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Influenza A viruses (IAVs) cause occasional pandemics and seasonal epidemics,
thus presenting continuous challenges to public health. Vaccination is the primary
strategy for the prevention and control of influenza outbreaks. The antigenicity matched
high-yield seed strain is critical for the success of influenza vaccine. Currently, there are
several limitations for the influenza vaccine manufacture: 1) the conventional methods
for generating such strains are time consuming; 2) egg-based vaccines, the predominant
production platform, have several disadvantages including the emergence of viral
antigenic variants that can be induced during egg passage; 3) vaccine seed viruses often
do not grow efficiently in mammalian cell lines. Previous studies suggested that
mutations in the receptor binding site (RBS) that locates at the globular head of the HA
can change IAVs’ binding specificity, antigenicity, and yield and thus RBS would be an
potential target for engineering vaccine seed strain. However, systematic analysis of the
mutations on RBS affecting those viral phenotypes is lacking. Specifically, this
dissertation has following aims: Firstly, we developed a novel method to rapidly generate

high-yield candidate vaccine strains by integrating error-prone PCR, site-directed



mutagenesis strategies, and reverse genetics. The error-prone PCR- based reverse genetic
system could also be applied to gain-of-function studies for influenza virus and other
pathogens; Secondly, in this dissertation, we identified an Y161F mutation in the
hemagglutinin (HA) that enhanced the infectivity and thermostability of virus without
changing its original antigenic properties which would prompted the development of cell-
based vaccines; Thirdly, the molecular mechanisms underlying host adaption of equine-
origin influenza A(H3N8) virus from horses to dogs are unknown. This dissertation
identified that a substitution of W222L in the HA of the equine-origin A(H3N8) virus
facilitated its host adaption to dogs. This mutation increased binding avidity of the virus
specifically to sialyl Lewis X motifs, which were found abundantly in the submucosal
glands of dog trachea but not in equine trachea. To summary, this dissertation
investigated the role of RBS in [AVs biology and expanded the current knowledge

toward IAV vaccine strain engineering, IAV host adaption and evolution.
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CHAPTER I

INTRODUCTION

Influenza Virus classification

Influenza causes substantial threats to human and animal health globally.
Influenza viruses, members of the Orthomyxoviridae family, are enveloped viruses with
segmented single-stranded negative-sense RNA genomes. Influenza viruses are
categorized into four known genera, namely A, B, C, and D, based on the antigenic
difference of the nucleoprotein (NP) and matrix protein (MP)(1). Influenza A and B
viruses are responsible for pandemic (type A), epidemic and seasonal outbreaks (type A
and B) in humans, whereas influenza C and recently discovered influenza D viruses do
not cause epidemic or pandemic outbreaks in humans (2).

In addition to humans, influenza A viruses (IAVs) can infect a wide range of
animals including birds (i.e. both domestic poultry and wild birds), pigs, horses, dogs,
and marine mammals (i.e. seals and whales). IAVs are classified based on the antigenic
properties of the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA). To
date, there are 18 known HA subtypes (H1-H18) and 11 known NA subtypes (N1-N11)
(3). However, only HIN1, H3N2, and H2N2 subtypes have been reported to cause
pandemics (HIN1 for the 1918 and 2009 pandemics; H2N2 for the 1957 pandemic; and

H3N2 for the 1968 pandemic) or seasonal outbreaks in humans (4).

1



IAVs’ genome structure

The IAVs’ genomes consist of eight negative-sense, single-stranded RNA
segments with a total size of approximately 13,500 nucleotides (nt). The size of the
segments (1-8) varies between 890 nt and 2,341 nt. Segment 1, 4, 5 and 6 of [AV each
encodes one protein per segment: polymerase subunit 2 (PB2), hemagglutinin (HA),
nucleoprotein (NP), and NA, correspondingly. Segment 2 encodes the polymerase
subunit 1 (PB1). In some IAV strains, when the ribosomal scanning passes the main start
codon, the segment 2 also encodes PB1-F2, an 87- amino acid protein with apoptotic
activity (5), and PB1-N40, an N-terminal 39 amino acid truncated form of PBS with
unknown function (6). The regulation of the translation initiation of PB1-F2 and PB1-
N40 may be due to the interaction with the ribosome using the pseudoknot at nucleotides
65-126 in segment 2 of AV (7). Segment 3 encodes the polymerase acidic (PA) subunit
and PA-X, proteins made by a ribosomal frame shifting of PA to modulate the virulence
of IAV(8). Newly identified N-truncated proteins of PA, PA-N155 and PA-N182, that are
translated from the 11" and 13" in-frame AUG of PA were found universally expressed
among [AVs (9). Compared to that with truncated PAs, the virus lacking truncated PAs
shows an impaired replication efficiency in Madin-Darby canine kidney (MDCK) cells
and have lower pathogenicity in mice; however, the detailed function of those PAs in the
IAV life cycle remains unknown. The segment 7 of AV encodes the matrix 1 (M1)
protein and the matrix 2 (M2) iron channel through RNA alternative splicing (10).
Segment 8 encodes the interferon antagonist protein NS1 and the NS2 through mRNA

splicing (11, 12).



TAY virion structures

IAVs have a lipid bilayer envelope and could exhibit a spherically morphology on
the order of 80-120 nm in diameter or a filament morphology with a length over 1 um
under electron microscopy (13). The outer layer lipid envelope of an IAV is spiked with
HA and NA proteins in a ratio of approximately four to one, and a small number of M2
proteins serving as ion channels (14). M1 proteins play an important role in determining
the filamentous or spherical morphology of influenza viruses (15-17). It has been
suggested that the increased levels of influenza virus production by spherical strains
increase the efficiency of influenza virus transmission (18). The inner layer of the lipid
envelope is attached with matrix 1 (M1) protein, which is associated with the nuclear
export protein 2 (NEP or NS2) and the ribonucleoprotein (RNP) complex and is
responsible for the association of the RNP complex with the inner layer of the envelope.
Each AV virion has eight well-organized ribonucleoprotein (RNP) complexes, each
consisting of one of the eight negative sense RNA segments wrapped on the
nucleoprotein (NP) and RNA-dependent RNA polymerases, which contains two
polymerase basic (PB2 and PB1) and a polymerase acidic (PA) subunits. The nuclear
export protein 1 (NS1) and NS2 are encoded from the same RNA through alternative
splicing in the infected cells. NS1 functions to inhibit the 3'-end processing of host pre-
mRNAs (19) and NS2 functions in maintaining the attachment of the RNP complex

with the inner layer of the envelope.

Biology of HA

HA plays an important role in the IAV life cycle. Two key functions of HA are

the attachment of virus to host receptors and membrane fusion during virus entry. In
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addition, HA is one of the major viral antigens and thus a major target for host
neutralizing antibodies induced by infection and vaccination.

HA is a surface glycoprotein that presents as a trimer with three identical
monomers spiked on the virus membrane. The precursor protein (HAO) undergoes signal
peptide cleavage and N-link glycosylation, which result in a monomer with about 549
amino acid residues and a molecular mass of approximately 60 KDa (20). Each HA
monomer consists of two polypeptides, HA1 contains the receptor binding domain and
the major antigenic sites, and HA2 contains the membrane-proximal stem and fusion
peptide, which are cleaved by host cellular proteases. The cleavage of the HA precursor
is important for the virus infectivity (20). The seasonal IAV and low pathogenic avian
influenza A virus (LPAIV) usually have a mono-basic cleavage sites (e.g.
PEKQTR/GLF), and their HA proteins are cleaved by a few cellular trypsin-like
proteases, which are usually produced in the intestinal and the respiratory systems. In
contrast, the highly pathogenic avian influenza A virus (HPAIV) typically has a stretch of
basic amino acids at the cleavage site (e.g. PQRESRRKK/GLF), which can be cleaved by
common cellular proteases such as ubiquitous furin and PC6 (21). This is one of the
reasons why, compared with the LPAV, the HPAIV has the potential to infect multiple
tissues in the body and therefore causes systemic rather than localized infections.

The initial step of IAV infection is the binding of the HA to the sialylated glycan
receptors on host cells. The receptor binding site (RBS) located at the hypervariable
globular head of the HA is responsible for interaction with the glycan receptors. Each HA
monomer contains a RBS which forms a shallow pocket at the top of the globular head
and consists of 130-loop, a 150-loop, a 190 helix, and a 220-loop.

4



Receptors for IAV

Glycans expressed on the surface of mammalian cells play important roles in
many biological processes which include serving as recognition binding targets for a
variety of viruses, bacteria and parasites (22). Sialic acids (sias) (Figure 1), derivatives of
neuraminic acid with a nine-carbon sugar backbone, were first discovered by Gunnar
Blix (23) and then found wildly distributed on mammalian tissues in glycoproteins and
gangliosides. Sias usually occupy the terminus of glycoproteins and glycolipids as
components of oligosaccharide in the mucins. The agglutination of erythrocytes by IAV
was first reported when the erythrocytes were agglutinated in the allantoic fluid of the
infected chicken embryos (24). The receptors for the influenza viruses were found to be
sias when using erythrocytes treated with Vibrio cholerae neuraminidase (VCNA) (25).
Later, it was found that the linkage of sias to galactose and the types of sias were key
determinates for host range of [AVs (26, 27); the avian IAV prefers sias that are linked to
galactose in an 02,3 linkage (SAa2,3 Gal ) whereas the human IAV prefers sias that are
linked to galactose in a 02,6 linkage (SAa2,6 Gal ) (27, 28) (also see the section
glycosidic linkages).

Compared to wild-type Chinese hamster ovary (CHO) cells, the IAV infection of
N-linked glycoprotein deficient CHO cells was reduced, suggesting the importance of V-
glycans for the entry of IAV (29). On the other hand, it was found that the N-linked
sialosides are not required for the entry of IAV since the IAV can infect CHO cells with
immature glycans that cannot be sialylated (30). It was reported that the H3N2 AV could
infect a glycosphingolipid-deficient mouse skin fibroblast mutant cell line, suggesting
that gangliosides are not essential for the IAV entry and infection (31). The glycosylated
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HINI1 viruses could infect sialic acid-deficient Lec2 Chinese hamster ovary cells that
express human C-type lectins, while the PR8 HIN1 strain which bears low levels of
mannose showed insufficient infection. Taken together, those studies suggest that IAV
entry and attachment can occur in a sialic acid-independent manner and the host cell
surface lectins may serve as a target for [AV. Nevertheless, the specific roles of the V-
glycans and O-glycans in the process of virus-cell attachment and entry remain largely
unknown.

The following sections will discuss the terminal structures, linkage, and
substructures of sias and the roles of the structurally different sias in influenza virus

infection.

NeuSAc and Neu5Gce

N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) that
have modifications at the 5-carbon position are two of the most commonly found types of
sias on the mammalian cells. Neu5Ac was shown to be a common receptor for [AV
isolates from human, avian, and mammals (32). Neu5Gc has been reported to be present
in horses (26), dogs (33), pigs (34), and mice (35), but not in humans (36, 37). The loss of
Neu5Gce in humans was due to an inactivating mutation on the CMAH gene encoding the
cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH), which converts
Neu5SAc to Neu5Gce (38). The 92 bp deletion mutation in exon 6 of the CMAH gene,
which causes the loss of Neu5Gc and excess of Neu5Ac, was estimated to to have
happened in hominids about 2.9 million years ago (39). The loss of Neu5Gc in humans
may help explain the susceptibility or resistance of humans to certain pathogens including

influenza viruses (40). Similarly, the ferrets have been shown to lack Neu5Gc due to an
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ancient mutation in the CMAH gene shared by several members in the order of carnivora
(41). High-performance liquid chromatography, and mass spectrometry analysis of
chicken tissues suggested that chickens cannot synthesize Neu5Gc whereas the small
amount of Neu5Gc detected in eggs may come from the diet (42). Another report
suggested a low level of Neu5Gc detected in both trachea and intestines of chickens and
pigeons by high-performance liquid chromatography (43); however, the Neu5Gc glycan
could not be detected in chicken trachea by histological immunostaining (26). It is likely
that these conflicting observations on the level of Neu5Gc could be affected by the
sensitivity of the detection methods used in the experiments.

It has been suggested that Neu5Ge plays an important role in the infection of
equine origin H7N7 viruses and duck origin H3N2 viruses (44, 45). Takahashi et al (45)
showed that expression of Neu5Gc on human epithelial cancer cells reduced the
infectivity of IAV with Neu5Gc binding ability, suggesting that Neu5Gc may work as a
decoy receptor but not a functional receptor for IAV. Yang et al (33) reported that
Neu5Gc was detected in canine trachea tissues but not in chicken trachea tissues,
suggesting that the Neu5SGc may play an important role in the interspecies transmission
of avian-like H3N2 IAV from avian to canine species. Despite of these reports, the
functions of Neu5Gc as a receptor for IAV and the effects of Neu5SGce on IAV tissue and

host tropisms are not fully understood.

Other modified forms of sias

In addition to Neu5Ac and Neu5Gc, the primary Sia forms can be modified in the
Golgi and generate more than 30 variant types of sia, and those modifications include

addition of acetyl, sulfate, lactoyl, or methyl groups at different positions (46, 47). For
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example, various forms of sias with acetyl groups O-linked to carbon 4, 7, 8, or 9 were
found to differ in expression among tissues and hosts (48-50).

Influenza C virus was reported to recognize 9-O-acetylated sialic acid as a
receptor for cell attachment and entry (51). A more recent study showed that 9-O-

acetylated sialic acid also serves as the receptor for influenza D viruses (52).

Glycosidic linkages

Although IAVs recognize the terminal sias as their receptor for the viral entry, the
binding specificity of IAV was found closely related to the linkage that connects the sias
with the other structure of the receptor. A number of studies have suggested that human
adapted IAV prefers SAa2,6 Gal, whereas the avian IAV prefers SAa2,3 Gal(28, 53, 54).

The discovery of the preference to a-2,3 or a-2,6 linkage was established through
the hemagglutination assays of human and animal IAVs of different host origin to
enzymatically modified erythrocytes (28). The proportion of the a-2,3 to the a-2,6
linkage of the erythrocytes varies depending on their source species and this determines
the phenotypes in the hemagglutination. The chicken erythrocytes contain a roughly an
equal number ratio of SAa2,6 Gal to SAa2,3 Gal (55), whereas the turkey and guinea pig
erythrocytes contain more SAa2,6Gal than SAa2,3Gal (56, 57). Horse erythrocytes
predominately contain SAa2,3 Gal, which makes it an ideal choice for the
hemagglutination inhibition (HAI) assay with HS strains (26, 56).

In addition to the variations in erythrocytes from different hosts, the distribution
of a-2,3 and a-2,6 sias also varies among tissues and among hosts. By lectin staining, the
human upper respiratory track epithelium cells primarily express a-2,6 sialylated

glycans, whereas the lower respiratory track epithelium cells express both a-2,6 and o-
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2,3 sialylated glycans (53, 54, 58). In contrast, duck intestines express predominantly o-
2,3 sialylated glycans whereas pig respiratory tract express both a2-6 and a2-3
sialylated glycans, and therefore pigs are hypothesized to be a “mixing vessel” for
human and avian [AVs (59, 60). However, it was also demonstrated that chicken and
quail intestines express both a2-3 sialylated glycans and a2-6 sialylated glycans (61).
With the development of glycomics, a wide spectrum of both a2-3 sialylated glycans
and a2-6 sialylated glycans were found on human lung, bronchus and nasopharynx by
mass spectrometry in a recent study (62). Similarly, the respiratory tissue of ferret was
found to heterogeneously expressing both 02-3 sialylated glycans and a2-6 sialylated
glycans by lectin staining and mass spectrometric analysis (63). These recent findings
suggests that the cell and tissue tropisms of IAV cannot be determined by

glycosidic linkage alone.

Substructures affect viral receptor binding

As described above, increasing evidence has shown that the binding specificity of
IAVs is more complex than the glycosidic linkages. [AVs may use a wide range of sias to
infect host cells. Modifications such as acylation, methylation, sulfation, fucosylation,
and phosphorylation can occur at different locations within the backbone structure and
thus may alter its biological functions, including the receptor for IAVs (64). In 1997,
Gambaryan et al (27) reported that the non-egg adapted human H1, H3 subtype IAV and
influenza B virus had strong binding affinity to Neu5Aca2-6Gal1-4GlcNAc (6'SLN) but
not Neu5Aca2-6GalB1-4Gle (6'SLN). Later, Gambaryan et a/ showed that duck IAVs
prefer receptors which possess a , 1-3 linkage rather than a 3, 14 linkage between

Neu5Aca2-3Gal-disaccharide and penultimate N-acetylhexosamine residue (GIcNAc)
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(65). Furthermore, the fucosylation and sulfation of GIcNAc had negative and low effect,
respectively, on its affinity to duck IAVs (65). Similar binding patterns were also
observed in H1, H2, H3, H4, and H11 HAs from duck IAVs(44). In contrast, gull IAVs
preferentially bind to the a, 2-3 sialic acid receptors with a fucosylated GIcNAc whereas
the chicken and mammalian IAVs preferentially bind to the SAa2,3 Gal receptors with a
sulfo group at position 6 of GIcNAc via a , 14 linkage (65). Gambaryan et al (66)
reported that the H5, H6, H7, and H9 subtypes of [AVs from terrestrial poultry differ
from ancestral duck viruses by enhanced binding to fucosylated and/or SAa2,3 Gal
terminated receptors, suggesting that the 6-sulfo sialyl Lewis X is the common receptor
recognized by those IAVs from terrestrial poultry. Those studies suggested the
substructures of sialic acid terminated receptors play important roles in the receptor
binding specificity of [AVs.

Fucosylation is one of the most common modifications to N-glycans, O-glycans,
and glycolipids. Unlike duck IAVs, chicken HSN2 TAV was found preferentially to bind
to fucosylated SAa2,3Gal receptors, which were detected on the epithelial cells of
chicken trachea but absent from duck colon (67). This observation helps to explain why
chickens were not experimentally infected with viruses isolated from ducks. The equine
H3NS8 IAVs were also reported to preferentially bind to NeuSAca2-3Galp1-4 (6-O-
HSO3) GIeNAcp (Su-3'SLN) and NeuSAca2-3GalB1-4 (Fucal-3)(6-O-HSO3;)GIcNAcp
(Su-SLe"), suggesting equine H3N8 IAVs may originate from terrestrial poultry.
Residues at positions 222 and 227 were identified to be associated with the differences of
HS5 avain IAVs binding to fucosylated a2, 3 sialic acid receptors (68). Although the HA
of duck HSN2 IAV preferentially bind to non-fucosylated SAa2,3 Gal receptors, the
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virions were able to bind to both non-fucosylated and fucosylated receptors through the
NA (68). Taken together, the glycan receptors for IAVs are far more complex than the a,
2-3 and a, 2-6 linkages and the role of substructures of sialic acid receptors for IAVs host

and tissue tropism is underrated.

Structure basis for binding specificity

The switch of their binding specificity from avian-like (SA02,3 Gal) to human-
like (SA02,6Gal) receptors for avian IAVs was considered to be associated with the
adaption of [AVs from avian to humans. The SAa2,3 Gal linkage has limited
conformational flexibility and forms a cone-like topology (58). Conversely, the presence
of C6-C5 bond provides additional conformational flexibility to SAa2,6 Gal linkage and
enables it to adopt an umbrella-like topology (58).

The RBS of TAV consists of four structural features, 130 loop, 150 loop, 190
helix, 220 loop, and the conserved amino acids at positions 98, 153, 183, and 195 form a
hydrogen-bonded network that serves as the basis of the binding pocket (69, 70).

The residues at positions 135, 136, 137, and 145 form major interactions with the
sias moiety of the NeuSAco2-3Gal linkage receptors. In contrast, the residue at positions
137, 145, 190, 226, and 228 forms the predominant interactions with the sias moiety of
Neu5Aca2-6 Gal linkage receptors (58, 71).

Subtle changes of residues in the 220 loop affect the virus interactions to [AV
receptors with different glycosidic linkages. For example, the avian IAVs possess Q226
preferentially binding to SAa2,3 Gal whereas human IAVs possess L.226 with referential
binding to SAa2,6 Gal receptors. The Q226 would not interact with the SAa2,6 Gal,

whereas L226 allows to wide the site and forms a hydrogen bond with the a2-6 linked
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sias (72-74). Similarly, a G225D mutation can completely switch binding specificity of
an avian H6N1 virus from SAa2,3 Gal to SAa2,6Gal (75). Residues at position 186, 187,
190, 193, and 226 were shown to interact with the Gal linked to sialic acid via a a.2-3
linkage, whereas residues at position 190, 222, 225, and 226 were shown to interact with
the Gal linked to sias via a a2-6 linkage (58).

The residues at the 190 helix of the RBS can also affect the glycan binding
specificity of [AVs. For example, the pandemic strain A/New York/1/1918 differs from
the consensus avian HIN1 virus sequence by a E190D, which enables the virus to bind to
both SAa2,3 Gal and SAa2,6Gal glycans (76, 77). Recently, de Vries et al (78) reported
that three mutations (V186K/G, K193T, and G228S) switch binding preference of H7N9
IAV from avian like SAa2,3 Gal to human like SAa2,6Gal. A number of other amino
acid residues such as 189, 194, 198, 211, 216, and 222 may also affect the architecture of
the receptor-binding site and change the virus binding specificity and intensity to

sialylated glycans (79-81).

NA and viral glycan binding

The NA polypeptide chain comprises 470 amino acid residues and consists of
cytoplasmic, transmembrane, and stem domains. The NA of AV belongs to the exo-
sialidase family and cleaves the a-ketosidic linkage between synthetic substrates and the
terminal sialic acid residues in oligosaccharides, glycoproteins, glycolipids, or colominic
acids (82). The NA of IAV resembles a mushroom shape on the virion surface, with a
molecular mass of 60 KDa for the monomer and 240 KDa for the tetramer (82). NA is
indicated to be relevant in several stages during the IAV life cycle. First, NA helps the

attachment of the virus to airway epithelium by cleaving sias from respiratory tract
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mucins (83); second, NA plays an important role in the fusion of viral and cell
membranes as the HA and NA activity needs to be balanced to allow effective infection
(84, 85); third, NA promotes the budding of newly formed virions by cleaving sias from
cell surfaces and thus preventing their aggregation (84).

Although the functions of two surface glycoproteins HA and NA are to some
extent contradictory, sialic acid binding activity was also reported for the NA protein.
Laver et al (86) first reported that the NA of subtype N9 subtype of NA has
hemagglutination activity and antibody to either HA or NA alone was incapable of
inhibiting hemagglutination by the virus. Later, Webster et al (87) suggested that the
hemagglutinin activity of N9 was associated with a second Neu5Ac binding site away
from the catalytic site. Exchange of amino acids in the loops at positions 368-370 and
positions 399-403 of N9 into those corresponding positions at the N2 by site-directed
mutagenesis made N2 acquire the hemagglutination activity as shown by N9 (88).
Furthermore, it was suggested that the haemadsorbing of N9 is not sensitive to the
neuraminidase activity of N9 because the erythrocytes agglutinated by N9 cannot be
released by N9 neuraminidase activity (89). Similarly, N1 of A/FPV/Rostock/34 virus
(H7N1) expressed in SF9 cells showed hemadsorption activity cannot be blocked by 2-
deoxy-2,3-dehydro-N-acetylneuraminic acid, suggested that the N1 has a receptor
binding site distinct from the catalytic site (90). The haemagglutinating activity of N1
was abolished when the amino acids on the two loops at putative binding sites were
exchanged (90). However, the attempts to resolve the sialic acid binding site by X-ray
diffraction were not successful until 1997, when Varghese et al (91) resolved the X-ray
structure of a complex of N9 from A/tern/Australia/G70C/75 with NeuSAc and found the
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NeuS5SAc binds to N9 in the chair conformation and the residues that interact with the N9
second binding site were the most conserved among all avian strains, but not in humans
and swine strains.

