 helix. Changes to amino acids in these
structures could alter the virus-receptor engagement. Future studies should
include mutagenesis of other single positions in any of these 3 main structures or
combination of amino acids to determine and identify receptor binding motifs and

its effect on the virus phenotype.
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b. The in-vivo fitness studies carried out in quail identified amino acids that possess
dual receptor specificity, which could be a function of the quail host that carry
both 02,3 and 02,6 sialic acid receptors. To identify if there are any species
related preference to amino acid usage at position 226, a similar fitness study can
be carried out in other land-based poultry such as turkeys, which have historically
been infected with HON2 viruses, or in aquatic birds.

c. In this study I identified variants with asparagine (N226) and valine (V226) both
of which were capable of binding both 2,3 and 2,6 sialic acid in the context of an
HO virus. These variant viruses can be tested in mammalian models to determine
if the dual binding phenotype can allow for transmission by direct or airborne
routes.

d. This study further identified amino acids that are exclusively bind 02,3 receptors
in particular cysteine (C226) and histidine (H226). Recent H3N2 exhibit poor
growth in established substrates (embryonated eggs), which has been linked to
binding of only long branched receptors. Introduction of either of these amino
acids in the context can be done to determine if mutating position 226 can rescue

the replication and agglutination phenotype of these H3 viruses.
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