Mutations near the active site can change the binding property of NA to sialic acid
receptors. Lin et al (92) reported that human H3N2 isolates circulating between 2005 to
2009 has a D151G substitution, which enables the viruses to agglutinate erythrocytes in
an oseltamivir-sensitive manner. The D151G mutation of human H3N2 viruses was later
found to enabled NA binding to both 3’ sialyllactosamine (3’SLN) and 6’
sialyllactosamine (6’SLN), with even higher affinities than the corresponding affinities of
HA to those sialosides (93). The introduction of the D151G mutation into both N1 and
N2 reduced the neuraminidase activity and enabled preferential binding to a, 2-3 sialic
acid receptors (93). Gulati et al (94) reported that the N2 of human H3N2 viruses isolated
in 2006, 2010 and 2012 could bind to SAa2,3Gal receptors. Moreover, the entry of
human H3N2 viruses isolated in 2010 and 2012 into Madin-Darby canine kidney cells
was inhibited by oseltamivir (94). Interestingly, a G147R mutation in N1 enables a HA
binding-deficient mutant to use N1 as the receptor binding protein (95). The G147R
mutation of N1 occurs at low frequencies in human pandemic and seasonal HIN1 strains
and this mutation did not impair the replicative capacity of virus in cell culture or mice
(96). Recently, Donald et al (97) reported that the N9 of human H7N9 virus has an active
haemadsorption site and can bind to sialic acid receptors, particularly human-like o
SAa2,6Gal receptors, which enhanced the overall binding affinities of human H7N9

viruses to human-like receptors. Those studies suggested that NA could play important

14



roles in the virus attachment, entry, and evolution. However, the receptor binding

function of NA in IAV biology is underrated and needs further research.

Knowledge Gaps
NA as a receptor binding protein

It is widely accepted that the functions of two surface glycoproteins HA and NA
are to some extent contradictory: HA interacts with sialic acid receptors on host cells and
mediates the virus attachment and entry whereas NA cleaves the a-ketosidic linkage
between the terminal sialic acid residues and the remaining substructures. However, as
aforementioned, increasing evidence suggest that NAs, especially N1, N2 and N9, have a
receptor binding site distinct from or close to the catalytic site. Furthermore, the NA may
even have higher affinity to sias than HA, and thus could broaden the spectrum of
receptors that virus can bind to. Outstanding questions remain: 1) What is the role of NA
in the attachment and entry of IAVs? 2) What are the physical interactions between HA
and NA on the virion surface? 3) How do [AVs preserve a functional balance of HA and

NA activities and maintain a good fitness during virus evolution?

Quantification of the binding affinities between virus and glycans

Currently, the conventionally used methods to characterize the receptor binding
properties of HA/NA proteins of IAV include: agglutination of erythrocytes modified
with desialylation and resialylation (98), solid-phase enzyme-linked assays (99), glycan
microarray (100, 101), and bio-layer interferometry (102, 103). The erythrocytes are
modified by desialylation and resialylation to express a specific glycosidic linkage and

then tested with their agglutinations with viruses. For the solid-phase enzyme-linked
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assays, biotinylated glycans are adsorbed on solid-phase ELISA plates coated with
streptavidin and then viruses incubated on plates followed by detection with specific
antibodies. The bio-layer interferometry uses streptavidin sensors to capture the
biotinylated glycans followed by the binding to virus. Then the interference patterns of
the sensor surfaces are recorded in real time. The glycan microarrays that have large
number of synthetic sialosides printed onto NHS-coated glass slides were demonstrated
to be useful in characterizing binding specificity and intensity of either proteins or whole
virus particles to a large set of glycans.

However, the methodologies described above have obvious drawbacks (Table 1),
which limit their applications in global influenza surveillance. For example, the
erythrocytes agglutination assay cannot detect the binding specificity beyond the
glycosidic linkages and the substantial variability is observed among batches of RBS.
The solid-phase enzyme-linked assays and bio-layer interferometry cannot detect the
binding properties of viruses in a high-throughput manner. Moreover, the glycan
microarray and bio-layer interferometry require the purification of viruses, which is
considerably time-consuming, and therefore not suitable for use in large-scale screening.
The propagation of viruses in eggs or on cells during virus purification may introduce
mutations on the receptor binding site, leading to different results compared to the
clinical isolates. Lastly, the glycan analogues used in those arrays are not similar to those
presented on the epithelium of the respiratory tract. A high-throughput method for large-
scale analysis of the binding properties of IAV, which would be cost effective, simple,
highly sensitive, label free and without the need for virus purification, is needed for the

global influenza surveillance.
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Predicting the binding properties of IAV

Computational models for quantifying antigenic distance of IAV and thus for
improving influenza vaccine design have been reported by several groups (104-108). A
computational model for predicting the binding specificity and intensity of IAV will
assist in vaccine strain selection and global influenza surveillance. Studies have reported
the calculation of HA-receptor binding by integrating molecular modeling, free energy
simulation, ab initio fragment molecular orbital, and molecular dynamics (109-115).
However, those studies lack a systematic evaluation and also neglected the role of NA in
the binding properties of IAV. Moreover, it has been difficult to assess the effect of
hallmark residues on the binding properties of circulating IAVs (116). In summary, there
is an urgent need to develop an effective nucleic acid sequence-based and robust
computational prediction models for quantifying IAV binding specificity and intensity to

sialic acid receptors.

Substructures of sialic acid receptors affect tissue and host tropism

As mentioned above, the substructures of sialic acid receptors such as the linkages
between Neu5Aca2-3Gal-disaccharide and GlcNAc, and the fucosylation and sulfation
of GIcNAc affect virus binding properties as well as tissue and host tropism.
Modification of GIcNAc is always observed in O-glycans. The receptors for human IAV
in ferrets were reported to be O-linked sialylated glycans, which are predominantly
distributed in the submucosal glands. The infection of such cells facilitates the efficient
airborne transmission of virus by easily making the virus encapsulated into respiratory
droplets (117). Entry of the SAa2,3Gal binding preference IAV was reported to require

host fibronectin, suggesting that host proteins may also be involved in the receptor
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binding process of IAV, which remains largely unknown. Outstanding questions are: 1)
What is the distribution and intensity of modified sialic acid receptors among tissues and
among hosts? 2) What is the role of those substructures in the adaption and host switch of
IAVs? 3) What is the role of O-glycans in the IAV attachment and entry? 4) Besides N-
glycan and O-glycan, what other kinds of host proteins are involved in the binding of

IAV to host receptors and how are they regulated?

Objectives of this Dissertation

The hemagglutinin of IAVs binding to host carbohydrate receptors is one of the
key determinants for viral host tropism. The residues forming the receptor-binding
pockets of the hemagglutinin are known to affect the receptor binding affinity and
subsequently the replication ability and transmissibility of IAV. However, most reports
have been focusing on individual receptor binding sites (i.e. residues 226 and 228) and
their impacts on two types of sialic acid receptors (i.e. avian-like receptor a 2,3-linked
sialic acid (SAa2,3Gal) and human-like receptor a 2,6-linked sialic acid (SAa2,6Gal).
There is lack of a systematic characterization of residues, especially, the synergetic
effects of these residues on receptor binding and specificity. This project proposes to
identify the mutations across the receptor binding pockets affecting receptor binding
properties by developing and applying a novel and high-throughput error-prone PCR
(epPCR)-based reverse genetic system, and to quantify and predict the receptor binding
avidity and replication ability in target cells using machine learning. The construction of
the computational model would link the virus genotype with the phenotypes such as

receptor binding and replication properties. The computational model would help to
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speed up the vaccine seed strain selection, field strain surveillance and to expand our
knowledge on natural history of IAV across hosts.

We hypothesize that 1) In vitro breeding of a diverse influenza virus variant
library by epPCR would enhance the process for generating high-yield strains; 2)
Mutations in the receptor binding sites of IAV would change the binding and replication
properties of the virus. With the use of epPCR-based reverse genetic system that we
developed, we can generate a large scale of receptor binding site mutants, from which the
high yield mutants would be selected; 3) The mutations in the HA proteins of equine
H3NS8 IAV affect viral binding properties and are important in adapting virus from horse
to dogs, and dogs would have a unique set of glycan receptors determining canine
influenza virus’ host tropism; 4) Mutations in the receptor binding sites of [AV
hemagglutinin would affect the influenza vaccine-associated characteristics such as
receptor binding properties, replication, and antigenicity of the virus. There would be
specific sub-regions in the receptor binding pockets of IAV hemagglutinin determining 1)
virus binding to specific glycan receptors; 2) virus replication ability in hosts; 3) virus
antigenicity, and these regions may not be same.

The objectives of this dissertation are to: 1) Develop and validate a novel and high
throughput error-prone PCR (epPCR)-based reverse genetics system for rapid mutant
generation and phenotypic characterization; 2) Characterize the molecular mechanisms
determining high-yields and thermostability of influenza vaccines; 3) Characterize the
molecular mechanisms affecting H3N8 equine IAVs adaption to dogs; and 4) Develop
and validate a computational model for IAV glycan receptor binding specificity that can

help predict the receptor binding specificities and antigenic properties, as well as help
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quantify the vaccine yields by using genomic sequences. This model will be useful in
optimizing selection of effective (i.e. high yield and antigenically-matched) influenza
vaccine candidates directly from clinical samples. The genetic signatures to be identified

will help optimize vaccine seeds for vaccine production.
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Table 1. Comparison of methods to characterize the binding properties of HA/NA
proteins of [AV
Technique

Modified Solid-phase  Glycan Bio-layer

erythrocytes ELISA microarray interferometry
Label free Yes Yes No Yes
Sensitivity Low High High High
Time Hours Days Days Hours
Quantitative Poor Good Moderate Good
High throughput No No Yes No
Cost/Sample Moderate Moderate High High
Label free Yes Yes No Yes
Purify of virus No Depends®  Yes Yes
Real-time results No No No Yes
Reproducibility Poor Good Moderate Good
Native glycans No No No No

a. It depends on the grow efficiently of virus in chicken embryonic eggs or mammalian

cell lines.
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CHAPTER II

ERROR-PRONE PCR-BASED MUTAGENESIS STRATEGY FOR RAPIDLY

GENERATING HIGH-YIELD INFLUENZA VACCINE CANDIDATES

Vaccination is the primary strategy for the prevention and control of influenza
outbreaks. However, the manufacture of influenza vaccine requires a high-yield seed
strain, and the conventional methods for generating such strains are time consuming. In
this study, we developed a novel method to rapidly generate high-yield candidate vaccine
strains by integrating error-prone PCR, site-directed mutagenesis strategies, and reverse
genetics. We used this method to generate seed strains for the influenza A(HIN1)pdm09
virus and produced six candidate strains. The yield of the candidate strains in eggs was up
to 64.6-fold higher than that for the wild-type strain. We used a mouse model to assess
the efficacy of two of the six candidate strains as a vaccine seed virus: both strains
provided complete protection in mice against lethal challenge, thus validating our
method. Results confirmed that the efficacy of these candidate vaccine seed strains was

not affected by the yield-optimization procedure.
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Introduction

Influenza viruses cause occasional pandemics and seasonal epidemics, thus
presenting continuous challenges to public health. Vaccination is the primary strategy
used to slow and stop transmission of the virus and to reduce the effect of the disease. A
high-yield vaccine seed strain is required for vaccine manufacturing and, thus, is key to a
successful influenza vaccination program. However, it is not uncommon that strains
recommended as influenza vaccine strains by the World Health Organization (WHO)
have low yields in chicken embryonic eggs (hereafter referred to as eggs) (118). Low-
yield strains must be engineered into high-yield strains, a process that can be time
consuming and, thus, significantly delay vaccine production. Almost three months were
required for the WHO collaborative laboratories and vaccine companies to generate
suitable vaccine strains to produce vaccine against the 2009 pandemic influenza virus,
A(HIN1)pdmO9 (119, 120). Without this delay, the vaccine could have lessened the
effect of the pandemic’s second wave of infection and reduced the number of associated
deaths. Thus, the ability to rapidly generate high-yield vaccine strains is a critical factor
in preventing and controlling influenza outbreaks.

Two common strategies have been used to generate influenza vaccine seed
viruses: 1) co-infection of a cell or an egg with two viruses, one with high-yield features
and another with antigenically matched hemagglutinin and neuraminidase (121, 122); and
2) reverse genetics to generate a virus with antigenically matched hemagglutinin and
neuraminidase, and internal genes from another virus as backbone, which help improve
yields (123-126). During the past decades, the co-infection method has been used widely
to generate vaccine seed viruses. The disadvantage of co-infection is that the
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reassortment events cannot be well controlled and may lead to viruses with undesired
traits (127, 128). Thus, instead of co-infection, egg adaption is often used to improve seed
virus growth in eggs (129-132). In contrast to the co-infection method, the reverse
genetics method can define the genomic constellation (123-126). However, it is difficult
to generate a high-yield seed strain if the hemagglutinin and neuraminidase are not
compatible with the other six gene segments from the backbone virus, and this method
does not readily allow for selecting different combinations of gene segments that may
result in higher yield viruses. In recent years, a recombinant technique has been used to
increase the yields of influenza vaccine candidates (133-138). These reassortants, which
have chimeric hemagglutinin or neuraminidase, had considerably more seed virus growth
in eggs or Madin-Darby canine kidney (MDCK) cells. However, these methods usually
require weeks to generate a desired strain with high yields.

In this study, we developed a novel error-prone PCR (epPCR)-based mutagenesis

approach to rapidly generate high-yield influenza vaccine strains.

Materials and Methods
Cells and viruses

MDCK cells and human embryonic kidney (293T) cells (both from American
Type Culture Collection, Manassas, VA) were used for propagation and culture of
influenza virus. The cells were maintained at 37°C with 5% CO; in Dulbecco's Modified
Eagle Medium (GIBCO/BRL, Grand Island, NY) supplemented with 5% fetal bovine
serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), penicillin—streptomycin, and

amphotericin B (GIBCO/BRL, Grand Island, NY). The wild-type strain of
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A/California/04/09 (HINT1) virus (CA/04) was used in the mutant library construction
(Figure 2); mouse-adapted CA/04 (139) was used for challenge experiments.

All viruses generated by reverse genetics were propagated in MDCK cells and
cultured at 37°C with 5% CO; in Opti-MEM medium (GIBCO/BRL, Grand Island, NY)
supplemented with 1 pg/ml of TPCK (N-tosyl-L-phenylalanine chloromethyl ketone)—
Trypsin (Sigma-Aldrich, St. Louis, MO), penicillin—streptomycin, and amphotericin B
(GIBCO/BRL, Grand Island, NY). Virus titers were determined by 50% tissue culture

infectious dose (TCIDs) in MDCK cells.

Primers

Four primers were used in this study: 1) 130loop F, 5'-TCA TGG CCC AAT
CAT GAC TCG AAC-3"; 2) 190helix_F, 5'-TGG GGC ATT CAC CAT CCA TCT ACT-
3'; 3) 190helix R, 5'-AAC ATA TGT ATC TGC ATT CTG ATA-3"; and 4) 220loop_R,
5'-TAG TGT CCA GTA ATA GTT CAT TCT-3'". Primers 130loop_F and 190helix R
were used to amplify the sequence covering the 130-loop and 190-helix of the receptor-
binding site in the hemagglutinin gene of influenza virus. Primers 190helix F and
220loop_R were used to amplify the sequence covering the 190-helix and 220-loop of the

receptor-binding site in the hemagglutinin gene of influenza virus.

epPCR-based mutagenesis method to generate hemagglutinin mutants of influenza
virus

We used the GeneMorph II Random Mutagenesis Kit (Agilent Technologies,
Santa Clara, CA) according to the manufacturer’s instructions to perform epPCR. The
resulting products were used as primers to perform site directed mutagenesis. The epPCR

amplification mixture contained 17.75 pl of water, 5 pl of 10x buffer, 1 pl of 2.5 mM
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deoxyribonucleotide triphosphates, 1 pl of 10 umol primer (each), 2 ul of hemagglutinin
plasmid of CA/04 (10 pg/ul), and 1 pl of Mutazyme II DNA polymerase (Agilent
Technologies, Santa Clara, CA). The parameters of the epPCR were as follows: one cycle
at 95°C for 5 min, followed by 30 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for
2 min, and then one cycle at 72°C for 10 min. Site-directed mutagenesis was performed
by using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA)
according to the manufacturer’s instructions. In brief, the PCR mixture included 36 pl of
water, 5 ul of 10x buffer, 1 pl of 2.5 mM deoxyribonucleotide triphosphates, 2 pul of
epPCR product (25 ng/pl), 2 pl of hemagglutinin plasmid (10 ng/ul), and 1 pl of PfuUltra
High-Fidelity DNA Polymerase (Agilent Technologies, Santa Clara, CA) (2.5 U/ul).
After digestion with Dpnl (a restriction enzyme that only cleaves methylated DNA) at
37°C for 1 h, the PCR product (2 pl) was transfected into XL1-Blue Supercompetent
Cells (Agilent Technologies, Santa Clara, CA). The transformed cells were directly

inoculated onto LB (Luria Bertani) agar plates or into LB medium.

Generation of reassortant viruses by reverse genetics

The reassortant viruses were rescued by transfection in co-cultured 293T cells and
MDCK cells, as described elsewhere (140), using mutated hemagglutinin gene,
unmodified neuraminidase gene of CA/04, and six internal genes from influenza
A/PR/8/1934(HINT1) virus. At day 3 after transfection, the media and cells were
inoculated into 10-day-old eggs (0.2 ml/egg). Ninety-six hours after inoculation, we

collected the allantoic fluids from the eggs for viral titration.
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Genomic sequencing

Virion RNA and cDNA were prepared as previously described (140). Sequencing
was performed at the Life Sciences Core Laboratories Center at Cornell University
(Ithaca, NY) by using the automated 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA), which utilizes Big Dye Terminator chemistry and AmpliTaq-FS DNA
Polymerase. Deep sequencing was performed by the Beijing Genomics Institute

(Shenzhen, China), using a MiSeq sequencer (Illumina, Shanghai, China).

Growth kinetics in MDCK cells

To determine the growth kinetics of viruses, we inoculated the MDCK cells with
influenza virus at a multiplicity of infection of 0.001 TCIDs, and incubated the cells in
5% CO; at 37°C for 1 h. The inocula were removed and washed two times with
phosphate-buffered saline (PBS). The cells were then incubated (37°C in 5% CO3) in
Opti-MEM I (GIBCO, Grand Island, NY) containing TPCK—trypsin (1 pg/ml). At
specified time points after inoculation, 200 ul of supernatants were collected, aliquoted,
and stored at -70°C until use. Virus titers in supernatants collected at the different time

points were determined by TCIDs,in MDCK cells.

Western blot assay

The Western blot assay was used to compare the yields of the vaccine candidates
with those of the wild-type strain. The cell supernatants were lysed and then analyzed by
Western blot assay. Western blots were developed by using horseradish peroxidase—
conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA) and an

enhanced chemiluminescence detection system (ECL GE Healthcare, Pittsburgh, PA) and
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then exposed to X-ray film. The primary antibodies used in the Western blot assay were
influenza nucleoprotein monoclonal antibodies from the Biodefense and Emerging

Infections Research Resources Repository (Manassas, VA).

Quantitative reverse transcription PCR (qQRT-PCR)

qRT-PCR was used to determine the level of viral RNA in the allantoic fluid of
eggs inoculated with an influenza virus. Viral RNA (50 pl total) was isolated from 200 pl
of sample by using a Gene JET Viral RNA Purification Kit (Thermo Fisher Scientific,
Pittsburgh, PA). Influenza virus—specific Primer Unil2 (5~ AGCAAAAGCAGG-3") and
10 pl of template RNA were used in the cDNA synthesis (total volume of 25 pl); the
cDNA synthesis was carried out using SuperScript III Reverse Transcriptase (Invitrogen,
Grand Island, NY) according to the manufacturer’s instructions. Primers 130loop F and
190helix R were used in the qPCR, which consisted of 5 pul of Master Mix (Applied
Biosystems, Foster City, CA), 500 nM each primer, 2 pl of target cDNA, and sufficient
diethylpyrocarbonate (DEPC)-treated water to make a volume of 10 pl. The cDNA was
amplified by 40 two-step PCR cycles (3 s at 95°C for denaturation of the DNA, 20 s at
60°C for primer annealing and extension). qPCR amplifications were measured by using
the Stratagene Mx3005P qPCR System (Agilent Technologies, Santa Clara, CA). As a
sample standard, we used the pHW 2000 plasmid vector with the hemagglutinin gene of
CA/04, which was serially diluted 10-fold to generate the standard curve. The

amplification results were shown as Log;o copies/pl.
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Total protein quantification

Viruses were purified from the allantoic fluids of 11-day-old embryonated
chicken eggs by low-speed clarification (4000 rpm, 20 min, 4 °C) followed by
ultracentrifugation through a cushion of 30%-60% sucrose in a 70Ti rotor (Beckman
Coulter, Fullerton, California) (37,500 rpm, 3 h, 4 °C). The virus band was collected and
purified through a cushion of 30% sucrose in a 70Ti rotor (37,500 rpm, 3 h, 4 °C). The
virus pellet was resuspended in 200ul PBS and the total amount of purified virion

proteins was determined by Quant-iT"™ protein assay kit (Invitrogen, USA).

Mouse vaccination and challenge

To assess the antigenicity and protective efficacy of high-yield mutant viruses, we
vaccinated a group of 6-week-old female BALB/c mice (Harlan Laboratories,
Indianapolis, IN) by intramuscular administration of 128 hemagglutination (HA) units (in
50-pl volumes) of a formaldehyde-inactivated vaccine candidate, mutant number 81 (n =
10 mice) or mutant number 88 (n = 10 mice). Two weeks later, we administered a booster
vaccine. Mock-vaccinated mice (n = 10) received a volume of PBS equal to the amount
of vaccine administered to the vaccinated mice. Five mice that were not vaccinated and
not challenged served as environmental controls. Two weeks after the booster
vaccination, mice were anesthetized and challenged by intranasal inoculation with
mouse-adapted CA/04 at 10x the 50% lethal dose (LDsp). Serum samples were collected
from mice before challenge and tested by using an HA inhibition (HI) assay. To
determine lung virus titers, we euthanized three mice at day 4 after challenge. Lungs were
homogenized and resuspended in 1 ml of sterile PBS, and virus titers were determined in

MDCK cells. The samples were also stained with hematoxylin and eosin stain for
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pathologic examination. The survival rate, clinical signs, and body weight of the
remaining mice were monitored for 14 days after the challenge. All animal studies were
approved by the Office of Regulatory Compliance Institutional Biosafety Committee and

the Institutional Animal Care and Use Committee of Mississippi State University.

HA and HI assays

HA and HI assays were performed by using a 0.5% suspension of turkey red
blood cells as described in the WHO Manual on Animal Influenza Diagnosis and
Surveillance

(http://www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf).

Structural modeling

Crystal structures of the hemagglutinin protein (Protein Databank [PDB]
accession nos. 3LZG, 3UBN, and 3UBQ of the A(HIN1)pdm09 virus and the binding
sites of carbohydrates 6'-Sialyl-N-acetyllactosamine (6SLN) and 3'-Sialyl-N-
acetyllactosamine (3SLN) to this protein were obtained from PDB (141). Structural
simulation of amino acid mutations was performed on the hemagglutinin by using the
FoldX platform with its empirical force field (142) with crystal waters under the
following conditions: temperature of 298K, pH 7, 0.05 ion strength. Chimera (143) was
used to visualize the binding structures and measure contact distances. PoseScore, which
was designed for ranking near-native ligand—protein interacting structures (144), was
used to estimate the likeness of the protein—glycan binding avidities of the wild-type and
mutant to that of the native virus. The computational analysis of mutation effects on HA—

glycan bindings was focused on the mutants with 133 (H3 numbering) location only
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because the other mutations are not located in the receptor-binding sites of hemagglutinin

and did not modify the PoseScores of the hemagglutinin of the wild-type virus.

Accession numbers

The Crystal structures of the hemagglutinin protein were downloaded from

Protein Data bank with accession numbers: 3LZG, 3UBN, and 3UBQ.

Results
epPCR-based mutagenesis approach
In this study, we developed an epPCR-based mutagenesis strategy for generating
high-yield influenza vaccine candidates (Figure 2). In this method, the epPCR products
are used directly as primers for site-directed mutagenesis, and individual cloned plasmids
are then extracted. Viruses are rescued by using the individual selected plasmids, and the
rescued viruses are screened for a phenotype of high yield in eggs.

To validate our method, we used the hemagglutinin of CA/04 as the template to
generate high-yield vaccine candidates. We first applied epPCR to breed the regions of
receptor-binding sites: one region covered the 130 loop and 190 helix of the
hemagglutinin gene (referred to as 130loop+190helix), and the other region covered the
190 helix and 220 loop of the hemagglutinin gene (referred to as 190helix+220loop). The
epPCR products (234 bp for 130loop+190helix; 171 bp for 190helix+220loop) were

subsequently used as primers in site-directed mutagenesis.
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Figure 2. Overall strategy for generating a hemagglutinin mutant library.

Based on this method, chicken embryonic egg—propagated seed viruses with high yield
can be selected for influenza vaccine candidate strains. The 130loop + 190helix or
190helix + 220loop in hemagglutinin gene of influenza A/California/04/09 (HIN1) virus
are amplified by error-prone PCR (epPCR) by using a GeneMorph II Random
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) (step 1). epPCR products are
then used as primers in the site-directed mutagenesis (step 2). After Dpnl digestion at
37°C for 1 h (step 3), the PCR product is transformed into XL1-Blue Supercompetent
Cells (Agilent Technologies, Santa Clara, CA), and the cells are inoculated onto LB
(Luria Bertani) plates or into LB medium (step 4). The individual plasmid or plasmid
library is then extracted (step 5) and used with 6 internal genes from A/Puerto
Rico/8/1934(H1N1) and the neuraminidase gene from CA/04 to rescue viruses (step 6).
Rescued viruses are inoculated into 10-day-old chicken embryonic eggs to generate high-
yield vaccine seed. The steps are indicated by circled numbers in the figure.

Broad diversity of the hemagglutinin mutants generated by the epPCR-based
mutagenesis strategy

To evaluate the profile of the hemagglutinin mutant library, we sequenced a total
0f 292 clones (142 for 130loop+190helix; 150 for 190helix+220loop). Of the 292 clones,

111 carried at least one amino acid mutation while maintaining the correct open-reading
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frame. Of these 111 hemagglutinin mutants, 66 were derived from the 130loop+190helix
epPCR products, and 45 were derived from the 190helix+220loop epPCR products.
Ninety-eight of these 111 hemagglutinin mutants had a single amino acid mutation, eight
had double mutations, and five had triple mutations. Except for two clones with the same
mutations, all hemagglutinin mutants carried different mutations. The mutation profile
analysis demonstrated that the mutated sites broadly spanned the entire target region from

the 130loop to the 220loop. Of note, some of these mutations (V1351, A137T, P140L,
H141Q, S146G, VI1551, KI56E, NI159K, G173R, V176I, A189T, T200S,

K212T, 1219V) were observed in the hemagglutinin gene of the A(HIN1)pdmO09 virus
field strains.

To further demonstrate the diversity of the mutant library, we used next-
generation sequencing to sequence the plasmid library generated by 130loop+190helix
epPCR products. The readings showed that 63.8% of the sequences had nucleotide
changes, and 83.9% of those led to effective amino acid mutations with correct open-
reading frames. The mutations were distributed among the 130loop and the 190helix at

both the nucleotide and amino acid levels (Figure 3).
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Figure 3. Profile of 130loop+190helix hemagglutinin plasmid library sequenced by

using the Miseq sequencer (Illumina, Shanghai, China).
There were 238,961 readings in the library. Of those readings, 63.8% had mutations at
the nucleotide level (A), and 83.9% of those led to effective amino acid mutations with
correct open-reading frames (B). The mutation rate on each site demonstrates that
mutations were distributed almost across the entire 130-loop and 190-helix,

demonstrating that the plasmid library generated by this error-prone PCR strategy has a
broad diversity.

Rapid generation of higher yield strains by using the epPCR-based mutagenesis
strategy

To determine if seed strains with high yield could be directly rescued from the
111 mutants, we recovered the highest-yield viruses by transfection, inoculated them into
10-day-old eggs, and subsequently determined HA titers for comparison with the HA
titers for the wild-type virus. The wild-type virus had an HA titer of 32, and six mutants
(nos. 22, 58,79, 81, 88, and 114) had an HA titer of at least 128 in passage one (Table 2).
Of note, the HA titers of the wild-type virus remained stable at 32 in passages two and
three, but the titers of mutant viruses number 81 and 88 increased to 512 after passage

two and three, respectively (Table 2).
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Figure 4. Characterization of the high-yield influenza A(HIN1)pdm09 vaccine

candidates generated by using the error-prone PCR—based mutagenesis strategy.
Viruses were inoculated into Madin-Darby canine kidney cells at a multiplicity of
infection of 0.001. (A) Growth curves for wild-type (WT) and mutant viruses (nos. 22,
58,79, 81, 88, and 144) measured by 50% tissue culture infectious dose (TCIDs; values
shown below columns) at various hours after infection (hpi). (B) Western blot showing
the nucleoprotein expression level for the WT and mutant viruses (viruses shown above
columns).

Viral growth kinetics demonstrated that these six hemagglutinin mutants
replicated more efficiently than the wild-type virus in MDCK cells (Figure 4A). The peak

HA titers of these viruses reached 128-512 in MDCK cells, but the peak titer was only 32
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for the wild-type virus. Among these six mutants, numbers 22 and 81 yielded the highest
HA titer (512) in MDCK cells. The peak TCIDs of these mutants was 0.4—1.0 logo
TCIDs higher than that for wild-type virus (Figure 4A).

The Western blot assay results for cell lysate tested 72 h and 96 h after
inoculation confirmed these results. Nucleoprotein expression for the mutant viruses was
stronger than that for the wild-type strain. The nucleoprotein expression level for mutants
number 22, 58, 79, 81, 88, and 114 were 2.0-, 1.4-, 1.9-, 2.8-, 1.6-, and 1.7-fold higher,

respectively, than that for the wild-type virus (Figure 4B).
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Figure 5. Quantification of wild-type (WT) and mutant viruses propagated in eggs

as determined by using a hemagglutinin gene—specific quantitative reverse
transcription PCR method.
Results are expressed as the median (horizontal bars) RNA copy number (1 pul cDNA) £+
SD (vertical bars).
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Figure 6. Total protein quantification of wild-type (WT) and mutant viruses that

purified from the allantoic fluids of 11-day-old embryonated chicken eggs.
Results are expressed as the median (horizontal bars) protein concentration +SD (vertical
bars).

Consistent with our HA assay results, qPCR results for the six selected mutants
showed higher yields than those for the wild-type virus. On average, viral RNA levels in
allantoic fluid of eggs inoculated with mutants number 22, 58, 79, 81, 88 and 114 were
4.3-,2.3-,12.3-, 64.6-, 30.9-, and 30.9-fold (copies/ul) higher, respectively, than levels in
allantoic fluid of eggs inoculated with the wild-type strain (Figure 5). Meanwhile, total
protein concentrations of mutants number 22, 58, 79, 81, 88 and 114 were 1.90-, 2.33-,
1.99-, 2.50-, 1.30- and 1.97-fold (png/ml) higher, respectively, than that of the wild-type
strain (Figure 6). These results further confirmed that, compared with the wild-type virus,
the six selected mutants generated by the epPCR-based mutagenesis strategy grew more
efficiently in eggs.

One-way HI assays using post-infection ferret antiserum raised against CA/04

showed that the homologous HI titers of 3,200 for CA/04 (Table 2). The heterologous HI

38



titers of the six mutant viruses were 3,200 or 1,600, demonstrating that these candidates

had few antigenic differences from the wild-type strain.

Table 2.  Characterization of influenza A(HIN1)pdmO9 vaccine candidates
generated by using an error-prone PCR—based mutagenesis strategy

HA titer”, passage no. HI titer’, passage no.
Virus 1 2 3 1 2 3 Mutation (residue no.)*
Wild type 32 32 32 3,200 3,200 3,200 -
Mutant,  no.
22 128 256 256 3,200 3,200 3,200 KI133N (130), V178M
175)
58 128 256 128 3,200 3,200 3,200 K149E (146)
79 128 128 256 3,200 3,200 1,600 K1571 (154)
81 128 128 512 1,600 1,600 1,600 K133I (130)
88 256 512 256 1,600 1,600 3,200 KI157I (153), 1169T
(166)
114 256 128 256 3,200 3,200 3,200 K212T (209)

“ HA, hemagglutination.

® HI, hemagglutination inhibition. Titers were determined by using ferret serum (anti-
CA/04).

¢ Mutations in the hemagglutinin protein sequence of the mutant, H3 numbering; the
residue numbers are residues in the hemagglutinin of influenza A(HIN1)pdmO9 virus.
“ Reverse genetics—derived viruses were generated by using hemagglutinin of wild-type
influenza A/California/04/09 (HIN1) virus (CA/04) virus or hemagglutinin mutants
derived from error-prone PCR, neuraminidase of CA/04, and six other gene segments
(polymerases PA [polymerase acidic subunit], PB1 [polymerase basic subunit 1], and
PB2 and nucleoprotein, matrix protein, and nonstructural protein) from influenza
A/PR/8/34(HIN1) virus.
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High-yield vaccine candidates providing full protection against lethal challenge in
mice

To confirm that our mutagenesis approach had not affected subsequent vaccine
efficacy, we selected the two mutants with the highest HA titers (mutants no. 81 and 88)
as vaccine candidates and evaluated their efficacy in a mouse model. Serum samples
collected from vaccinated mice 2 weeks after the booster vaccine was administered
exhibited HI titers substantially higher than those for the mock-vaccinated group (Table
2). After viral challenge, virus replication (reaching levels up to 10°*TCIDs¢/ml) was
detected in the lungs of all mock-vaccinated mice; no virus was detected in any of the
vaccinated mice (Table 3). Mice in the mutant number 81— and 88—vaccinated groups did
not lose weight, but the mock-vaccinated mice were lethargic and rapidly lost weight
(Figure 7A). All vaccinated mice survived the lethal challenge; all mock-vaccinated mice

died 7 days after challenge (Figure 7B).
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Figure 7. Protective effect of high-yield vaccine candidates in mice challenged with

mouse-adapted influenza A/California/04/09 (HIN1) virus.
Groups of control; mock-vaccinated; and mutant number 81—, 88—vaccinated mice were
intranasally inoculated with 10 X the 50% lethal dose of virus, after which their body

weights (A) and survival times (B) were monitored for 14 days. Results are shown as the
mean £ SD in each group (A).

Table 3. Pathogenesis and immunologic responses in vaccinated mice challenged
with mouse-adapted influenza A/California/04/09 (HIN1) virus
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Vaccine group Log;TCIDs¢/ml, mean = SD* log,HI titer, mean + SD’

Mutant no. (mutation)

81 (K133I) Below detection limit 8.32+0.70
88 (K1571, 1169T) Below detection limit 8.12 +0.45
Mock 54+0.1 Below detection limit

“ Groups of BALB/c mice were inoculated intranasally under light anesthesia with 10 X
the 50% lethal dose of mouse-adapted CA/04 virus. Three mice from each group were
euthanized on day 4 after virus challenge, and virus titers in lungs were determined by
TCIDs (50% tissue culture infectious dose) in MDCK cells.

> Serum samples were collected 2 weeks after the booster vaccine was administered, and
antibody response levels were measured by using the HI (hemagglutination inhibition)
assay.

Photomicrographs of hematoxylin and eosin—stained lung sections are shown in
Figure 8. Mock-vaccinated mice displayed acute, diffuse, necrotizing bronchitis and
bronchiolitis 4 days after challenge (Figure 8C). No histopathologic changes were
observed in the mice vaccinated with mutants number 81 or 88 (Figure 8A,B),
demonstrating effective protection of both vaccine candidates from the lethal mouse-
adapted CA/04 challenge. Thus, our results indicate that the high-yield candidate
vaccines generated by our epPCR-based mutagenesis strategy did not have altered
antigenicity and could serve as potential seed strains for the manufacture of influenza

vaccines.
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Figure 8. Histopathologic findings in hematoxylin and eosin—staine

from vaccinated and mock-vaccinated mice challenged with mouse-adapted influenza

A(HIN1)pdmO9 virus.
Four days after challenge, groups of mutant number 81—vaccinated (A), mutant number
88—vaccinated (B), and mock-vaccinated (C) mice were euthanized, and lungs were
collected for histopathologic examination; non-vaccinated, non-challenged mice served
as environmental controls (D). A, B, and D) Scale bar =100 um; C) scale bar = 40 um.
Receptor-binding models of improved-yield mutants

Among the six mutation sites, only mutants number 22 and 81 had residue 133

located in the receptor-binding sites of hemagglutinin (Figure 9). These crystal structures
of the bindings between the hemagglutinin of influenza A(HIN1)pdm09 and glycan

analogs 6SLN or 3SLN were used in computational mutation simulations to study the

effects of amino acid modifications on hemagglutinin-receptor bindings.
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Figure 9. The locations of six mutations in the crystal structure of the hemagglutinin
(HA) of influenza A(HIN1)pdmO9 virus.
The HA was adapted from the structural template of the HA of A(HIN1)pdmO9 virus
(Protein Databank [PDB] 3LZG) interacting with glycans 6SLN (from PDB 3UBN) and
3SLN (from PDB 3UBQ). The HA protein structure is shown in light grey; receptor-
binding residues on the 130-loop, 190-helix, and 220-loop are shown in gold. The
mutation location 133 is in orange to distinguish it from other non-binding site mutation
locations indicated in red (149, 157, 169, 178, and 212). Cyan indicates 6SLN and
magenta indicates 3SLN; both are superposed as their native binding poses against the
native HA structures.

As measurements of binding modifications caused by mutations, we calculated

the distances between the oxygen atom of a water molecule (which formed a hydrogen
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bond between amino acid residue 133 and glycan receptors) and the nearest atoms of
sialic acid and the distances between the oxygen atom of a water molecule and residue
133. Moreover, as a quantification of hemagglutinin—glycan binding avidities, we
obtained the PoseScore (144) for structural interactions between glycans and all wild-
type and computationally mutated hemagglutinin structures (Figure 10).

When the hemagglutinin bound to 3SLN, the wild-type structure with a polar and
positively charged lysine at residue 133 had a distance of 4.57 A to the linker water
molecule, and the whole interaction had a PoseScore of -6.32 (Figure 10B). The K133N
mutant had a polar, but neutral, asparagine at residue 133, which was only 2.23 A from
the linker water molecule, and its PoseScore wass -7.04 (Figure 10D). The K133 mutant
had a nonpolar and neutral isoleucine at residue 133, which was 2.95 A to the linker
water molecule, and its PoseScore was -6.88 (Figure 10F). These results showed that both
the contact distances and pose binding scores were decreased by substituting a charged
lysine with neutral asparagine or isoleucine. Thus, given that smaller contact distances
and lower PoseScores suggest stronger interactions between glycans and proteins,
mutations K133N and K1331 could lead to increased 3SLN bindings compared with what
the wild-type strain does. These stronger hemagglutinin—3SLN bindings for mutants
number 22 and 81, compared with that for the wild type strain, may contribute to the
higher replication efficiencies of these two mutants in eggs and MDCK cells.

Of interest, the structural simulation showed that both the contact distances and
pose binding scores between hemagglutinin and 6SLN were also decreased by
substituting a charged lysine with neutral asparagine or isoleucine. When the
hemagglutinin bound to 6SLN, the wild-type structure with a polar and positively
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charged lysine at residue 133 had a distance of 4.41 A to the linker water molecule and
the whole interaction had a PoseScore of -11.83 (Figure 10A). The K133N mutant had a
polar but neutral asparagine, which wass only 2.04 A from the linker water molecule, and
its PoseScore wass -12.18 (Figure 10C). The K133I mutant had a nonpolar and neutral
isoleucine at residue 133, which was 2.82 A from the linker water molecule, and its
PoseScore was -14.42 (Figure 10E). These results suggested that mutations K133N and
K133I could lead to stronger 6SLN bindings in mutants number 88 and 81 than in the

wild-type virus.
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HA-6SLN HA-3SLN

Figure 10. The three-dimensional structures of the hemagglutinin of the wild-type
(WT) influenza A/California/04/09 (H1NT1) virus and mutant viruses (nos. 22 and 81)
in contact with human-like receptor analog 6SLN (panels A, C, and E) and avian-like
receptor analog 3SLN (panels B, D, and F).

The protein structures of hemagglutinin are shown in light grey; residue 133 is in orange.

The side chains of interacting residues on the receptor-binding sites are labeled with
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residue names and locations. The single letter amino acid annotations were used together
with H3 numbering for all binding residues. 6SLN is shown in cyan, and 3SLN is shown
in magenta. Red dots indicate the oxygen atoms from all water molecules that are in
contact with hemagglutinin side chains. The distances (in angstroms) between the water
molecule and the nearest atom on both the protein and ligand sides are indicated by
dashed lines. (A) WT hemagglutinin with lysine at position 133 in contact with 6SLN.
(B) WT hemagglutinin with lysine at position 133 in contact with 3SLN. (C) K133N
mutant hemagglutinin with asparagine at position 133 in contact with 6SLN. (D) K133N
mutant hemagglutinin receptor-binding sites with asparagine at position 133 in contact
with 3SLN. (E) Mution K1331 at the hemagglutinin receptor-binding site with isoleucine
at position 133 in contact with 6SLN. (F) Mutant K1331I with isoleucine at position 133 in
contact with 3SLN. Simulations on the hemagglutinin were performed by using the
FoldX empirical force field (142), and the structure was visualized by using Chimera
(143); PoseScore (144) was used to estimate the likeness of the WT and mutant protein—
glycan binding avidities to that of the native virus.

Discussion

Conventional site-directed mutagenesis strategies depend on virus variants that
are manually selected and usually have a single or a few mutations; egg-adaptation
strategy depends on the virus variants generated by error in natural viral RNA replication
(viral quasispecies) resulting from the lack of proofreading capacity in viral RNA
polymerase. The small pool of virus variants produced by these approaches is a
bottleneck in the process of selecting high-yield seed strains for influenza vaccine
production. Thus, we hypothesized that the in vitro breeding of a diverse influenza virus
variant library by epPCR would enhance the process for generating high-yield strains.
The epPCR method has been widely used to generate libraries of mutant proteins for
phenotype selection (145-149). By integrating epPCR, site-directed mutagenesis, and
reverse genetics, we developed a novel strategy for rapidly generating high-yield vaccine
candidates. Our data show that this strategy allows for the rapid generation of high-yield

vaccine candidates for the A(HIN1)pdmO09 virus. Whole-virus inactivated vaccines
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derived from two high-yield candidates that we generated provided full protection against
lethal A(HIN1)pdm09 virus challenge in mice.

Recently, Imai and Wu also used epPCR strategy to generate influenza mutant
library for phenotype selection (150, 151). In their studies, the epPCR was used to
amplify the partial HA or whole NA genes, and the amplified fragment or gene need to
be digested with restriction enzyme and then subcloned to influenza reverse genetics
vector for virus rescuing. Unlike their approaches for generating influenza mutant library,
our strategy combined the epPCR and site mutagenesis approach efficiently, and we used
epPCR product as primers for site mutagenesis. Therefore, through two single PCRs, one
epPCR and another site mutagenesis PCR, we can target any region of influenza gene to
generate plasmid mutant library without designing any restriction enzyme site and
omitting the subcloning step. Thus, our approach developed here can be used for
efficiently generating diverse mutant libraries for phenotype selection for influenza virus
or other pathogen.

The mechanism(s) by which the mutations in the hemagglutinin gene improve
virus replication are poorly understood. Previous studies suggested that the functional
balance between receptor binding of the hemagglutinin and the receptor-releasing
property of the neuraminidase is critical for efficient replication of influenza viruses (85,
152). Mutations near the receptor-binding sites of the hemagglutinin are known to affect
the replication abilities of viruses (119, 120, 153, 154). In this study, we constructed a
hemagglutinin plasmid library targeted to the receptor-binding sites of influenza

A(HINI1)pdmO9 virus. By using the cloned mutant hemagglutinin genes, we successfully
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rescued 43 viruses without subsequent egg passages. Of these 43 viruses, six mutants had
improved yields in eggs.

Among the mutations in the hemagglutinin of the six selected vaccine candidates
in our study (Table 2), mutations K1571 and K212T were previously reported in the high-
yield A(HIN1)pdmO9 vaccine strains generated in eggs (119). Identification of these two
previously reported mutations, which improved the yields of A(HIN1)pdm09 virus,
validates the effectiveness of our strategy. Our strategy is further validated by the fact
that we also found some novel sites in the hemagglutinin that improved yields without
changing virus antigenicity. For example, K133, which was found in two high-yield
mutants, is absent in the hemagglutinin of the contemporary human seasonal influenza
A(HIN1) virus and is highly conserved in both the A(HIN1)pdmO09 virus and its
precursor, the hemagglutinin gene of the 1918 pandemic HINT1 influenza virus. The
K133N HA mutation was predicted to broadly change the electrostatic potentials
surrounding the receptor-binding domain (155). As shown in receptor-binding models
(Figure 10), the substitution of a positively charged lysine in position 133 by a polar
uncharged asparagine or hydrophobic isoleucine could contribute to the increase in
binding avidity and be responsible for the improved yield of these mutants in eggs and
MDCK cells.

A previous study predicted the important role of K133 and K149 in receptor-
binding affinity and in the virulence of A(HIN1)pdmO9 virus (156). Substitution of
K133R or K149R in “swine-like” A(HIN1)pdmO9 virus reduced its pathogenicity (156).
The mutants with K133N or K149E mutations that were identified in this study have
higher yield properties and may have lower pathogenicity compared with that of the
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wide-type strain; which would ensure a safer vaccine production. In addition, two of six
selected mutants with improved yields harbor K1571 mutations. It has been reported that
mutants with K157E mutations are preferred for replication of
A/California/7/2009(HIN1) virus in MDCK cells and eggs (120). Our results also
indicate that the presence of a isoleucine residue with hydrophobic site chain in position
157 of hemagglutinin improves the growth ability of the A(HIN1)pdmO09 virus.

Concerns have been raised that even single amino acid substitution near receptor-
binding sites may change the antigenicity of influenza viruses (157). However, mutations
near the receptor-binding sites of the hemagglutinin, such as L1191, A186D, N125D, and
DI127E, have been used as seed viruses for the A(HIN1)pdmO09 vaccine (120). The HI
assay results in our study indicate that the six high-yield candidate vaccine strains had
few antigenic changes from the CA/04 wild-type strain (Table 2). For example, although
K133 was recently documented to be involved in B cell epitopes recognized by
monoclonal antibodies (158-160), in our study, mutation K133N did not alter the
antibody-binding avidities of K133N mutant to anti-A(H1N1)pdmO09 virus ferret serum,;
this finding has also been reported elsewhere (155). Moreover, inactivated vaccines based
on two testing candidates that yielded the highest titers in eggs provided full protection
against lethal challenge in experiments with mice. These results provide further evidence
that the epPCR-based mutagenesis strategy combined with serologic assays, such as the
HI assay, could be used for rapid generation of influenza seed viruses.

In summary, we report the use of a novel epPCR-based site-directed mutagenesis
strategy to rapidly generate a diverse influenza hemagglutinin plasmid library and the
application of this method to generate high-yield candidate strains for production of
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A(HIN1)pdmO9 virus vaccine candidates. The mutations associated with high yield in

our study could facilitate a quick response to future outbreaks caused by A(HIN1)pdm09
virus and its variants. Moreover, this novel strategy could also be applied to the breeding
of other functional regions of a gene to rapidly generate diverse mutant libraries for gain-

of-function studies for influenza and potentially other pathogens.
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CHAPTER III

A Y161F HEMAGGLUTININ SUBSTITUTION INCREASES THERMOSTABILITY

AND IMPROVES YIELDS OF 2009 HINI INFLUENZA A VIRUS IN CELLS

Vaccination is the primary strategy for influenza prevention and control. Yet egg-
based vaccines, the predominant production platform, have several disadvantages
including the emergence of viral antigenic variants that can be induced during egg
passage. These limitations have prompted development of cell-based vaccines which
themselves are not without issue. Most importantly, vaccine seed viruses often do not
grow efficiently in mammalian cell lines. Here we aimed to identify novel high-yield
signatures for influenza viruses in continuous Madin-Darby canine kidney (MDCK) and
Vero cells. Using influenza A(HIN1)pdmO09 virus as the testing platform and an
integrating error-prone PCR strategy, we identified a Y161F mutation in the
hemagglutinin (HA) that not only enhanced the infectivity of the resultant virus by more
than 300-fold, but also increased its thermostability without changing its original
antigenic properties. Vaccine produced from the Y161F mutant fully protected mice
against wild-type A(HIN1)pdmO09 lethal challenge. Compared with A(HIN1)pdmO09, the
Y 161F mutant had significantly higher avidity for avian-like and human-like receptor
analogs. Of note, introduction of the Y161F mutation into the HA of seasonal H3N2
influenza A virus (IAV) and canine H3N8 [AV also increased yields and thermostability
in MDCK cells and chicken embryotic eggs. Thus, residue F161 plays an important role
in determining viral growth and thermostability, which could be harnessed to optimize

IAV vaccine seed viruses.
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Introduction

Influenza A viruses (IAVs) cause seasonal outbreaks and occasional pandemic
outbreaks among humans and pose challenges to public health. The viruses responsible
for four pandemics have been characterized: one each in 1918 and 2009 caused by HIN1
[IAVs, one in 1957 caused by an H2N2 [AV, and one in 1968 caused by an H3N2 AV
(4). These pandemic outbreaks varied in impact, but each resulted in substantial mortality
in a short time. Compared with pandemic outbreaks, seasonal influenza outbreaks are
typically milder but still cause approximately 200,000 hospitalizations and 36,000 deaths
each year in the United States alone (161).

Vaccination has been the most efficient and economic strategy for preventing
influenza virus infection and controlling the spread of disease (162). Three types of virus-
based influenza vaccines, inactivated vaccines, live-attenuated vaccines, and recombinant
hemagglutinin (HA), are licensed in the United States, with egg-produced vaccine being
the dominant source (127, 163). The egg-based platform for vaccine production has been
used since the 1950s (164), but it has several disadvantages: first, passage of seed viruses
in eggs can result in undesired egg-adapting mutations in the HA that can lead to changes
in viral antigenicity (165-168); second, due to reactogenicity concerns, egg grown
vaccine is contraindicated for those with egg allergies (169); and third, rapidly scaling up
egg production is not easily achievable . Cell-based vaccine production platforms do not
have the same limitations (170). All continuous cell lines, including Madin-Darby canine

kidney (MDCK) cells and African green monkey kidney—derived Vero cells, must be
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certified before being approved by regulatory authorities for use in the production of
influenza vaccines (171-173).

A high-yield vaccine seed strain is required for timely vaccine manufacture and is
thus a critical component of a successful influenza vaccination program. Unfortunately, it
is not uncommon that the vaccine strains recommended by the World Health
Organization (WHO) have less than desirable yields in eggs, cells, or both (174, 175). For
example, the 2009 HIN1 pandemic seed strain was a low-yield strain, and it required
almost 3 months for the WHO collaborative laboratories and vaccine companies to
engineer the selected strain to meet the criteria required for vaccine production. Because
of this delay, vaccine-derived immunity among the population arose after the peak of the
second wave of the 2009 HIN1 pandemic (176). Therefore, quickly generating a high-
yield vaccine seed virus is critical for rapid vaccine production and, thus, for effective
influenza prevention and control. Adaptation of viruses to cells by multiple passaging or
development of high-yield reassortant seeds using reverse genetics has been shown to be
an effective way to increase yield of vaccine seed viruses (177-180). In addition, other
studies have been performed to improve virus yields in cells by modifying the virus or
the cell line. For example, Suphaphiphat et al. (181) showed that mutations S186P and
L194I in the receptor binding site (RBS) of the A/California/04/09 (CA/04) HIN1 HA
increased growth of the virus by more than 10-fold in MDCK cells, and Hamamoto et al.
(182) reported that MDCK cells engineered with stable knockdown of interferon
regulatory factor 7 increased AV yields.

Thermostability is also important for vaccine quality, especially in low-income
countries that lack the infrastructure to maintain a low and stable temperature during

55



vaccine transportation (183). The reduced thermostability of live attenuated vaccine for
the 2009 HIN1 pandemic virus, may have been responsible for its restricted replication in
vaccinated persons (184). Mutations in HA protein can improve thermostability; for
example, mutations S133N, T189A, N198D, and L226Q in the RBS of influenza HA
were reported to be associated with a significant increase in thermostability of an H9 IAV
(185).

The objective of this study was to randomly introduce mutations into HA and
screen for those that improved IAV thermostability and yields in MDCK and Vero cells.

Such studies are important to optimize the preparation of cell-based influenza vaccine.

Materials and Methods
Cells and viruses

Human embryonic kidney (293T) cells, MDCK cells, and Vero cells were
purchased from American Type Culture Collection (Manassas, VA). Cells were
maintained at 37°C with 5% CO; in Dulbecco's Modified Eagle Medium (GIBCO/BRL,
Grand Island, NY) supplemented with 5% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA) and penicillin—streptomycin (Invitrogen, Carlsbad, CA). The HA
gene of CA/04 was cloned into the vector pHW2000 and used as template for
construction of the mutant library; mouse-adapted CA/04 (139) was used for challenge
experiments in mice. Influenza A/Texas/50/2012(H3N2) (TX/50) and
A/canine/lowa/13628/2005 (H3NS) virus (canine-H3N8) were used to validate the
identified molecular markers.

The viruses generated by reverse genetics were propagated in MDCK cells and

cultured at 37°C with 5% CO; in Opti-MEM medium (GIBCO/BRL, Grand Island, NY)
56



supplemented with 1 pg/ml of TPCK (N-tosyl-L-phenylalanine chloromethyl ketone)-
Trypsin (Sigma-Aldrich, St. Louis, MO) and penicillin—streptomycin (Invitrogen,
Carlsbad, CA). Virus titers were determined by TCIDso in MDCK cells.

The viral total protein yield in eggs was tested as described by Adamo et al (133).
Briefly, 10-day-old chicken embryotic eggs were infected with an influenza virus and
then incubated at 37°C for 72 h. The allantoic fluid of the infected eggs was collected for

virus purification and quantification of protein concentrations as described below.

Extractions of RNA and plasmids

RNA was extracted by using an RNeasy Mini Kit (QIAGEN, Valencia, CA); the
plasmids used for transfection were prepared by using the GeneJET Plasmid Miniprep kit

(Thermo Scientific, Waltham, MA).

Mutant generation using epPCR-based reverse genetics strategy

The mutant library with random mutations in HA RBSs was generated by epPCR
as previously described (186). In brief, the randomly mutated short sequences (about 200
nucleotides) were used as primers in the site-directed mutagenesis with HA-pHW2000,
leading to plasmids with random mutations in the HA RBSs. This strategy can avoid the
need for a labor-intensive gene cloning process, and the HA-pHW2000 with mutations
can be used directly in generating vaccine candidates (186). One day before transfection,
293T cells and MDCK cells were co-cultured in 24-well plates, using a 20:1 ratio of
293T cells to MDCK cells. The cell cultures were transfected with 125 ng of each of
eight plasmids: a mutant HA gene, NA gene of CA/04, and 6 internal genes (PB2, PB1,

PA, NP, M, and NS) of influenza A/PR/8/1934(H1N1) virus. Transfection was done
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using TransIT-LT (Mirus, Madision, WI) according to the manufacturer’s instructions. In
brief, TransIT-LT transfection reagent was mixed with DNA at 2.5 pl /1 pg, incubated at
room temperature for 20 min, and then added to the cells. After 24 h, Opti-MEM medium
(GIBCO/BRL) supplemented with 1 pg/ml of TPCK-trypsin (Sigma-Aldrich, St. Louis,
MO) was added to the cells. After 72 h of incubation, supernatants were collected and
titrated in MDCK cells.

For phenotype comparison, we generated the wild-type reassortant virus (rg-wt)
containing the wild-type HA and NA genes from CA/04 and six internal genes from
A/Puerto Rico/8/34 (HINT1). The reassortant rg-TX/50 with HA and NA from TX/50 and
six internal genes from A/Puerto Rico/8/34 (HIN1) virus and the reassortant rg-H3N8
with HA and NA from canine-H3N8 and six internal genes from A/Puerto Rico/8/34

(HINT) virus were also rescued by reverse genetics.

Site-directed mutagenesis

The QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA) was used to create specific mutations in the HA gene. We used forward
primer 5'- CCACTTAAACTTCAAATTCCCAGCATTGAACGTG-3' and reverse
primer 5'- CACGTTCAATGCTGGGAATTTGAAGTTTAAGTGG-3' to generate
mutation Y161F in HA of TX/50, and we used forward primer 5'-
CAAAATCTGGAAGCTCTTTCCCCACATTGAATGTGAC-3' and reverse primer 5'-
GTCACATTCAATGTGGGGAAAGAGCTTCCAGATTTTG-3' to generate mutation
Y161F in HA of canine-H3N8. To ensure the absence of unwanted mutations, Eurofins

(Louisville, KY) used Sanger sequencing to completely sequence all constructs.
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Growth kinetics

To determine the growth kinetics of viruses, we inoculated the MDCK cells with
a testing virus at an MOI of 0.001 and then incubated the cells in 5% CO, at 37°C for 1 h.
The inocula were then removed and cells washed twice with phosphate-buffered saline
(PBS). Opti-MEM I (GIBCO, Grand Island, NY) containing TPCK-trypsin (1 pg/ml) was
added to the cells, which were then incubated in 5% CO, at 37°C. At specified time
points after inoculation, 200 pl of supernatant was collected from the incubated cells,
aliquoted, and stored at —70°C until use. Virus titers in supernatant collected at the

different time points were determined by TCIDs,in MDCK cells.

Viral protein purification and protein concentration quantification

Viruses were purified from the cell supernatant or allantoic fluid by low-speed
clarification (2,482 x g, 20 min, 4°C) to remove debris and then ultracentrifuged through
a gradient of 30%—60% sucrose in a 70Ti Rotor (Beckman Coulter, Fullerton, CA)
(100,000 x g, 3 h, 4°C). The virus band was collected and purified through a cushion of
30% sucrose in a 70Ti Rotor (100,000 x g, 3 h, 4°C). The virus pellet was resuspended in
200 pl of PBS, and the total amount of purified virion protein was determined by using

the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).

HA and HI assays

HA and HI assays were performed by using 0.5% turkey erythrocytes as
described by the WHO Global Influenza Surveillance Network Manual for the
Laboratory Diagnosis and Virological Surveillance of Influenza (187). Guinea pig,

chicken, horse, turkey, and dog (beagle) erythrocytes were obtained from Lampire
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Biological Products (Everett, PA). The erythrocytes were washed three times with 1 x
PBS (pH 7.2) and diluted to 0.5% for chicken, beagle, and turkey erythrocytes, 0.75% for

guinea pig erythrocytes, and 1% for horse erythrocytes.

Western blot analysis

The Western blot analysis was used to compare the influenza virus specific
protein yields of a wild type virus and those of a testing mutant. The monoclonal
antibody specific for influenza A virus nucleoprotein (NR-43899) and H1 (NR-42019)
were obtained through BEI Resources Repository (https://www.beiresources.org). The
Western blots were developed by using HRP conjugated anti-mouse IgG antibody
(Sigma-Aldrich, St. Louis, MO) and DAB substrate kit (Thermo Fisher Scientific,
Waltham, MA ) as manufacturer described. Bands were visualized by chemiluminescence
using ChemiDoc imaging system (Bio-Rad, Hercules, CA) and analyzed by ImageJ

(National Institutes of Health, Bethesda, MD).

Glycan microarray and data analyses

The 66 N-glycans (188) were printed on N-hydroxysuccinimide—derivatized slides
as previously described (189). All glycans were printed in replicates of 6 in a subarray,
and 8 subarrays were printed on each slide. All glycans were prepared at a concentration
of 100 uM in phosphate buffer (100 mM sodium phosphate buffer, pH 8.5). The slides
were fitted with an 8-chamber adapter (Grace Bio-Labs, Bend, OR) to separate the
subarray into individual wells for assay. Before assay, slides were rehydrated for 5 min in
TSMW buffer (20 mM Tris-HCI, 150 mM NacCl, 0.2 mM CacCl,, 0.2 mM MgCl,, and

0.05% Tween-20) and blocked for 30 min in TSMWB buffer (TSMW buffer with 1%
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BSA). Viruses were purified by sucrose density gradient ultracentrifugation and titrated
to about 1.0 x10° HAU/ml. To 150 pl of virus, we added 15 ul of 1.0 M sodium
bicarbonate (pH 9.0) and then incubated the mixture with 25 pg of Molecular Probes
Alexa 488 Succinimidyl Esters (NHS esters) (Thermo Fisher Scientific, Inc., Waltham,
MA) for 1 h at 25°C. After overnight dialysis against a 7 KDa Slide-A-Lyzer MINI
Dialysis Devices (Thermo Fisher Scientific, Inc., Waltham, MA) to remove excess Alexa
488 dye, viruses were checked by HA assay and then bound to glycan array. Labeled
viruses were incubated on glycan microarray at 4°C for 1 h, washed, and centrifuged
briefly before being scanned with an InnoScan 1100 AL Mircroarray Scanner (Inopsys,

Toulouse, France).

Viruses-glycan receptor binding assay

Two biotinlyated glycan analogs, carbohydrates 3'-sialyl-N-acetyllactosamine
(3'SLN) representing SA2,3GA and 6'-sialyl-N-acetyllactosamine (6’'SLN) representing
SA2,6GA, were purchased from GlycoTech (Gaithersburg, MD). The glycan stocks were
reconstituted at 1 mg/ml in 50% glycerol - PBS (vol/vol) solution according to the
manufacturer’s instructions and were stored at 4°C until use. The viral particles in wild-
type reassortant virus bearing HA 61y (rg-wt) and a mutant virus bearing HA 1615 (rg-

Y 161F) were determined using a Virocyt 2100 virus counter (ViroCyt, Boulder, CO).
The kinetics buffer (PBS pH 7.4 with 0.01% bovine serum albumin and 0.002% Tween-
20) containing neuraminidase inhibitors (10 uM zanamivir hydrate and 20 uM
oseltamivir phosphate) was used to titrate the biotinylated glycan analogs and viruses
during the binding assay (190). Binding of viruses (at 1 pM/virus) to the biotinylated

glycan analogs was performed in an Octet RED96 biolayer interferometer equipped with
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streptavidin biosensor tips (PALL FortéBIO, Menlo Park, CA) according to the
manufacturer’s assay protocol: 1) Biosensor coating with biotinylated glycan analogs X
300 sec; 2) Virus association X 1,200 sec ; and 3) Dissociation in the kinetics buffer with
neuraminidase inhibitors X1,000 sec. The entire measurement cycle was maintained at

30°C with orbital shaking at 1,000 rpm.

Analyses of virus thermostability

Purified viruses were diluted in PBS to 128 HAU, and dispensed by 120 pl into
0.2-ml, thin-walled PCR tubes (USA Scientific, Ocala, FL). Tubes were placed in a
Gradient Veriti 96-Well Thermal Cycler #9902 (Life Technologies, Camarillo, CA). The
temperature range was set at 51.5°—63.0°C. Tubes were heated for 40 min, then
transferred to ice. Control samples containing 120 pL of virus were incubated for 40 min
at 0°C. Virus content in each sample was determined by HA assay using a 0.5%
suspension of turkey erythrocytes. Each virus sample was analyzed three times for

thermostability.

Animal experiments

We intramuscularly inoculated two groups of 6-week-old female BALB/c mice
(Harlan Laboratories, Indianapolis, IN) with 15 pg (in a 50-pl volume) of a
formaldehyde-inactivated vaccine candidate or wild-type virus (n = 10 mice/group).
Specifically, the viruses used as vaccine candidate were inactivated in 0.025% formalin at
4 °C for three days and then confirmed by three blind passages on MDCK cells. Two
weeks later, we administered a booster vaccine with the same amount of immunogen. A

group of mock-vaccinated mice (n = 10) received an equal volume of PBS. A group of
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mice serving as environmental controls (n = 5), were not vaccinated or challenged. Two
weeks after the booster vaccination, mice were anesthetized and challenged by intranasal
inoculation with mouse-adapted CA/04 (139) at 10 times the 50% lethal dose. Serum
samples were collected from mice before challenge and tested by HI assays. To

determine lung virus titers, we euthanized five mice at day 4 after challenge. Lungs (n = 3)
were homogenized and resuspended in 1 ml of sterile PBS, and virus titers were
determined in MDCK cells. The lung samples were also fixed in formalin and stained
with hematoxylin and eosin stain for pathologic examination. We monitored the clinical
signs, survival rate, and body weight of the remaining mice (n = 5) for 14 days after

challenge. The mice were euthanized on 14 days after challenge.

Biosafety and animal handling

All laboratory and animal experiments were conducted under BSL-2 conditions,
with investigators wearing appropriate protective equipment, and in compliance with
protocols approved by the Institutional Animal Care and Use Committee of Mississippi

State University.

Structural modeling

Crystal structures of the HA protein of the A(HIN1)pdmO09 virus and the binding
sites of 6'SLN and 3'SLN to this protein were obtained from PDB (Protein Databank:
accession numbers 3LZG, 3UBN, and 3UBQ, respectively). Structural simulation of
amino acid mutations was performed on the HA by using the computer algorithm FoldX
(http://foldxsuite.crg.eu) with its empirical force field with crystal waters under the

following conditions: temperature of 298K, pH 7, 0.05 ion strength. The binding
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structures and measure of contact distances were visualized by using Chimera
(http://www.cgl.ucsf.edu/chimera/). PoseScore, which was designed for ranking near-
native ligand—protein interacting structures, was used to estimate the likeness of the
protein—glycan binding avidities of the wild-type and mutant viruses to that of the native
virus. PoseScore scores typically range from —100 to 100; the lower the score, the lower
the binding affinity. The computational analysis of the effect of mutation on HA—glycan

bindings was focused on the mutants with 161 (H3 numbering) location.

Genomic sequences, molecular characterization, and statistical analyses

HA sequences of IAVs were downloaded from the database of the Influenza Virus
Resource on January 30, 2017. Multiple sequence alignments were conducted by using
MUSCLE software (191). The mutations were identified by using Bioedit software (192).
Survival curves were calculated by the Kaplan-Meier method, and significance was
analyzed with the log-rank test using Graphpad Prism 5 software

(http://www.graphpad.com/scientific-software/prism/).

Results

Generation of RBS variants of CA/04 and assessment of their growth characteristics
in cells

To identify mutations associated with high-yields of CA/04/PR8 reassortant
viruses, a cDNA library carrying random mutations in the CA/04 HA RBS was generated
by epPCR and screened by Sanger sequencing. Hereafter, we will use the term rg to refer
to mutants from epPCR. For example, rg-Y161F denotes a reassortant virus from epPCR
with a Y161F mutation. Each mutated plasmid, together with the neuraminidase plasmid

of CA/04 and internal genes (PB2, PB1, PA, NP, M, NS) plasmids of PR8, was used to
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rescue virus by a reverse genetics approach. As a result, we obtained a total of eight
mutants: rg-D130E, rg-P140T, rg-L154F-K156Q, rg-S160T, rg-Y161F, rg-K174E, rg-

S188I, and rg-Y201H (Table 4).

Table 4.  Characterization of MDCK cell grown receptor binding site mutants
generated by error-prone PCR-based mutagenesis strategy

HA titers®
Mutation®  HI° TCIDs° i
» IC)}i;lnea Chicken  Horse Turkey Dog®

rg-wt 640 5.749 4 8 <2 16 8
P140T 640 5.91+£0.29 4 4 <2 32 4
S188I 640 5.91+£0.29 4 16 <2 16 4
S160T 320 6.08 £0.29 4 2 <2 16 8
Y201H 320 6.08 £0.29 16 8 <2 64 16
D130E 320 6.249 16 16 <2 128 32
K174E 320 6.249 16 16 <2 64 32
L154F-
K156Q 640 6.249 16 4 <2 128 64
Y161F 640 8.249 256 1,024 <2 512 128

*Viruses that carry mutations at the receptor binding site of wild-type influenza
A/California/04/09 (HINT1) virus (CA/04) were generated by using an error-prone—based
reverse genetic system. rg-wt, CA/04 mutant.

PHI, hemagglutination inhibition. Titers were determined by using ferret serum (anti-

CA/04).
“TCIDs, 50% tissue culture infectious dose. The virus titers were determined by TCIDs,

assay in MDCK cells.
YHA hemagglutination assays against types of red blood cells were performed using

standard procedures.
‘Beagle.

Analysis of viral growth kinetics showed that replication efficiencies of these 8
mutants varied greatly in MDCK cells. Among the mutants, rg-D130E, rg-K174E, rg-
L154F-K156Q, and rg-Y 161F increased virus titers compared with the wild-type
reassortant virus rg-wt. Mutants rg-S160T, rg-P140T, rg-S188I, and rgY201H grew to

similar titers as did rg-wt (Table 4). Among all mutants, rg-Y161F had the highest virus
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titer at 8.249 log (50% tissue culture infectious dose [TCIDs¢]), which was >300-fold
higher than that of the wild-type virus in MDCK cells. To assess the stability for the
mutation, the rg-Y 161F mutant was passaged on MDCK cells for three times. The rg-
Y 161F mutant at the third passage was sequenced to confirm no additional mutations
across HA, NA and six internal gene segments.

To determine if the mutations at the RBS altered HA antigenicity, we subjected
the panel of eight RBS CA/04 mutants to a hemagglutination inhibition (HI) assay, using
ferret antisera against CA/04. Both turkey and guinea pig erythrocytes were used in the
HI assays, and the results were identical. In summary, the HI titers of four reverse genetic
variants, rg-Y 161F, rg-L154F-K156Q), and rg-P140T, were equivalent to that of the rg-wt
virus. The remaining four mutants, rg-D130E, rg-K174E, rg-S160T, and rg-Y201H, had
2-fold lower HI titers compared with that of the rg-wt. Thus, all of the RBS mutants were
antigenically similar to the parental CA/04 virus despite the presence of an altered virus
growth property. Due to its preferred growth and unaltered antigenic characteristics, rg-
Y 161F was selected as a candidate vaccine virus for further studies.

In addition, we compared the HI titers for the vaccine candidate rg-Y161F and the
wild type of CA/04 against a panel of 18 human sera. Results showed that there were no
more than 2-fold change between the HI titers of rg-Y161F and those of CA/04 wild type
virus (Table 5), confirming that mutation Y161F did not alter the antigenicity of CA/04

virus.

Table 5.  Serological responses of wild type and 161F mutant against a panel of
human sera using HI assays.
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Sera rg-wt rg-Y161F

HI titer®
AJP125 80 40
AJP126 80 80
AJP128 40 40
AJP225 160 160
AJP226 160 160
AJP228 20 20
CAJP251 160 160
CAJP252 160 160
CAJP261 80 80
CAJP262 80 80
CAJP271 80 80
CAJP272 80 40
CAJP281 80 80
CAJP282 160 80
CAJP291 160 160
CAJP292 160 160
CAJP301 80 80
CAJP302 160 80

* panel of 18 human sera randomly collected from a vaccine efficacy study.
® HI, hemagglutination inhibition. Titers were determined by using turkey red blood cells
under standard procedures.

Growth properties of rg-Y161F

To evaluate the replication efficiencies of rg-Y 161F, we characterized its growth
kinetics alongside rg-wt in MDCK and Vero cells. We infected cells with viruses at a
multiplicity of infection (MOI) of 0.001 (MDCK cell infection) or 0.01 (Vero cell
infection) and determined the growth kinetics of the viruses for up to 96 h in MDCK cells
and 120 h in Vero cells. In MDCK cells, the virus titers of rg-Y161F reached 10>
TCIDso/ml at 72 h after infections, >300-fold higher than the highest virus titer from rg-
wt (Figure 11A). In Vero cells, the titers of rg-Y 161F reached 10 **° TCIDsy/ml at 96 h

after infections, a titer >100—fold higher than the highest virus titer from rg-wt (Figure
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11B). The total viral protein of rg-Y161F in cells reached a mean titer of 1236.2 pg/ml,
2.07-fold higher than that of wild-type CA/04 (p = 0.008) (Figure 11C). These results
suggest that mutation Y161F facilitates the replication efficiency of CA/04 in MDCK and

Vero cells.
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Figure 11. Growth properties of wild-type (WT) and Y 161F mutant viruses.

In Madin-Darby canine kidney cells (A) and Vero cells (B). Each data point represents
the mean virus yield (log;o TCIDso/ml) from three individually infected wells + the
standard deviation. TCIDso, 50% tissue culture infectious dose. Total protein of viruses
propagated in Madin-Darby canine kidney cells (C) and 10-day-old embryonated chicken
eggs (D). Viruses were purified from cell supernatant or allantoic fluid by low-speed
clarification and then subjected to sucrose density-gradient centrifugation. The virus band
was collected and purified through a cushion of 30% sucrose. The virus pellet was
resuspended in 200 pl of phosphate-buffered saline, and the total amount of purified
virion proteins was determined by using a Pierce BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL).
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Impact of HA RBS mutations on virus binding to erythrocytes

We next wanted to explore possible mechanisms for the increased yields of rg-
Y 161F by examining its interaction with host receptors. Due to their unique glycan
receptor profiles (i.e., types and distributions of alpha-2,3-linked sialic acid on galactose
[SA2,3GA] and alpha-2,3-linked sialic acid on galactose [SA2,6GA]), erythrocytes from
various hosts have often been used to characterize receptor binding properties for
influenza viruses through hemagglutination assays (HA assays). We used erythrocytes
from guinea pig, chicken, horse, turkey, and dog (beagle) to compare the glycan profiles
of the full panel of eight mutants. As shown in Table 4, all mutants and the wild-type (rg-
wt) virus agglutinated erythrocytes from guinea pig, chicken, turkey, and beagle to
different extents, but they did not agglutinate those from horse. The eight mutants could
be separated into three groups: 1) those with increased HA titer against guinea pig,
chicken, turkey, and beagle erythrocytes (rg-D130E, rg-K174E, and rg-Y 161F mutants);
2) those with an hemagglutination pattern similar to that for wild-type virus (rg-S160T,
rg-P140T, and rgS1881 mutants); and 3) those that had increased HA titer against guinea
pig, turkey, and beagle erythrocytes but no change in HA titers against chicken
erythrocytes (rg-L154F-K156Q and rg-Y201H mutants). Among the eight mutants, it was
striking that rg-Y 161F had the highest HA titers (range, 128—1,024 HA units [HAU]) to

erythrocytes from guinea pig, chicken, turkey, and beagle.

Effect of Y161F mutation on the receptor binding

To further explore the molecular mechanisms of the rg-Y161F high-growth yield
phenotype, we characterized its receptor binding profile by using an N-linked glycan

isoform microarray. The microarray consisted of 66 chemoenzymatically synthesized and
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purified N-glycans (188) (Figure 12). As shown in Figure 13, both rg-wt and rg-Y161F
bound predominantly to N-glycans terminating with Neu5SAc. The rg-wt virus showed
binding to a2,6-Neu5Ac—linked glycans (NOx3, N113, NN144, N213, N223, and N244),
whereas the Y161F mutant showed a preference for binding to a2,3-Neu5Ac—linked
glycans (NOx2, N112, N122, N134, N212, N222, N234, NOx5, N115, N125, N155,
N215, N225, and N255) and relatively weaker binding to a2,6-Neu5Ac—linked glycans.
Neither rg-wt or rg-Y161F were observed with noticeable binding toward a2,6-Neu5Gce—
terminated glycans (NO13G and N023G) or a2,3-Neu5Gc—terminated glycans (NO12G,

NO022G, NO15G, and N025G) (Table 6).
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Table 6.

Glycan-binding affinity of rg-wt and rg-Y161F

Glycan rg-Y161F rg-WT
Mean RFU ST Mean RFU ST
N000 188.492 550.5156 285 701.4905
NO001 707.6438 327.5512 718 647.6747
N002 359.4128 756.848 9784 6650.103
N003 36156.92 1352.438 4101 1750.521
N004 4082.929 709.2189 2341 333.9741
NO005 10568.33 3183.352 37495 3439.082
NO10 2003.127 1170.928 279 368.8189
NO11 -6.38956 331.721 40 193.4308
NO12 87.85645 256.7783 1704 663.6608
NO012G 1375.353 211.4849 3054 966.775
NO013 7033.308 1224.56 1098 201.3879
NO013G 107.0251 390.9631 1463 389.2667
NO14 1060.667 220.0813 331 310.5335
NO15 3314.584 813.7164 14582 2740.829
NO015G 5498.216 1443.446 6669 6423.093
N020 1182.069 188.3146 236 727.8254
NO021 1453.625 383.826 82 149.2909
N022 5320.906 755.8239 2670 685.0261
N022G 456.8535 325.5246 3025 711.258
N023 21654.22 1986.137 1394 579.4759
N023G 777.929 284.4424 1682 3332.606
N024 3212.351 829.6893 2533 999.7127
N025 6335.249 937.4352 15833 2407.865
N025G 239.6085 152.6565 2612 530.023
N026 249.1928 95.88622 730 267.9652
N030 178.9077 112.3649 94 140.3139
NO031 3563.777 1083.908 1032 533.767
N032 3998.267 339.778 3654 2067.069
NO033 1327431 1664.171 3113 721.1124
N034 1472.794 365.1906 2500 917.1672
NO035 13330.22 1665.253 18559 2067.877
N040 1218.809 624.9239 698 412.6959
NO041 1258.743 180.6654 801 394.284
N042 830.6428 292.9735 2392 871.2684
N043 7586.005 1134.389 4347 3866.418
N044 -142.1677 239.8647 980 615.5946
NO045 3739.49 395.2908 22341 2375.834
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Table 6 (continued)

Glycan rg-Y161F rg-WwT
N049 2231.554 687.8912 2637 1119.127
NO050 75.07733 225.1201 396 349.6206
NO51 619.7873 326.0887 519 288.3692
NO052 2450.396 237.1405 5243 2329.654
NO053 6280.938 757.6721 6048 464.0661
N054 1621.351 439.9279 2405 718.5867
NO055 6367.197 492.0465 21395 5372.608
N110 4210.72 1093.158 1929 583.4338
Nl111 1177.276 309.5498 1606 391.5552
N112 1388.132 213.1503 5276 1010.739
NI113 4657.989 805.3834 1835 300.0338
N114 691.6699 180.6393 1747 680.6205
N115 2158.074 594.1063 15231 1578.711
N122 1047.888 740.8103 2926 1313.506
N123 1057.472 141.4559 836 395.9283
N124 1431.261 359.1119 1960 306.9908
N125 2273.086 228.571 9348 1251.171
N133 11023.59 486.8432 17598 3034.698
N134 5560.515 573.4557 15579 2390.632
N135 5995.005 1074.86 12655 1902.752
N144 4792.17 971.6005 2658 615.2907
N145 7766.51 2068.815 14714 1666.691
N155 6670.701 615.475 14761 3575.685
N210 6141.964 1427.767 9351 2169.871
N211 4458.315 465.7474 7704 1117.586
N212 3717.126 690.5637 3216 531.5538
N213 5090.882 717.456 2059 535.9692
N214 1314.652 147.5842 2649 833.5652
N215 4864.053 702.9951 15558 3083.07
N222 4202.733 760.8467 12091 2769.343
N223 5563.709 1585.746 6272 417.2571
N224 929.681 425931 1595 737.1837
N225 2763.485 272.7199 6804 844.0257
N233 5712.267 564.436 9637 1302.378
N234 5375.217 327.8162 11365 2309.938
N235 4597.289 1014.55 25374 12768.65
N244 9734.495 2026.691 10064 1478.048
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Table 6 (continued)

Glycan rg-Y161F rg-WT
N245 7924.652 1231.199 12093 1442.352
N255 5079.7 759.0126 10519 4117.714
N6000 122.999 253.1477 987 644.012
N6030 1057.472 327.948 2049 706.8542
N6211 2848.146 475.4761 3637 1002.466
N6212 9988.479 1237.444 15156 3172.203
NCI 1191.653 418.669 1632 423.1982
NC2 142.1677 150.9403 720 287.198
PC 2309.826 262.7612 1980 500.1264
SG3LNnT 5250.621 1317.346 6814 1574.936
LNnT 1544.676 394.8941 2180 907.6503
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Figure 13. Receptor binding specificity of wild-type and Y161F hemagglutinin
mutant viruses analyzed by glycan microarray analysis.
A-D represent different categories of glycans: A, alpha-2,3 sialic acid glycans; B, alpha-
2,6 sialic acid glycans; C, alpha-2,3 and alpha-2,6 acid glycans; D, non—sialic acid
glycans. Vertical bars denote the fluorescent binding signal intensity. The signal for the
marker on the array was derived from the reaction between the anti-Human IgG, Cy3
(0.01 mg/ml) and anti-Human IgG, Alexa647 (0.01 mg/ml), which serve as a positive
control in glycan microarray.

To confirm the binding profiles revealed by glycan array, we performed glycan
binding assays to characterize the dynamics and avidity of virus binding to two glycan
analogs, 3'SLN and 6’SLN. The representative binding plots for each glycan analog are
shown in Figure 14A and Figure 14B. Both rg-wt and rg-Y 161F showed strong binding

to 6’SLN, although rg-Y161F exhibited relatively weaker binding affinity than rg-wt
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(<1.2 fold, Figure 14B). Conversely, rg-Y161F showed much stronger binding to 3'SLN;
whereas rg-wt had no detectable binding at the same 3’SLN concentration range tested
(Figure 14D). These results confirmed the glycan array profiles that the Y161F mutation
in HA dramatically increased binding affinity to 3'SLN while retaining strong binding

affinity to 6'SLN.
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Figure 14. Glycan binding specificity of virus by Bio-Layer Interferometry

(fort¢ BIO, Menlo Park, CA).
A, B) Representative binding curve of HIN1 CA WT and Y161F toward alpha 2,6—
linked sialic acid (SA2,6GA) and alpha 2,3—-linked sialic acid (SA2,3GA) receptor,
respectively. The streptavidin-coated biosensors were first preloaded with biotin-labeled
sialic acid receptors, followed by the 1 pM each virus binding for 1,200 seconds in a
standard kinetic buffer with neuraminidase inhibitors (zanamivir hydrate and oseltamivir
phosphate). C, D) Sialic acid receptor concentrations were titrated from 0.1 to 5 pg/ml
(SA2,6GA) or 0.2 to 5 pg/ml (SA2,3GA) when loading with the biotin-labeled receptors.
Each individual concentration was performed three times independently, and the binding
response unit (nm) was recorded at the 1,196 second time point (4 seconds before the
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start of dissociation).Three-dimensional structures of the hemagglutinin of wild-type
(HA-WT) influenza A/California/04/09 (HIN1) virus and mutant viruse (HA-161F) in
contact with avian-like receptor analog carbohydrate 3'-sialyl-N-acetyllactosamine
(3'SLN) (E) and human-like receptor avian 6'-sialyl-N-acetyllactosamine (6'SLN) (F). G)
The calculated PoseScore for viruses.

Structural mechanism of increased rg-Y161F binding to 3'SLN and 6'SLN

Crystal structure modeling was performed to characterize the effect of the Y161F
mutation on binding affinity between HA and two testing glycan analogs, 3'SLN (Figure
14E) and 6'SLN (Figure 14F). For 3'SLN, the PoseScore of the wild-type CA/04 HA was
5.99, whereas that for the Y161F HA was —6.63. For 6'SLN, the PoseScores for wild-type
CA/04 HA and the Y161F mutant were 2.06 and —11.89, respectively (Figure 14G).
These results suggest that the Y161F mutation leads to increased binding of CA/04 to

3'SLN and 6'SLN.

Effect of the Y161F mutation on replication efficiency of other IAVs

To understand the naturally occurring molecular polymorphisms at residue 161 of
HA, we compared a total of 59,016 HA sequences covering all 18 documented HA
subtypes (H1-H18) of [AVs. The results showed that Y161 is conserved in H1-HS5, HS,
H9, H11, H13, H14, and H16 IAV subtypes, whereas F161 is conserved in H7, H10,
H12, and H15 TAV subtypes (Figure 15A). Phylogenetically, H7, H10, and H15 are

group 2 HAs, and H12 is a group 1 HA (Figure 15B).
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Figure 15. Effect of 161F mutation on growth and thermostability of influenza A
virus
(A) Sequence alignment of hemagglutinin 1 (HA1) from 18 different influenza A virus
HA subtypes (H1-H18). Residues 161 (H3 numbering) are indicated by vertical
rectangle. (B) Y161 is conserved in subtypes H1-H5, H8, H9, H11, H13, H14, and H16.
F161 is conserved in subtypes H7, H10, H12, and H15. Each residue is numbered
according to the H3 HA numbering. C) Growth properties of canine subtype H3N8
influenza virus (cH3NS) and its hemagglutinin 1 (HA1) F161 mutant virus (cH3N8
Y 161F) and of (D) influenza A/Puerto Rico/8/34 (HIN1) virus (PRS8) and its HA1 F161
mutant virus (PR8 Y161F) in Madin-Darby canine kidney cells. Each data point
represents the mean virus yield (log10 TCID50/ml) from three individually infected wells
+ the standard deviation. E) Effect of 161F mutation (HIN1 161) on the thermostability
of influenza A/California/04/09 (HIN1) virus (HIN1 WT). F) Effect of 161F mutation
(H3NS8 161F) on the thermostability of influenza A/canine/lowa/13628/2005 (H3NS)
virus (H3NS). The viruses with equal HA titers were incubated at the indicated
temperatures for 40 minutes and then titers were determined. TCID50, 50% tissue culture
infectious dose.
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To test whether theY 161F mutation would increase growth yields in IAVs other
than CA/04, we generated 161F mutants for two additional strains: TX/50 and canine-
H3NS. Analysis of growth kinetics in MDCK cells at an MOI of 0.001 showed that the
TX/50 161F mutant generated viral titers of 10*'7, 10>, 10", and 10”% TCID50/ml at
12, 24, 48, and 72 h, respectively. This finding compared with 10*%,10°%, 10™%, and
10 TCID50/ml at 12, 24, 48, and 72 h, respectively, for the wild type TX/50 virus. The
TX/50 161F mutant in MDCK cells generated a mean total viral protein titer of 882.2
mg/ml, 1.15-fold higher than that for the TX/50 wild-type virus (Figure 11C). When
subjected to ferret antisera in an HI assay, the TX/50 wild-type virus and 161F mutant
both had mean HI titers of 1:1280.

Analysis of growth kinetics in MDCK cells at an MOI of 0.001 showed that the
161F mutant of canine-H3N8 had the highest titer (10" **TCID50/ml) at 72 h after
infection; this titer was about 10-fold higher than that generated by the canine-H3N8
wild-type virus (Figure 15C). The mean HI titers of wt and rg canine-H3NS to ferret
antisera was 640 and 533, respectively. The total viral protein of the canine-H3N8 161F
mutant reached a mean titer of 777.2 pg/ml, which was 1.85-fold higher than that of
canine-H3N8 wild-type virus (p = 0.02) (Figure 11C). We further compared influenza
virus specific protein yields by Western blot analysis using NP specific monoclonal
antibody, and results showed that the Y161F mutation increased the influenza specific
NP protein yields for rg-CA/04, rg-Tex/50, and rg-H3N8 by 42%, 18%, and 20%,
respectively. By using H1 specific monoclonal antibody, results showed that the Y161F

mutation increased the HA protein yields for rg-CA/04 by 39% (Figure 16).
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The results suggest that the Y161F mutant can enhance replication efficiency but

does not change the antigenicity of TX/12 and canine-H3N8 viruses.

1 2 3 4 5 6 7 1:rg-Tex/50 Y161F

W 75kDa 2-ro-Tex/50 wt
NP ' S Q- ——  — 18
s 50kDa 3:1g-Y161F

19 16 20 14 12 1.0 4. rg-wt
5rg-H3N8 Y161F
6.rg-H3N8 wt
7 Marker

2.5

Figure 16. Western blot showing the NP and HA protein expression level for the wild
type and mutant viruses. The bands were analyzed by ImageJ software.

Effect of the Y161F mutation on replication efficiency of IAVs in eggs

While we were able to show an elevated growth phenotype of HAY161F
containing viruses in cells, we next sought to determine its impact on egg growth. To do
this we quantified the total protein yields of wt and Y161F mutant HIN1, H3N2, and
H3N8 IAVs in eggs. The total viral protein of the rg-Y161F mutant reached a mean titer
of 1,460.2 pg/ml, 1.22-fold higher than that of wild-type CA/04. Similarly, for TX/50, the
Y 161F mutation conferred a 1.23-fold increase in total viral protein (1,589.2 pug/ml). The
total viral protein of the canine-H3N8 Y 161F mutant reached a mean titer of 1,824.2
pg/ml, 1.45 fold higher than that of wild-type canine-H3N8 (Figure 11D). Thus, the
Y 161F mutation also increased viral replication efficiency of three HIN1, H3N2, and

H3N8 [IAVs tested in eggs.
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Impact of the Y161F mutation on viral thermostability

Another desirable property of an influenza vaccine virus is an increased stability.
To determine whether the Y161F mutation correlated with changes in viral
thermostability, purified viruses were diluted to 128 HAU/50 pl and incubated at a series
of high temperatures (51.5°—65°C) for 40 min, and the integrity of the HA protein was
then detected by an HA assay using 0.5% turkey erythrocytes. The CA/04 rg-wt virus
showed a precipitous drop in HA titer (from 128 to 2 HAUs) after 40 min of incubation at
55.7°C. In contrast, rg-Y 161F maintained an HA titer of 64 HAU at 55.7°C which did not
drop until 59.5°C. The mutant virus maintained an HA titer of 2 HAU even at 61.4°C.
The rg-wt virus completely lost its hemagglutination ability at 55.7°C (Figure 15E).
Similar phenotypes were observed in the 161F mutants for canine-H3N8. The canine-
H3N8 Y161F mutant had an HA titer of 16 HAU when incubated at 57.6°C for 40 min;
this titer was 8-fold higher than that of wild-type H3NS virus (Figure 15F). For TX/50,
the wild-type and Y161F viruses maintained titers of 8 HAU and 16 HAU, respectively,
at 61.4°C (data not shown). Taken together, the results show that the Y161F mutation

conferred higher viral temperature stability on viruses.

High-yield vaccine candidate protected mice against lethal challenge

Although we had shown that the Y161F mutation had no impact on HAI titers, we
wanted to directly confirm that there was not an associated loss in vaccine efficacy. To
do this we prepared inactivated whole virus vaccines from rg-wt and rg-Y161F CA/04
viruses and evaluated their efficacy in a mouse model. Mice were administered vaccine
or PBS (as a mock vaccine, and 2 weeks later we collected blood samples for testing. All

vaccinated mice had seroconverted and their HI titers were substantially higher than those
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of the mock-vaccinated mice (Table 7); mice vaccinated with rg-wt vaccine and rg-
Y 161F vaccine had log2(HI) titers of 7.65 + 0.57 and 7.32 + 0, respectively. The
heterologous HI titers were indistinguishable (p = 0.3739) from homologous titers, again

demonstrating the antigenic similarly of wt and mutant viruses.

Table 7. Immunologic and pathogenic responses in mice challenged with mouse-
adapted influenza A/California/04/09 (HINTI)

Vaccine Log;(TCIDs¢/ml, Log,HI titer, mean + log,HI titer,
group mean + SD* SDP mean + SD°
WT Below detection limit 7.65+0.57 7.32+0
Mutant ~ Below detection limit 7.32+0 7.32+0
PBS* 59840 14 Below detection Below detection

limit limit

*Groups of BALB/c mice were inoculated intranasally with 10x the 50% lethal dose of
mouse-adapted CA/04 virus under light anesthesia. Three mice from each group were
euthanized on day 4 after virus challenge, and virus titers in lungs were determined by
TCIDsp (50% tissue culture infectious dose) in MDCK cells.

®Serum samples were collected before challenge, and antibody response levels against the
wild-type (WT) virus were measured by using the hemagglutination inhibition (HI) assay.
‘Serum samples were collected before challenge, and antibody response levels against the
immunogen mutant were measured by using the HI assay.

PBS, phosphate-buffered saline mick-infection.

Following challenge, a high level of virus replication (up to 105.45 TCID50) was
observed in mock-vaccinated mice, but no virus was detected in mice vaccinated with rg-
wt or rg-Y 161F derived vaccine. Mock-vaccinated mice exhibited signs of inactivity and

lethargy, had ruffled hair, and rapidly lost weight following challenge (Figure 17A). In
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contrast, mice vaccinated with rg-wt or rg-Y 161F derived vaccines did not exhibit any
detectable clinical signs. All vaccinated mice survived, but by post-challenge day 6, all
mock-vaccinated mice (n = 5) had lost 25% of their pre-experiment body weight and
were euthanized (Figure 17B).

Results from histopathologic analyses showed that mice immunized with rg-wt or
rg-Y161F derived vaccine had no apparent pathologic changes (Figure 17C and Figure
17D). However, the mock-vaccinated mice exhibited severe bronchiolitis, and their
bronchioles showed necrosis and some attenuated regenerative epithelial cells along the

basement membrane (Figure 17E).
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Figure 17. Weight loss and survival among vaccinated mice challenged with a lethal
dose (LD) of influenza A/California/04/09 (HINT1) virus (CA/04).
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Mice were vaccinated with wild-type (WT) or Y161F (Mutant) virus vaccine or mock-
vaccinated with phosphate-buffered saline (PBS) and then challenged with 10 LD50 of
mouse-adapted CA/04 by intranasal inoculation and monitored daily for 2 weeks. A)
Percent change in body weight; each point represents the mean body weight of 5 mice per
group. B) Percent surviving mice after challenge. ***, p<0.0001 for PBS group versus
WT group, as calculated by GraphPad Prism 5 software
(http://www.graphpad.com/scientific-software/prism/). Histopathologic changes in
hematoxylin and eosin—stained lung samples from groups of mice vaccinated with rg-
CA/04 wild-type (WT) (C) or rg-CA/04 161F (Mutant) (D) virus vaccine; mock-
vaccinated with phosphate buffered saline (E); or serving as controls (F). Samples were
collected 4 days after vaccinated and mock-vaccinated mice were challenged with 10
LD50 of mouse-adapted influenza A/California/04/09 (HIN1) virus. Magnification %200.

In summary, our results from experiments in mice suggest that the Y161F
mutation in HA did not alter the viral antigenicity of CA/04 or efficiency of the vaccine

1n mice.

Discussion

An effective influenza vaccination is dependent on a number of factors, not the
least of which are high yielding and stable vaccine viruses. A high yield of virus is
critical to vaccine manufacturing, and thermostability of viral antigens is critical for
vaccine shelf life which can be compromised during transportation and storage. In this
study we screened a group of randomly generated CA/04 mutants carrying substitutions
at the HA RBS. While a number of these mutants displayed enhanced features, one,
containing an Y161F change, had increased thermostability and the highest viral yields.
This mutation was also able to impart these properties on a seasonal H3N2 and a canine
H3NS8 virus showing that the effect was not subtype-specific. Compared to those on
CA/04, the effects of Y161F on the seasonal H3N2 and canine H3NS viruses we tested

were relatively less effective. One possible explanation is that, unlike the CA04 wild type
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virus which replicates poorly in MDCK cells (10> TCID50/ml at 72 h), TX/50 and
canine-H3N8 wild type viruses have a high replication efficiency with 10"*° TCID50/ml
and 10" TCID50/mL at 72 h, respectively. Furthermore, the Y 161F mutation did not
change the antigenicity of the HIN1, H3N2, and H3N8 viruses tested. Animal
experiments further showed that the Y161F change in CA/04 did not have measurable
impact on the efficacy of inactivated whole-virus vaccines containing it. These results
highlight the application potential of the HA 161F signature in influenza vaccine
manufacture.

The initial step in viral infection is the binding of HA to the sialic acid receptors
on the epithelial cell surface (193). This interaction is mediated by the RBS which is
located at the globular head of the HA and consists of the 130 and 220 loops and the 190
helix. Mutations at the RBS have long been known to affect the yield of a vaccine strain
which was our rationale for targeting it. For example, mutation L194P increased the yield
of an A/England/611/07 (H3N2) 6 + 2 reassortant virus (153), and single or double
mutations at 191 (194 in H3), 197 (200), 222 (225), and 223 (226) increased replication
of A/California/7/09 (HINT1) in eggs (120). Mutations at residue 186 and 194 in the HA
of an A(HIN1)pdmO9 virus have also been shown to improve viral titers in MDCK cells
and eggs (181). Avian virus yields can also be improved by targeting the RBS and the
double mutation of N133D/G198E in the HA have been reported to increase H7NO viral
yields (194). The challenge of targeting the RBS for improving virus yields is that some
mutations which lead to improved growth also alter antigenicity. For example, mutation
G144E was shown to increase the yield of B/Victoria/504/2000, but the antigenic
properties of the virus were also changed (154). Single amino acid changes at positions
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119 (122 in H3), 153 (156), 154 (157), and 186 (189) could increase the yield of
A/California/7/09 (HIN1) in eggs, but mutations at residues 153 (156 in H3), 154 (157),
and 155 (158) drastically altered viral antigenicity (119).

The natural plasticity of the RBS for accepting substitutions was highlighted by
Yasugi et al. (195). These authors used Roche 454 sequencing to directly sequence nasal
specimens from three patients infected with A(HIN1)pdmO9 virus. They found the virus’
HAs showed high levels of amino acid diversity, with polymorphisms ranging from 3.45—
8.59% for a K119N substitution, 1.01-4.99% for a N125D substitution, 0.74-21.49% for
a D222G substitution, and 2.39-4.64% for a Q223R substitution (195). The percentages
of the K119N, N125D, D222G, and Q223R mutations reached up to 60.4%, 96.7%, 85%,
and 95.8%, respectively, after egg adaptation of the primary specimens (195). Similarly,
mutations K119N and D222G were also found in the high-yield, egg-adapted
A(HINI)pdmO9 virus vaccine strain NIBRG-121xp, and a Q223R mutation was found in
another high-yield, egg-adapted A(HIN1)pdmO09 strain NYMC-181A (119). These
findings demonstrate that selection or generation of an HA variant, especially in RBS of
HA, can in some cases be rapidly achieved. However, the genetic features for high-yield
property are still not fully understood and generation of high-yielding viruses using
classical virologic techniques is sometimes more challenging. In this study we therefore
opted for a random mutagenesis approach which generated eight mutants, of which four
(D130E, K174E, L154F-K156Q, Y161F) increased viral yields in cells without changing
antigenic properties (Table 4). Among these mutants, Y161F had the largest increase in

viral replication efficiencies in both MDCK and Vero cells (Figure 11).
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Binding to the host cell is the first step of influenza virus infection. Thus, the
presence of favorable receptors on a specific cell is one of the key factors determining
host and tissue tropisms of IAV. Most studies related to influenza receptors have
classified the sialic acid receptors into two groups on the basis of positions of the sialic
acid—galactose linkage: SA2,3GA or SA2,6GA. Both SA2,3GA and SA2,6GA are
present in any single cell type, but their distributions varies based on the types of cells.
For example, SA2,3GA and SA2,6GA are present in both MDCK and Vero cells, but
SA2,3GA is considerably more abundant than SA2,6GA in both cell lines (196-198).
However, in chicken erythrocytes, SA2,6 GA is more abundant than SA2,3GA (55). Thus,
an ideal high-yield vaccine candidate would have high binding affinities to both
SA2,3GA and SA2,6GA (199). This double binding was the phenotype the Y161F
mutant in multiple assays, providing a plausible explanation for the increased yields in
MDCK and Vero cells.

The HA RBS is a member of the lectin superfamily, and the specificity of RBS
contributes to the host range of [AVs. Results of our structure modeling showed that
residue 161 locates at the top of the RBS (Figure 14). Others have previously reported
that an Y161A substitution in the HSN1 HA changed the receptor binding preference
from NeuSAc to N-glycolylneuraminic acid (Neu5Gce), however, and the mutation
Y 161A did not increase virus replication efficiency on MDCK cells (200). In addition,
the results of that study showed that the Y161A mutants were best in viral replication and
plaque forming ability. Our findings suggest that the binding preference of virus is
changed by introducing the F substitution at residue 161. This substitution in CA/04
accommodates virus binding to both SA2,3GA and SA2,6GA and is responsible for the
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acquisition of specificity to SA2,3GA receptors. The Phe side chain lacks the O4
hydroxyl group present on the Tyr shortening the distance between the oxygen atom of a
water molecule and residue 161; and this potentially facilitates acquisition of the viral
specificity to SA2,3GA.

Environmental factors such as temperature and pH have been reported to affect
airborne transmission of IAV, possibly by affecting viral thermostability (201). Thus,
viral thermostability could affect the quality of and transmissibility of influenza viruses.
A T318I substitution in HA increased its stability and affected the binding property of an
reassortant HS HA/H1NI influenza virus (150). Thus, identification of amino acid
substitutions that increase viral thermostability would also be important risk assessment
factors for emerging IAVs, such as those of subtypes H5 and H7 (202). Moreover, in
agreement with our observations, Watanabe et al. (203) reported that HA thermostability
was correlated with viral replication and glycan receptor binding of HSN1 viruses.
However, further studies are needed to interpret the molecular mechanism of increased
HA thermostability by mutations.

In conclusion, our study shows that the mutation Y161F in the RBS of the
A(HIN1)pdm09 HA significantly increased viral yield in MDCK and Vero cells by
promoting virus binding to both SA2,3GA and SA2,6GA without altering the original
antigenicity. The results suggest that Y161F mutation in HA might have potential in
generating seed virus of high yield for cell-based influenza vaccine development and

production.
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CHAPTER IV

MUTATION W222L AT THE RECEPTOR BINDING SITE OF HEMAGGLUTININ
COULD FACILITATE VIRAL ADAPTION FROM EQUINE INFLUENZA A(H3N8)

VIRUS TO DOGS

An outbreak of respiratory disease caused by the equine-origin influenza
A(H3NR) virus was first detected in dogs in 2004 and since then, has been enzootic
among dogs. Currently, the molecular mechanisms underlying host adaption of this virus
from horses to dogs are unknown. Here, we have applied quantitative binding, growth
kinetics, and immunofluorescence analyses to elucidate these mechanisms. Our findings
suggest that a substituation of W222L in the hemagglutinin of the equine-origin A(H3NS)
virus facilitated its host adaption to dogs. This mutation increased binding avidity of the
virus specifically to receptor glycans with N-glycolylneuraminic acid (Neu5Gc) and
sialyl Lewis X (SLe™) motifs. We’ve demonstrated these motifs are abundantly located in
the submucosal glands of dog trachea. Our findings also suggest that in addition to the
type of glycosidic linkage (e.g., a 2,3-linkage or a2,6-linkage), the type of sialic acid
(Neu5Gc or 5-N-acetyl neuraminic acid) and the glycan substructure (e.g., SLe™) also

play an important role in host tropism of influenza A viruses.
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Introduction

Influenza A viruses (IAVs) can infect a wide range of species, including humans,
poultry, wild birds, pigs, horses, mink, marine mammals, and dogs (204-206). IAV was
first isolated from dogs in the United States in January 2004 during an outbreak of
respiratory disease among dogs in Florida. Epidemiologic evidence along with antigenic
characterization and genetic analyses of the isolated subtype A(H3NS8) IAV suggested
that the virus had “jumped” from horses to dogs (206). The virus gained the ability to
transmit between dogs and became enzootic among dog populations in the United States.

IAV transmission from birds to humans, or even between different mammalian
hosts, is not uncommon, but such transmission is usually transient and causes only
sporadic cases or small outbreaks with limited spread. It has been postulated that the
adaption of avian [AVs to humans requires an intermediate mammalian host, such as the
pig, that harbors both avian-like receptor saccharides containing a2,3-linked sialic acid-
galactose (SA2,3Gal) and human-like receptor saccharides containing 02,6-linked sialic
acid-galactose (SA2,6Gal) in the respiratory tract (207, 208). However, the glycosidic
linkages alone cannot explain interspecies transmission of AV between mammalian
hosts or between mammalian and avian hosts. For example, receptor saccharides
containing SA2,3Gal (26, 209, 210) are predominant in the respiratory tract of dogs and
horses, but equine IAV (EIV) cannot be transmitted freely between dogs and horses, as
evidenced by the fact that the North American-lineage A(H3N8) EIV was only recently
introduced into dogs and subsequently became enzootic among them (211).

The adaption of an influenza virus to a new host usually requires mutation(s) at
one or multiple virus gene segments (212, 213). It has been suggested that the A(H3NS)
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EIV and A(H3N8) canine IAV (CIV) have minimal biological differences, and their
cross-species transmission and adaption may be mediated by subtle changes in virus
biology (214). Sequence analyses suggested that A(H3N8) CIV, compared with its
precursor North American lineage A(H3N8) EIV, had mutations N54K, N83S, W222L,
[328T, and N483T in the hemagglutinin (HA) (Table 8) and a few additional mutations in
neuraminidase and other internal gene segments (215, 216). A difference in receptor
binding between the wild-type A(H3N8) EIV (wt-eH3NS) and the wild-type A(H3NS)
CIV (wt-cH3N8) has also been suggested (217).

The molecular mechanism for how A(H3N8) IAV adapts from equine to canine
remains unclear, largely because the types of sialosides and their relative distributions
and abundance in the respiratory tract of dogs and horses have not been fully elucidated.
We aim to gain an understanding of the molecular mechanisms that enabled A(H3NS)
IAV to switch from horses to dogs and to provide insight into how this emerging [AV

adapted to a new host.
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Materials and Methods
Cells and viruses

MDCK, A549, and DF-1 cells were purchased from American Type Culture
Collection (Manassas, VA). The cells were maintained at 37°C with 5% CO, in
Dulbecco's Modified Eagle Medium (GIBCO/BRL, Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA) and
penicillin (100 units/ml)—streptomycin (100 pg/ml). Influenza viruses,
A/canine/lowa/13628/2005(H3NS), Miami-eH3N8, and Pennsylvania-eH3N8 maintained
in our laboratory were used in the study; the viruses were propagated and titrated in the

MDCK cells to determine their TCIDsy.

Gene cloning, site-directed mutagenesis, and virus rescue

All gene segments of A/canine/lowa/13628/2005(H3N8) virus were cloned into
the phw2000 vector, as previously described (218). The QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) was used to create specific
mutations in the HA gene by using the following primers: forward 5'-
TGGGGAAAATATGCAACAACTCATATAGAATTCTAGATGG-3' and reverse 5'-
CCATCTAGAATTCTATATGAGTTGTTGCATATTTTCCCCA-3" were used to
generate mutation K54N in HA of A/canine/lowa/13628/2005 (H3NS) virus; forward 5'-
GCCCTTCAGTATGAGAATTGGGACCTCTTTATAG-3' and reverse 5'-
CTATAAAGAGGTCCCAATTCTCATACTGAAGGGC-3" were used to generate
mutation S83N in HA of A/canine/Iowa/13628/2005 (H3N8) virus; and forward 5'-
CGAATCTAGACCGTGGGTCAGAGGTCAATC-3' and reverse 5'-

GATTGACCTCTGACCCACGGTCTAGATTCG-3" were used to generate mutation
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L222W in HA of A/canine/Iowa/13628/2005 (H3NS) virus. In brief, the site-directed
mutagenesis PCR amplification mixture contained 38.5 pul of water, 5 pl of 10x reaction
buffer, 1 pul of 2.5 mM dNTP mix, 1.25 ul (100 ng/ul) of each primer, 2 pl (5 ng/pl) of
wild-type (wt) HA segments of A/canine/lowa/13628/2005 (H3N8) plasmid, and 1 pl of
PfuUltra HF DNA polymerase (2.5 U/ul). The parameters of the site-directed
mutagenesis PCR were as follows: one cycle at 95°C for 30 s, followed by 16 cycles at
95°C for 30 s, 55°C for 1 min, and 68°C for 5 min. The PCR products were then digested
with Dpnl at 37°C for 1 h, the PCR product (2 pl) was transfected into XL1-Blue
Supercompetent Cells (Agilent Technologies, Santa Clara, CA). The transformed cells
were directly inoculated onto Luria broth agar plates. Then the plasmids were extracted,
and the mutant viruses were rescued by plasmid-based reverse genetics methods, as
described by Hoffmann et al. (219). All the viruses were sequenced to confirm no

unwanted mutations.

Replication kinetics

To determine multistep growth curves, we infected MDCK, A549, and DF-1 cells
with viruses at a multiplicity of infection of 0.01. After 1 h of incubation at 37°C, the
cells were washed twice with warm PBS and overlaid with infection medium (Opti-
MEM; GIBCO/BRL, Grand Island, NY) supplied with 1 pg/ml of TPCK-treated trypsin
and penicillin (100 units/ml)—streptomycin (100 pg/ml)). Supernatants were collected at
12, 24, 48, and 72 h after infection and stored at —80°C for titration by TCIDs( assay in

MDCK cells.

96



Trachea collection and preparation

Trachea tissues were obtained within 2 h from adult dogs following euthanasia for
non-respiratory related illness. Whole tracheas were transported in pre-warmed wash
medium consisting of a 1:1 mixture of DMEM and Bronchial Epithelial Cell Growth
Medium (BEGM; Lonza, Walkersville, MD) supplemented with penicillin (1,000 U/ml;
Sigma, St. Louis, MO), streptomycin (500 pg/ml; Sigma, St. Louis, MO). Once in the
laboratory, tracheas were kept at 37°C in a 5% CO, humidified incubator. Over 3 h, four

to six washes were performed by immersing the tissues in fresh, warm wash medium.

Preparation of the tracheal explants

After the washing steps, we removed the surrounding connective tissue exterior to
the tracheal cartilage, opened the tracheas, and cut them lengthwise into four strips. Each
segment was then cut into approximately 5 mm explants by Biopsy punch (IntegraMiltex,
York, PA). The explant slices were placed on a 24-well transwell plate (Corning,
Corning, NY) supplied with 200 pl of explant growth medium consisting of a 1:1 mixture
of DMEM and BEGM supplemented with penicillin (200 U/ml), streptomycin (200
pg/ml), amphotericin B (5 pg/ml; Lonza, Walkersville, MD), and a BEGM SingleQuots
Kit (Lonza, Walkersville, MD) (1 kit in 500 ml of 1:1 mixture of DMEM and BEGM).
Explants were maintained at 37°C in a 5% CO, humidified incubator; the apical and
basal growth media were changed every four h to remove any secreted cytokines and
inflammatory mediators. Before being infected, the trachea explants were washed two
times with 2x sterile PBS. Then 200 pl of infection medium containing BEBM with 0.5%
bovine serum albumin (BSA), penicillin (200 U/ml), streptomycin (200 pg/ml), and

amphotericin B (5 pg/ml) was added into the apical chamber, and the tissue was allowed
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to equilibrate for 30 min in the incubator. After removal of the infection medium, 400
TCIDs each of wt-cH3N8, Pennsylvania-eH3NS§, Miami-eH3NS, rg54N-cH3N8, rg83N-
cH3NS, and rg222W-cH3N8 mutants was added to the apical chamber of the well and
incubated for 1 h at 37°C. After three washes with 1x sterile PBS, 500 ul of fresh growth
medium was added to the basal chamber, and 200 pl of infection medium was added to
the apical membrane. Infection medium was removed from the apical chamber at
different timepoints, and the viral titers were determined by TCIDs, assay in MDCK

cells.

Consortium for Functional Glycomics (CFG) glycan array

Viruses binding to a wide range of glycan analogs were evaluated by CFG glycan
array. Viruses were first purified through a sucrose cushion at 100,000 % g for 3 h. The
purified viruses were labeled with desiccated Alexa Fluor 488 NHS Ester (Succinimidyl
Ester; Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. After
dialysis with the Slide-A-Lyzer MINI Dialysis devices (Thermo Scientific, Rockford,
IL), the Alexa Fluor 488—labeled viruses were transferred to clean tubes and stored at 4°C
until used in glycan microarray hybridizations. In glycan hybridization, the version 5.0
glycan slides (CFG) were used as described (220). The binding image was read in a
Perkin-Elmer ProScanArray scanner and analyzed using ImaGene 6.0 image analysis
software (BioDiscovery Inc., El Segundo, CA). Relative fluorescence unit (RFU) data
were normalized by adjusting the total RFU to the same level across all experiments. A
threshold of 2,000 RFU was used to floor the samples; only glycans with at least 2,000

RFU were analyzed statistically. The Wilcoxon signed rank-sum test was used to
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compare the glycan-binding patterns among rg-wt—cH3N8, rg-54N—cH3N8, rg-83N—

cH3NS, and rg-222W-cH3N8 mutants.

N-Glycan isoform microarray

The 83 N-glycans (188) were printed on N-hydroxysuccinimide (NHS)—
derivatized slides as described previously(221). All glycans were printed in replicates of
six in a subarray, and eight subarrays were printed on each slide. All glycans were
prepared at a concentration of 100 pM in phosphate buffer (100 mM sodium phosphate
buffer, pH 8.5). The slides were fitted with an eight-chamber adapter to separate the
subarray into individual wells for assay. Before the assay, slides were rehydrated for 5
min in TSMW buffer (20 mM Tris-HCI, 150 mM NacCl, 0.2 mM CaCl2, and 0.2 mM
MgCl2, 0.05% Tween). Viruses are purified by sucrose density gradient
ultracentrifugation and titrated to about 10° hemagglutination units/ml. Then 15 pl of 1.0
M sodium bicarbonate (pH 9.0) was added to 150 pl of virus, and the virus was incubated
with 25 pg of Alexa Fluor 488 NHS Ester (Succinimidyl Ester; Invitrogen, Carlsbad, CA)
for 1 h at 25°C. After overnight dialysis to remove excess Alexa 488, viruses HA titer
were checked and then bound to glycan array. Labeled viruses were incubated on the
slide at 4°C for 1 h, washed, and centrifuged briefly before being scanned with an

InnoScan 1100 AL fluorescence imager (Innopsys, Carbonne, France).

Biolayer interferometry

Two biotinylated glycan analogs (3'SLN: Neu5SAca2-3Galpf1-4GIcNAcP and
6'SLN: Neu5Aca2-6Galp1-4GIlcNAcP) linked to 30-KDa polymers containing 20% mol

sugar and 5% mol biotin (GlycoTech, Gaithersburg, MD) were used to represent a2,3-
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linked sialic acid (3’'SLN) and a2,6-linked sialic acid (6'SLN). The stock solution (1
mg/ml) was prepared in 1x PBS (v/v) according to manufacturer’s instructions.
Biotinylated glycans Neu5Aco2-3GalB1-4(Fucal-3)GIcNAcB (SLe™), Neu5Geo2-
3Galp1-4GlcNAcp 3'SLN (Gc), and Neu5Geo2-3Galp1-4(Fucal-3)GleNAcf (SLe™ 99)
were synthesized. All glycan analogs and viruses were further diluted into the kinetics
buffer (pH 7.4; PBS solution containing 0.01% BSA and 0.002% Tween-20) with
neuraminidase inhibitors (10 pM zanamivir hydrate and 10 pM oseltamivir phosphate)
for binding analysis. The binding affinities of viruses (100 pM) to glycan analogs
(ranging from 0 to 0.5 pg/ml for 3'SLN and 6'SLN; 0 to 0.5uM for SLe*, Ge, and SLe*
(@) were determined using an Octet RED96 interferometer equipped with streptavidin
biosensors (Pall ForteBio LLC, Fremont, CA). In summary, RSL of the biosensor was
calculated at the end of a 5- to 10-min loading, and the binding signal was measured at
25°C in a 20-min association step and 20-min dissociation step, with orbital shaking at
1,000 x rpm. The response of virus binding to a certain glycan loading was recorded at
the end of the association step. The normalized response was calculated by dividing the
maximum response of each glycan. The fractional saturation of the biosensor surface was
calculated by using the Hill equation as reported by Xiong et al. (102). RSLg s is the
relative sugar loading on the streptavidin biosensor when the fractional saturation of the

biosensor surface equals to 0.5. Given two testing viruses and a specific glycan, a higher
binding response and a smaller value of RSL s a stronger binding avidity a virus will be; given

two testing glycans and a specific virus, a higher binding response and a smaller value of RSLy 5,

a stronger binding avidity a virus will be.
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Detection of SLeX and Neu5Gec glycans in horse and dog trachea

Normal horse and dog tracheal tissues were fixed in 10% neutral buffered
formalin for 30 h at room temperature. The tissues were paraffin-embedded and sectioned
at Sum and then mounted on 3-aminopropyltrethoxy-silane—coated slides (Sigma, St.
Louis, MO). The slides were then deparaffinized in xylene and rehydrated through graded
alcohols. Antigen was then retrieved using Target Retrieval Solution (Dako, Carpinteria,
CA), after which the slides were blocked by blocking reagent in 5% BSA for 1h at room
temperature and then washed three times with PBST (PBS with 0.05% Tween 20). For
detection of sialyloligosaccharides reactive with SLe™ antibody, the sections were
incubated overnight at 4°C with 250 pl of Alexa Fluor 488 anti-human Sialyl Lewis X
(dimeric) Antibody (1:100, BioLegend, San Diego, CA). Sections were washed three
times each with PBST and PBS, then slides were counterstained with 4’,6-diamino-2-
phenylindole, dihydrochloride (DAPI; Thermo Scientific, Rockford, IL). For detection of
sialyloligosaccharides reactive with Neu5Gc, slides were incubated overnight at 4°C with
Anti-Neu5Gc antibody (1:400, BioLegend, San Diego, CA). The slides were washed
three times each in PBST and PBS and then incubated at room temperature for 1h with
Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa Fluor 594 (Thermo Scientific,
Rockford, IL) diluted 1:100 in PBS with 1% BSA. The sections were counterstained with
DAPI for 3 min at room temperature. Then, after three washes with PBS, the sections
were mounted on coverslips with ProLong Gold Antifade reagent (Thermo Scientific,
Rockford, IL) and evaluated with a fluorescence microscope (Nikon, Tokyo, Japan).

Photos were taken with a digital microscope camera (Olympus, Tokyo, Japan).
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Sequences alignment and statistical analyses

HA sequences of H3NS8 (equine and canine) and H3N2 (canine and avian)
influenza virus were extracted from the influenza research database

(http://www.fludb.org). The H3N2 CIVs included 120 isolates recovered from 2006 to

2018 and the H3NS CIVs contained 347 isolates from 2003 to 2018. The multiple
sequence alignments and the identification of the mutations were identified by using
Bioedit software (192). Analysis of variance or unpaired # test was used to compare viral

titers and binding to IAV glycan receptors.

Results
Growth Kinetics

To evaluate the effect of mutations K54N, S83N, and L222W in the HA on the
growth properties of A(H3N8) IAV, we compared the growth kinetics in canine trachea
explants for the two EIV strains (i.e., one prototype EIV, A/equine/Miami/63(H3NS)
[abbreviated as Miami-eH3NS8]), and a wild type field strain of EIV,
A/equine/Pennsylvania/1/2007 (H3N8) [abbreviated as Pennsylvania-eH3N8]), wt-
cH3NS8, and three wt-cH3N8—derived HA mutants (54N, 83N, and 222W). No significant
difference (p > 0.05) was found between infectivity titers for 54N-cH3N8 and wt-cH3N§
in canine trachea explants (Figure 18A). In contrast, the growth ability of cH3NS in the
explant tissues was significantly hampered by mutations S83N and L222W. wt-cH3N8
reached an average titer of 10°2*° 50% tissue culture infective dose (TCIDso)/ml at 72 h
after infection; this titer was 26.1-fold higher than that for 83N-cH3N8 (p < 0.05) and
21.5-fold higher than that for 222W-cH3N8 (p < 0.05). Of interest, titers for both Miami-

eH3N8 and Pennsylvania-eH3NS in canine trachea explants were similar to those for
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222W-cH3NS8 (p > 0.05). No virus infectivity was detected in the mock-infected canine

trachea explants.
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Figure 18. Growth properties of equine influenza A virus, canine influenza A virus,

and mutant viruses derived from canine influenza A viruses in canine trachea explants
(A), MDCK cells (B), A549 cells (C), and DF-1 cells (D).
Trachea explants from dogs were infected with 400 TCIDs, of each virus. Cells were
infected in triplicate with each virus at a multiplicity of infection of 0.01 and incubated at
37°C. Supernatant fluids were collected at indicated time points, and the viral titers were
determined by TCIDs assay in MDCK cells. Each data point represents the mean virus

yield (logjo TCIDs¢/ml) from three individually infected wells + standard deviation
(vertical bars).

We further evaluated the growth properties of wt-cH3N8, three mutants, and wt-
eH3N8 on Madin-Darby canine kidney (MDCK) cells, human lung carcinoma (A549)
cells, and chicken fibroblast (DF-1) cells. Compared with wt-cH3N8, mutants 83N-

cH3N8 and 222W-cH3N8 exhibited poorer growth in MDCK (Figure. 18B) and A549
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cells (Figure 18C), and 83N-cH3N8 had the poorest growth among the three mutants
tested. Of interest, similar to the results in canine trachea explants, the replication kinetics
for Miami-eH3N8 and Pennsylvania-eH3N8 in MDCK and A549 cells were similar to
those for 222W-cH3NS8 (p > 0.05) (Figure 18B and 18C). In DF-1 cells, wt-cH3N8, 54N-
cH3NS, and 83N-cH3N8 showed limited replication ability compared with the other three
testing viruses (i.e., 222W-cH3N8, Miami-eH3N8§, and Pennsylvania-eH3N8), which

reached mean titers of 10**’, 10*®, and 10*°' TCIDs¢/ml, respectively (Figure 18D).

Receptor Binding Avidity and Specificity

To determine the glycan structures specific for CIV, we generated four reassortant
viruses using reverse genetics (rg) (rg-wt—cH3N8, rg-54N, rg-83N, and rg-222W), which
have HA from cH3N8 (wild type HA, HA with mutation K54N, HA with mutation S83N,
and HA with mutation L222W, respectively), neuraminidase from wt-cH3NS, and six
internal genes from A/PR/8/1934(H1NT1), and then compared the glycan binding profiles
of these four reassortant viruses using an array of 611 glycans from the Consortium of
Functional Glycomics (CFG; http://www.functionalglycomics.org), and an array of 83 N-
linked glycan isoforms (hereafter referred to as isoform microarray). To compare the
glycan binding profiles of the CIVs with those of their precursor EIVs, we also
determined that the glycan binding profiles of the wild type EIV field strain
Pennsylvania-eH3N8 using the isoform microarray. Glycans on the CFG array have
diverse terminal structures and a variety of spacer arms; glycans on the isoform
microarray have the same base structures and spacer arms but different terminal

structures (Figure 19).
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Figure 19.

Glycan structures on the N-glycan isoform microarray.

GlcNAc, N-acetylglucosamine; Man, mannose; Gal, galactose; L-Fuc, L-fucose;
Neu5Ac, N-acetyl neuraminic acid; Neu5Gc, N-glycolylneuraminic acid.

Results from the CFG array showed that rg-wt—cH3NS virus and all three mutants

preferred binding to glycans containing a2,3-linkage sialic acids over those containing

a2,6-linked sialic acids (Figure 20A). Binding specificity of the rg-54N—cH3N8 mutant

to some SA2,3GA-like glycans was slightly increased over that of the rg-wt—cH3N8

virus.
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Figure 20. Binding profile of four influenza virus mutants to sialic acid glycans on
the Consortium of Functional Glycomics (http://www.functionalglycomics.org)
glycan array.

Different categories of glycans on the array are highlighted as follows: red (No. 1-92),

Neu5Aca2,3 glycans; Blue (No. 93-147), Neu5Aca2,6 glycans No. 148-153 glycans are

non-sialic acid glycans; Dashed line indicates minimum relative fluorescence units of

2,000. Vertical bars indicate standard deviation.

Consistent with results from the CFG array, results from the isoform microarray
showed that all the testing viruses bound to glycans containing branched a2,3-linked
sialic acids but not a2,6-linked sialic acids (Figure 21A-E). Of interest, the data from this
isoform microarray demonstrated that rg-wt—cH3N8 virus had stronger binding affinity to
the 02,3-linked sialic acids with core fucose than those without. For example, the binding
affinity of rg-wt—cH3N8 virus to NO12 was about 7-fold less than that to NO15, which is
the fucosylated form of NO12; rg-wt—cH3NS virus showed strong binding signals to both
linear (N025G) and branched (NO15G) a2,3-linked, fucosylated N-glycolylneuraminic
acid (Neu5Gc) but not to linear (N022G) or branched (N012G) a2,3-linked, non-
fucosylated Neu5Gc (Figure 21A). Compared with the binding signals for rg-wt—cH3NS,
the binding signals for all three mutants to the fucosylated a2,3-linked N-acetyl
neuraminic acid (Neu5Ac) or Neu5SGce were reduced to different degrees (Figure 21B-D).
In contrast, Pennsylvania-eH3N8 showed moderate binding responses to a2,3-linked
sialic acids, and the responses of the Pennsylvania-eH3N8 to 02,3-linked sialic acids with
core fucose were similar to those without (Figure 21E). Of note, the binding responses of
Pennsylvania-eH3N8 to a2,3-linked sialic acids with core fucose are much weaker than
those of rg-wt—cH3N8. The Pennsylvania-eH3N8 showed moderate or low responses to

fucosylated Neu5Gc (NO15G and N025G), linear non-fucosylated Neu5Gce (N022G), and
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branched non-fucosylated Neu5SGe (NO12G), which are similar to cH3N8-222W but

much weaker than those by rg-wt—cH3N8 (Figure 21E).

wt cH3N8
A 60000- B &0000-

rg-54N cH3N8

Response unit
Response unit

D
60000+ rg-83N cH3N8 60000+ rg-222W cH3N8
S 40000- 5
[} Q
(2] (2]}
c c
[*] []
% [
@ 20000 @
14 14
0
D S S S S P S I FIIT S ITTIINY
E 60000 Pennsylvania eH3N8 F

=
g 6'SLN 6~ B4 g2 A6 —
g oo~ a™  NOO3 SLeX(Go
8
o
(7]
[}]
2
;
HEH i ¢ Neu5Ac B GIcNAc
TEEE O Gal ® Man
Figure 21. N-glycan microarray binding profiles of canine influenza A virus (CIV)

and CIV-derived mutant viruses to representative linear and branched glycans.
A, wt—cH3NS. B, rg-54N—cH3NS8. C, rg-83N—cH3NS8. D, rg-222W—-cH3N8. E,
Pennsylvania-eH3N8. Viruses are indicated at the top of figure panels. Data are the mean
fluorescent binding signal intensity + standard deviation (vertical bars). F, representative
glycan structures on the isoform N-glycan microarray. N002-N122, Neu5Aca2,3 glycans;
NO003-N123, NeuSAca2,6 glycans; N0O05-N255, Fucosylated NeuSAca2,3 glycans;
N12G-N22G, Neu5Gcea2,3 glycans; NO15G-N025G, Fucosylated Neu5Gca?2,3 glycans.
Neu5Ac, N-acetyl neuraminic acid; Neu5Gc, N-glycolylneuraminic acid. The structure
details of all those glycans were listed in Figure 19.
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To confirm these results from glycan microarray analyses and further determine the
distinct patterns derived from three mutations in CIV, we used biolayer interferometry
analyses to quantify the binding avidity and specificity of wt-cH3N8 and the three
mutants to five glycan analogs [NeuSAca2-3GalB1-4GlcNAcP (3°’SLN), NeuSAca2-
6Galp1-4GIcNAcp (6’SLN), Neu5Aca2-3Galp1-4[Fucal-3]GIcNAcp (SLe™),
Neu5Gcea2-3Galp1-4GlecNAcP (3’SLN(Gc)), and Neu5SGea2-3GalB1-4[Fucal-
3]GlcNAcp (SLe™X99)] (Figure 22A). For data interpretation, wt-eH3N8 was also
included as a comparison. In agreement with glycan array analyses, these analyses
showed that all tested viruses bound to 3'SLN (Figure 22C) and SLe* glycan analogs
(Figure 22D), both of which contain a2,3-linked NeuS5Ac, but not to 6'SLN (Figure 22B),
which contains a2,6-linked Neu5SAc. The rg-wt—cH3N8 showed strong binding affinity to
SLe*? and 3'SLN(Gc), two glycan analogs with a2,3-linked Neu5Gc (Figure 22E); the
Pennsylvania-eH3N8 showed decent binding responses to 3’'SLN(Gc) but limited binding
responses to SLe™¢® (Figure 22E). Compared to Pennsylvania-eH3NS8, the laboratory
adapted prototype CIV Miami-eH3N8 had much weaker binding responses to a2,3-linked

Neu5Gce (Figure 22E).
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Glycan binding specificity of canine influenza A virus (CIV) and CIV-
derived mutant viruses
Binding of viruses to biotinylated a2,6—linked sialic acid (6'SLN), a2,3—linked sialic acid
(3'SLN), Neu5Aca2-3Galpl-4(Fucal-3)GlcNAcp (SLe™), Neu5Gea2-3Galpl-4GIcNAcp
3'SLN(3’SLN Gc), and Neu5Gea2-3Galpl-4(Fucal-3)GlcNAcp (SLe™ ?) glycan
analogs as determined by Bio-Layer Interferometry (Pall ForteBio LLC, Fremont, CA).
A, Structures of the glycan analogs. B, Normalized response of virus to 6'SLN by
dividing the maximum of wild-type (wt) virus response to 3'SLN. C, Fractional saturation
of viruses to 3'SLN. D, Fractional saturation of viruses to SLe™ E, Normalized response
of viruses to 3’SLN Gc and SLe™ “®. Values on the y axes represent the response of
viruses to glycans after the association step. Normalized response data were determined
by dividing the maximum response to each glycan or fractional saturation of the sensor at
each relative sugar loading (RSL) at a fixed virus concentration of 100 pM. The RSL, s is
the relative sugar loading on the streptavidin biosensor when the fractional saturation of
the biosensor surface equals to 0.5. Given two testing viruses and a specific glycan, the

110



higher binding response and the smaller value of RSLy 5 the stronger binding avidity a
virus will have; given two testing glycans and a specific virus, the higher binding
response and the smaller value of RSLg s, the stronger binding avidity a virus will have.

To determine distinct patterns of binding among the three mutants (i.e., rg-54N-
cH3NS, rg-83N-cH3NS, and rg-222W-cH3NS), rg-wt—cH3NS8, and Pennsylvania-eH3N8
against these testing glycan analogs, we quantified 50% relative sugar loading
concentration (RSLg s), which is the relative sugar loading on the streptavidin biosensor
when the fractional saturation of the biosensor surface equals to 0.5. Given two testing
viruses and a specific glycan, the smaller value of RSLO.5, the stronger binding avidity a
virus will have. Results suggested that among three mutants, RSL0.5 of Pennsylvania-
eH3NS to these testing glycan analogs reassemble to those of rg-222W-cH3N8 but not to
those of the other two mutants. Specifically, for 3'SLN, rg-wt-cH3N8, rg-54N—cH3NS,
and rg-83N—cH3N8 had RSL s of 0.0771, 0.4726, and 0.5194, respectively, whereas
Pennsylvania-eH3N8 and rg-222W-cH3N8 had 0.1207 and 0.3239, respectively; for
SLe*, wt-cH3NS, rg-54N—cH3NS8, and rg-83N—cH3N8 had RSL s of 0.0385, 0.1030, and
0.1066, respectively, whereas Pennsylvania-eH3N8, rg-222W—-cH3N8 had 0.0572 and
0.0573, respectively; for SLeX(GC), wt-cH3N8, rg-54N-cH3NS, and rg-83N—cH3NS§ had
RSLys of 0.1446, 0.3097, and 0.3851, respectively, whereas Pennsylvania-eH3N8 and rg-
222W—cH3NS8 had 1.332 and 1.074, respectively. In summary, rg-222W—-cH3N8 and
Pennsylvania-eH3N8 had a similar glycan binding pattern, and mutation L222W of HA
decreased binding affinities of A(H3N8) CIV to glycans with a2,3-linked, fucosylated

Neu5Ge.
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SLeX and NeuSGe Glycan Distribution

Based on the receptor binding results, we hypothesized that a2,3-linked
fucosylated Neu5Gc is the receptor that determines the host tropism of A(H3NS) CIV,
and that 02,3-linked fucosylated Neu5Gc expression in the dog trachea would differ from
expression in horse trachea. To test this hypothesis, we used immunofluorescence to
detect SLe™ and Neu5Ge in trachea from dog and horse, to determine glycan receptor
distribution. The canine submucosal glands were extensively and strongly
immunopositive, indicating high SLe* glycan expression (Figure 23A, E). Although the
highest level of SLe™ glycans was mainly found in the dog submucosal glands, staining
was also present along the surface of the respiratory epithelium (Figure 23F). In contrast,
in the horse trachea, no SLe™ was detected in the ciliated cells, non-ciliated cells, or
submucosal glands (Figure 23B, G). On the other hand, Neu5Gc glycans were widely
distributed in both dog and horse trachea, including the ciliated and non-ciliated epithelial
cells and submucosal glands (Figure 23A, B). These results demonstrate high expression
of of Neu5Ge in horse trachea but not SLe*, whereas dog trachea extensively expresses

both SLe* and Neu5Ge.
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Figure 23. Immunofluorescence detection of SLe™ (green) and Neu5Gc glycans (red)
in dog (panels A, C, E, F) and horse trachea (panels B, D, G).
A and E. SLe™ glycans were mainly found in the epithelial cells of submucosal glands in
dogs. B. No SLe™ glycans were detected in the ciliated cells, non-ciliated cells, or
submucosal glands of the horse trachea. Neu5Gc glycans were widely distributed in both
dog and horse trachea, including the ciliated and non-ciliated epithelial cells and
submucosal glands. F. Expression of SLe™ on the canine surface tracheal respiratory
epithelium. G. Detection of SLe™ on the horse tracheal respiratory epithelium and
submucosal glands. Original magnification X100 (panels A, B, C, D) or X200 (panels E,
F, G). The SLe™ glycan was detected by using Alexa Fluor 488 anti-human Sialyl Lewis
X (dimeric) antibody (green), and the Neu5Gc glycans by using Alexa Fluor 594 Anti-
Neu5Gc antibody (red). The arrows indicate immunopositive staining.
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Figure 24. Immunofluorescence assay detection of SLe™ glycans in chicken trachea.
The nuclei were stained with DAPI (blue). The SLe™ glycan was detected by using Alexa

Fluor 488 anti-human Sialyl Lewis X (dimeric) antibody (green). The original
magnification was x200.

Discussion

To understand the molecular mechanisms of the host adaption of an emerging
influenza virus, it is necessary to characterize the virus receptor binding properties and
the types and distributions of host glycan receptors, two key factors determining
successful introduction and adaption of an IAV to a new host (222). In this study, we
provide evidence supporting that A(H3N8) CIV prefers glycans with a SLe™ epitope and
that SLe™ was differentially distributed in the trachea of the dog versus the horse. Our

comparative analyses, combined with our previous observations (33), suggests that

114



mutation W222L of HA increases the binding ability of A(H3NS) CIV to SLe™ and Ge
epitopes, and that gaining the SLe™¢ binding ability could have facilitated the adaption
of the equine-origin A(H3NS) virus to dogs.

Since the first outbreak of A(H3NS8) IAV among dogs in 2004, this virus has
become enzootic among the US dog population (216). Prior epidemiologic and genetic
studies demonstrated that this emerging A(H3N8) CIV originated in horses, and was
most closely related to the Florida sub-lineage strains (206). Interspecies transmission of
A(H3NR8) EIV from horses to dogs was observed when dogs were put in close contact
with experimentally infected horses (223); however, A(H3N8) CIV—infected dogs cannot
transmit CIV to horses (224), and A(H3N8) CIV replicates inefficiently in experimentally
infected equine respiratory epithelial cells (225).This suggests that CIV and EIV are not
exchangeable between equine and canine species and A(H3N8) CIV has been well
adapted in dogs. Nevertheless, A(H3N8) EIV and CIV have similar replication abilities in
canine trachea primary cell lines (214) and similar growth patterns in MDCK cells,
canine A72 cells, Norden Laboratory feline kidney cells, ferret Mpf cells, human A549
cells, and equine EQKD cells (214). However, differences in glycan binding preferences
were observed between A(H3N8) CIV, Eurasia-lineage A(H3N8) EIV, and North
America-lineage A(H3N8) EIV. Like Collins et al. (217), we observed that, compared
with the Florida sub-lineage A(H3N8) EIV, A(H3N8) CIV had higher avidity to SLe*,
supporting that, CIV and EIV are not exchangeable between equine and canine species.

Only three mutations (K54N, S83N, and L222W) were observed between the
head of HA protein of A(H3NS8) CIV and that of A(H3NS) EIV. It is plausible that one of
the mutations could facilitate virus adaption from horse to dogs. von Grotthuss and
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Rychlewski, who used computational simulation in a prior study (226), suggested that
N54K could affect the glycosylation of HA and play a role in host adaption of A(H3NS)
CIV. Our data demonstrated that mutations S83N and L222W, but not K54N, have a
significant effect on the growth properties and binding properties of A(H3NS) CIV, a
finding that does not support the hypothesis of von Grotthuss and Rychlewski (226)
(Figs. 1 and 3). It is striking that mutant cH3N8-222W has a similar growth pattern as
that of wt-eH3N8. Compared to cH3N8-222W, the mutant cH3N8-83N reduced
significantly replication abilities of A(H3N8) CIV not only in canine trachea tissues but
also in in three cell lines, including MDCK, A549, and DF-1 cells. A prior study reported
that the infection of enzootic H3N8 CIV could lead to the quasispecies in the position 83
of CIV HA, suggesting this position was likely to be associated with a viral fitness cost
(227). Of interests, further analyses of HA sequences of H3N8 CIVs showed that there
are polymorphisms at position 83 of CIV HA (1.4% N; 0.3% T; 0.3% R) (data not
shown) and that, in contrast, all H3N8 CIVs have L at position 222 compared to the
conserved W at this position for H3N8 EIVs (Table 8). This finding suggests that
mutation W222L, but not N83S, could facilitate host adaption of A(H3N8) IAV from
horses to dogs. Mutation W222L is located in the 220-loop of the HA receptor binding
site, and the importance of residues in the 220-loop in determining the receptor
specificity has been reported in other IAV subtypes (131, 228).

Previous studies demonstrated that the substructure of the carbohydrate receptors
determine influenza host range and tissue tropisms. The abundance of Neu5Gca2,3Gal
moiety (a type of SAa2,3GA) is important for EIV to replicate in equine respiratory
epithelium cells (26) as well as for CIV to replicate in canine respiratory epithelium cells
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(209, 210). Such results were confirmed by viral binding data from the CFG array, which
showed that wt-cH3N8 and wt-eH3N8 prefer SAa2,3GA, including Neu5Gca2,3Gal.
However, such data still cannot explain the potential host factor(s) leading to host
adaption of A(H3NS) from horses to dogs. Internal complexity of glycan structures below
the sialic acid can influence glycan interaction with HA (229, 230); thus, host adaption
cannot be understood without first understanding the glycan substructures of
NeuGcea2,3Gal. The data from the isoform microarray and biolayer interferometry
analyses demonstrated clear patterns of A(H3N8) CIV binding on a set of glycans with
fucosylated a2,3-linked glycans (Figs. 2 and 3), and, of interest, a single L222W
mutation dismissed that preference so that cH3N8-222W decreased binding to
Neu5Gcea2,3Gal with the fucosylated motif (Fig. 3). Thus, mutation W222L seems to
have increased the A(H3N8) binding preference from Neu5Gco2,3Gal to SLe™ %, a
Neu5Gcea2,3Gal with a fucosylated motif. Of note, a prior study suggested that amino
acid residues at positions 222 and 227 of HA could affect IAV binding to glycans with
the SLe™ motif (68).

Immunofluorescent staining further demonstrated the distribution of SLe™ in the
trachea (i.e., virus entry sites) of dogs and the lack of SLe™ motifs in the tracheal tissue of
horses. These results supported our hypothesis that SLe™ motifs could be one of the key
factors driving host adaption of A(H3N8) EIV in dogs; specifically, host adaption to dogs
could have been driven by the presence of mutation W222L in the virus HA protein. In
addition, the distribution of SLe™ motifs is not only host-specific but also tissue-specific.
SLe™ glycans were primarily expressed in canine tracheal submucosal glands with some
expression noted in ciliated epithelial cells (Fig. 4). As a comparison, we probed SLe* in
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chicken trachea; results showed that, unlike in dog trachea, SLe* glycans in chicken
trachea were extensively expressed in both the ciliated epithelial cells and the submucosal
glands (Figure 24). The tracheobronchial submucosal glands play multiple roles during
infection by producing mucus to inactivate the virus, but may also be infected and thus
enhance the infection (231). The receptors for human [AV in ferrets was reported to be
O-linked sialylated glycans, which are predominantly distributed in the submucosal
glands, and the infection of such cells facilitates the efficient airborne transmission of
virus by easily making the virus encapsulated into respiratory droplets (117). The L222W
mutation was shown to increase binding of H3N8 CIV to SLe™ glycans, which are
present in abundancein the submucosal glands, thereby potentially facilitating the
airborne transmission of the H3N8 CIV.

Neu5Ac and Neu5Gce are two major sialic acids present in mammalian cells; they
play important roles in the recognition of influenza virus during the initial step of viral
infection. Neu5Gc has been reported to be present in horses (26), dogs (33), pigs (34),
and mice (35), but not in humans. Of interest, although it has been reported that horse
trachea expresses 90% of the a2,3-linked Gc receptors present in horses (26), our results
demonstrate that Pennsylvania-eH3N8 binds moderately to 3’SLN(Gc), a finding that is
consistent with that in a previous study (44). However, compared with those of
Pennsylvania-eH3N8, the laboratory adapted EIV prototype strain Miami-eH3N8 showed
much weaker binding responses to 3’'SLN(Gc); such low responses of Miami-eH3NS to
3’SLN(Gc) might have been caused by the extensive passage of this virus in embryonated
chicken eggs, which lacks Neu5Gc. Suzuki et al. (26) reported the presence of Ge
glycans in equine trachea but not chicken trachea, a finding that was also observed in our
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study. Our immunofluorescence staining also showed strong signal for Neu5Gce glycans
in dog trachea (Fig. 4). The interaction of Neu5Ac or Neu5Gc glycans to the receptor
binding site of viruses could affect the host tropism of those viruses. It has been reported
that the large hydrophobic side chain of F75 of two human polyomaviruses (BK
polyomavirus and JC polyomavirus) would clash with the glycolyl hydroxyl group and
prevent binding of those two viruses to receptors terminating in Neu5Gce (232). Similarly,
the L222W mutation introduced a large hydrophobic side chain and possibly caused the
loss of binding to Neu5Gc glycans.

In this study, we only characterized the distribution and abundance of two
individual glycan motifs, SLe™ and Gc, in dog and horse trachea by using
immunofluorescenct staining. One potential limitation of this study was that we were

unable to test the SLe™“-like glycans due to the unavailablity of SLe™“

-specific
antibody; thus, the abundance of this type of glycan substructure in the respiratory tracts
of dogs and horses is unknown.

Like H3N8 CIV, avian H3N2 virus has been identified and is enzootic in canine
populations in Southeast Asia (233, 234); furthermore, it has been shown that avian
H3N2 virus was transmitted to the US dog population (235). A previous study suggested
that the W222L mutation of HA facilitated the viral binding affinity of H3N2 CIV to
Neu5Gc and improved its replication ability in canine trachea primary cells (33).
Interestingly, similar to W222L of HA in H3N8 CIV (Fig. 2), the W222L mutation of HA
increased binding affinities of H3N2 CIV to SLex“® (33, 236).

In summary, these findings suggest that mutation W222L facilitates the host

adaption of avian-origin H3N2 and equine-origin A(H3N8) IAVs in dogs by increasing
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the virus’s ability to bind to receptors with Neu5Gce and/or SLeX, which are widely

distributed in canine trachea tissues.
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CHAPTER V

SEQUENCE BASED INFLUENZA VACCINE STRAIN SELECTION USING

SYSTEMS BIOLOGY

Introduction

Although the mechanisms remain largely unknown, the receptor binding property
of influenza A virus (IAV) is clearly one of the key factors that affect the virus host and
cell tropisms. The initial step of the IAV infection is the binding of the HA protein to the
sialylated glycans on the host cells. The HA protein forms trimers, each of the monomers
has a relatively conserved receptor binding site (RBS) that functions to engage the virus
with the sialic acid (SA) glycan receptors on the host cells. The IAV was reported to have
the ability to agglutinate erythrocytes (24), and the agglutination ability was found to be
dependent on the types of SA on host cells (25). Typically, avian IAV prefers SAs that
are linked to galactose in a2,3-linkage (SA2,3Gal) whereas human IAV binds to
galactose with a 02,6-linkage (SA2,6Gal). The binding specificity and the binding
affinity of an IAV to the glycan receptors, which can be expressed differentially on
different cells and different hosts, are two of the key factors determining the virus cell
and host tropisms.

The RBS is located at the globular head of the IAV HA protein and consists of
130-loop, 150 loop, 190 helix, and 220-loop (193). Mutations in the HA RBS are well
documented to affect IAV binding affinity and specificity to SA2,3Gal and/or SA2,6 Gal.
For example, Q226L and G228S, two mutations at the 220-loop of the HA RBS,
switched the binding specificity of both subtype H2 and subtype H3 avian IAVs from

SA2,3Gal to SA2,6Gal (237); a single mutation G225D at the 220-loop of the HA RBS
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can switch virus binding specificity of subtype H6N1 avian IAV from SA2,3 Gal to
SA2,6Gal; mutations V186G/K-K193T-G228S or V186N-N224K-G228S of the HA RBS
can switch the receptor specificity of subtype H7N9 AV from SA2,3 Gal to SA2,6Gal
(78). On the other hand, the mutation D222G in the HA RBS of 2009 HIN1 IAV
decreased virus binding affinity to SA2,6 Gal but increased that to SA2,3 Gal (238).

In addition to virus binding affinity and virus binding specificity, the mutation on
the HA RBS can change antigenic properties and growth properties of IAV. During viral
evolution, IAV mutates its HA RBS in order to adjust virus receptor binding avidity, and
these mutations at the RBS can occasionally lead to antigenic changes of the virus (239).
For example, a single mutation, N145K, at the HA RBS of subtype H3N2 human [AV
altered both virus binding affinity and virus antigenicity (240). Mutations N145K and
Y 159N in the HA RBS of subtype H3N2 swine IAV were reported to drive the antigenic
evolution in US swine (241). Mutations at positions 119, 153, 154, and 186 in the HA
RBS of the 2009 HIN1 IAV improved virus replication ability in both cells and
embryonated chicken eggs (120).

Vaccination is the primary option to counteract and reduce the impacts of
influenza outbreaks (242). A high yield vaccine seed strain is required for timely vaccine
manufacture and is thus a critical component of a successful influenza vaccine campaign.
As described above, the sequences and structures of the HA RBS of [AV affect virus
receptor binding property, virus replication efficiency, and virus antigenic properties.
However, given the sequence of HA RBS, the virus receptor binding property, virus
replication efficiency, or antigenicity these features are still difficult to be predicted as a

priori. In this study, we will integrate both bench and computational approaches to
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identify the key features determining these three key biological properties for an
influenza vaccine strain. We aim to generate a large scale of mutants using epPCR
(Chapter II), to characterize three influenza vaccine specific phenotypes (i.e., receptor
binding specificity, replication efficacy in both MDCK cells and embryonated chicken
eggs, and antigenic properties), and then to identify and validate the key genetic
signatures, including genetic features in both viruses (i.e. position and residue
compositions at RBS) and hosts (glycan substructures) by applying a machine-learning
model in these phenotypic datasets. At last, a computational model is proposed to score
the vaccine candidacy based on a query sequence of the HA RBS by integrating their
weights on those phenotypes (i.e. receptor binding specificity, replication efficacy in both
MDCK cells and embryonated chicken eggs, and antigenicity). This model can be used to
screen influenza viruses in influenza surveillance to select influenza vaccine candidates,
which shall meet the following criteria that (1) their antigenic properties are similar to the
prototype vaccine antigen; (2) their yield capability in commonly used vaccine
production platforms will meet the criteria required for vaccine manufacturing; (3) the
phenotypes are stable upon at least three passages, and; (4) they remain low pathogenic

yet efficacious (as a vaccine antigen) in humans.

Materials and Methods
Cells and viruses

Human embryonic kidney (293T) cells, Madin-Darby canine kidney (MDCK)
cells were purchased from American Type Culture Collection (Manassas, VA). Cells
were maintained at 37°C with 5% CO, in Dulbecco's Modified Eagle Medium

(GIBCO/BRL, Grand Island, NY) supplemented with 5% fetal bovine serum (Atlanta
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Biologicals, Lawrenceville, GA) and penicillin—streptomycin (Invitrogen, Carlsbad, CA).
The HA gene of A/California/04/2009 (HIN1) (abbreviated as CA/04) was cloned into
the vector pHW2000 and used as template for construction of the mutant library.

The viruses generated by reverse genetics were propagated in MDCK cells and
cultured at 37°C with 5% CO; in Opti-MEM medium (GIBCO/BRL, Grand Island, NY)
supplemented with 1 pg/ml of TPCK (N-tosyl-L-phenylalanine chloromethyl ketone)-
Trypsin (Sigma-Aldrich, St. Louis, MO) and penicillin—streptomycin (Invitrogen,

Carlsbad, CA). Virus titers were determined by TCIDso in MDCK cells.

Construction of plasmid library and rescue of mutants

The mutant plasmid library with random mutations in HA RBSs was generated by
epPCR strategy as described previously (186). Briefly, four primers were used in the
generation of HA-pHW2000 RBSs mutant library: 1) 130loop F, 5'-TCA TGG CCC
AAT CAT GAC TCG AAC-3'; 2) 190helix _F, 5'-TGG GGC ATT CAC CAT CCA TCT
ACT-3"; 3) 190helix R, 5'-AAC ATA TGT ATC TGC ATT CTG ATA-3"; and 4)
220loop_R, 5'-TAG TGT CCA GTA ATA GTT CAT TCT-3'. The epPCR product (2 pl)
was transfected into XL 1-Blue Supercompetent Cells (Agilent Technologies, Santa Clara,
CA). The transformed cells were directly inoculated onto LB (Luria Bertani) agar plates
and the clones were propagated in Sml LB media. The clones generated from the RBSs
mutant library was confirmed by Sanger sequencing with the sequencing primer 5’-GAA
CGT GTT ACC CAG GAG ATT-3’. Mutant viruses were rescued by plasmid based
reverse genetics with the NA genes from CA/04 and six internal genes from influenza
A/Puerto Rico/8/34 (HINT1) as described previously in Chapter 1. For phenotype

comparison, we generated the wild-type reassortant virus, rg-wt, with wild-type HA and
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NA genes from CA/04 and six internal genes from influenza A/Puerto Rico/8/34 (HIN1)

virus by reverse genetics approaches.

Virus sequencing

Viral RNA (80 pl total) was isolated from 200 pl of sample by using a 5X

MagMAX™ Pathogen RNA/DNA kit (Thermo Fisher Scientific, Pittsburgh, PA)

according to the manufacture’s instruction. Influenza virus - specific primer Unil2 (5°-

AGCAAAAGCAGG-3’) (218) and 10 pl of each isolated RNA were used in the cDNA
synthesis (total volume of 25 pl); the cDNA synthesis was carried out using SuperScript
IIT Reverse Transcriptase (Invitrogen, Grand Island, NY) according to the manufacturer’s
instructions. The HA segment of mutants were amplified with the primers CA/04 HA F,
5’-ATGAAGGCAATACTAGTAGTTCTGC-3’ and CA/04 HA R, 5’-
TTAAATACATATTCTACACTGTAGAGACC-3’ by using Phusion High-Fidelity PCR
Kit (Thermo Fisher Scientific, Pittsburgh, PA) according to the manufacturer’s
instructions. The PCR products (50 ul) were purified by GeneJET PCR Purification kit
(Thermo Fisher Scientific, Pittsburgh, PA) according to the manufacturer’s instructions.

The HA sequences of mutants were confirmed by Sanger sequencing.

Evaluation of viral growth

To evaluate the effect of mutations on the growth properties of viruses, we
inoculated the MDCK cells with each testing influenza virus at a multiplicity of infection
0f 0.001 TCIDsy and incubated the cells in 5% CO; at 37°C for 1 h. The inocula were
removed and cells washed two times with phosphate-buffered saline (PBS). The cells

were then incubated (37°C in 5% CO;) in Opti-MEM I (GIBCO, Grand Island, NY)
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containing TPCK—trypsin (1 pg/ml). At 48h after inoculation, 200 pl of supernatants
were collected, aliquoted, and stored at -70°C until use. To evaluate the growth
properties of mutants on eggs, 9-day old SPF chicken eggs were inoculated 200 TCIDs
of each virus and incubated under 34 °C for 48 h. The titer of harvested viruses in both

MDCK cells and SPF chicken eggs were determined by TCIDsoin MDCK cells.

Virus concentration and purification

Viruses for the glycan array analysis were purified as previously described(221).
Briefly, viruses were purified from the cell supernatant or allantoic fluid by low-speed
clarification (2,482 x g, 30 min, 4°C) to remove debris and then followed by
ultracentrifugation through a cushion of 30%—-60% sucrose in a 70Ti Rotor (Beckman
Coulter, Fullerton, CA) (100,000 x g, 3 h, 4°C). The virus pellet was re-suspended in 100

ul of PBS and stored at —80°C until use.

Glycan microarray

To identify unique substructures bound specific sets of mutants, an isoform
glycan array with 75 isoform glycans were printed on N-hydroxysuccinimide (NHS)—
derivatized slides as described previously (221). The 75 glycans were selected to
represent four different unique substructures, including N-glycans, Asn-linked N-glycans,
Gangliosides, Thr-linked O-mannosyl glycans (Figure 25). The structures of these 75
glycans are shown in Figure 25. These glycans on the isoform microarray have the same
base structures and spacer arms but different terminal structures (Figure 25), whereas
glycans on the CFG (Consortium of Functional Glycomics) array have diverse terminal

structures and a variety of spacer arms.
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The isoform glycans were printed in replicates of four in a subarray, and sixteen
subarrays were printed on each slide. All glycans were prepared at a concentration of 100
pM in phosphate buffer (100 mM sodium phosphate buffer, pH 8.5). The slides were
fitted with a 16-chamber adapter to separate the subarray into individual wells for assay.
The unreacted NHS groups on the slides are blocked with 50 mM ethanolamine in 50
mM sodium borate buffer (pH 9.2) at 4 °C for 1 hour and then the slides were rinsed with
water. Before the assay, slides were rehydrated for 5 min in TSMW buffer (20 mM Tris-
HCI, 150 mM NaCl, 0.2 mM CaCl,, and 0.2 mM MgCl,, 0.05% Tween). Viruses are
purified by sucrose density gradient ultracentrifugation and titrated to about 32, 000
hemagglutination units/ml. Then 10 pl of 1.0 M sodium bicarbonate (pH 9.0) was added
to 80 ul of virus, and the virus was incubated with 10 pg of Alexa Fluor 488 NHS Ester
(Succinimidyl Ester; Invitrogen, Carlsbad, CA) for 1 h at 25°C. After overnight dialysis
to remove excess Alexa 488, viruses HA titer were checked and then bound to glycan
array. Labeled viruses were incubated on the slide at 4°C for 2 h, washed, and centrifuged
briefly before being scanned with an InnoScan 1100 AL fluorescence imager (Innopsys,

Carbonne, France).
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Generation of ferret antisera
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The sequences of synthetic glycans on the isoform glycan microarray.

Ferrets antisera were generated in 6 to 8-week-old male or female ferrets, which

were tested seronegative against CA/04 HIN1, A/Switzerland/9715293/2013 (H3N2),

and A/Hong Kong/4801/2014 (H3N2). Each ferret was inoculated intranasally with 10°

TCIDs of the wild type strain or a testing mutant virus. Ferret sera were collected at 21

days post-inoculation and subjected for antigenic phenotyping using serological assays.

Antigenic phenotype determined by haemagglutination inhibition (HI) assays

Haemagglutination (HA) and HI assays were performed by using 0.5% turkey

erythrocytes as described by the WHO Global Influenza Surveillance Network Manual

for the Laboratory Diagnosis and Virological Surveillance of Influenza (187). Turkey

erythrocytes were obtained from Lampire Biological Products (Everett, PA). The turkey
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erythrocytes were washed three times with 1 x PBS (pH 7.2) before use and then diluted

t0 0.5% in 1 x PBS (pH 7.2).

Biolayer interferometry

Two biotinylated glycan analogs (3'SLN: Neu5SAca2-3Galp1-4GIcNAcP and
6'SLN: Neu5Aca2-6Galpf1-4GIlcNAcP) linked to 30-KDa polymers containing 20% mol
sugar and 5% mol biotin (GlycoTech, Gaithersburg, MD) were used to represent a2,3-
linked sialic acid (3'SLN) and a2,6-linked sialic acid (6’SLN). Biotinylated glycans
Neu5Aca2-3Galp1-4(Fucal-3)GIcNAcp (SLe™) were synthesized. The stock solution (1
mg/ml) was prepared in 1x PBS (v/v) according to manufacturer’s instructions. All
glycan analogs and viruses were further diluted into the kinetics buffer (pH 7.4; PBS
solution containing 0.01% BSA and 0.002% Tween-20) with neuraminidase inhibitors
(10 uM zanamivir hydrate and 10 pM oseltamivir phosphate) for binding analysis. The
binding affinities of viruses (100 pM) to glycan analogs were determined using an Octet
REDY6 interferometer equipped with streptavidin biosensors (Pall ForteBio LLC,
Fremont, CA). In summary, RSL of the biosensor was calculated at the end of a 5- to 10-
min loading, and the binding signal was measured at 25°C in a 20-min association step
and 20-min dissociation step, with orbital shaking at 1,000 % rpm. The response of virus
binding to a certain glycan loading was recorded at the end of the association step. The

normalized response was calculated by dividing the maximum response of each glycan.

Machine learning model

The in-house machine learning method (105, 243-246) was used to identify key

sequence features determining the phenotypes described above, including receptor
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binding, antigenicity, replication efficiencies. Specifically, a multi-task sparse learning
was used to identify key features associated with these phenotypes and a quantitative
function was developed to quantify distances for each phenotype on the basis of their HA
protein sequences. Each dataset was assigned with a single task in sparse learning, and
the features were derived to determine each of these phenotypes. In addition, the features
determining receptor binding, antigenicity, virus replication efficiencies were compared
to determine 1) mutations at the HA RBS affecting virus antigenic properties; 2) the
mutations at the HA RBS increasing and decreasing the yields in cells and/or eggs; 3) the
glycan substructures (i.e. glycan motif) in the arrays associated with the yields in cells
and/or eggs; 4) the glycan substructures (i.e. glycan motif) in the arrays associated with

the mutations in the HA RBS.

Protein motifs determining virus yields and antigenicity using machine learning

In the machine-learning method, we investigated impacts of individual residues as
well as the substructure motif on the HA protein structure on the phenotypes. To evaluate
the impacts of the substructure motif on the HA protein structure, a sliding-window of
residue was used as a single feature to integrate the synergistic effects of multiple
residues in a substructure motif with neighboring residues. The sliding windows could be
either overlapped or non-overlapped, and the size of windows was optimized from a
range of 6 to 14 by maximizing the predicting performance.

Specifically, we formulated the phenotype-genotype problem as a sparse learning
model. Mathematically, the sparse learning model is a linear regression loss function that
subject to regularization. The LASSO model was adopted with a least square loss and ¢,

norm. We considered genetic difference matrix among HA protein sequences as X,
130



phenotype difference as Y, sample number as N. Then the objective of our model is to

solve:
min— ||V — X01|2, Subject to [|6]], < ¢

Where t is a predefined regularization parameter, 8 denotes the numerical weights of
individual features (either a single residue or a group of neighboring residues). Absolute
value of weight indicates the impact of mutation(s) on a specific feature to phenotypes
(e.g. receptor binding, antigenicity, and replication efficiencies). The larger the weight is,
the greater the impact would be. Positive weights indicate a potential positive impact on
the phenotype; otherwise, negative.

The prediction performance of the model was evaluated by root mean square error

(RMSE):

n
1
RMSE = |~ ;= y,)?
i=1

A lower RMSE indicated a better prediction performance.

Glycan microarray data pre-processing and analyses.
All the glycan microarray data were normalized to [0,1] by columns (Viruses)
before any statistical analysis or machine learning analysis was performed. Specifically,

each value of binding affinity was normalized by the follow equations:

Normalized N; ; = loglo(NiJ) —min(log,o (N;))
ij max(loglO(N_j)) - min(loglo(N_j))
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Values lower than 100 (including negative values) were set to 100 before data
normalization. A value of 2,000 was used as the minimum threshold to determine

whether a virus has bounding affinity to a glycan.

Definition of glycan substructures as glycan motifs

Based on the glycan’s terminal structures, a total of 30 glycan substructure
features were extracted as glycan motifs from glycan sequences of 75 synthetic glycans
on the isoform glycan microarray. Each glycan motif was considered as an individual
feature, and each glycan is transformed as an array (dimension n = 30) of one or multiple
glycan motifs. In the glycan motif array, each feature was coded as 1 if a specific feature

is present, otherwise, as 0.

Glycan motif identification using machine learning

Because it would be difficult to integrate the data from individual experiments,
we introduced a multi-task learning framework to overcome this challenge. Multi-task
Lasso model is a conventional multi-task sparse learning model and is frequently used in
feature selection problems. Multi-task Lasso model trained least square loss with L1/L2

mixed-norm as regularizer. It solves the following objective:

1
minﬁ lY — X6112 + all6ll, .

n
10125 = ) 16:ll, =
i=1

Where 6 ¢ R™™, 6; is the i-th row while ; is the j-th column.
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Multi-task Lasso model considers each column (virus) as an individual task, and
is able to run all tasks at the same time. Each feature (glycan motif) will be assigned a
numerical weight, which indicate the impact of the corresponding features on the glycan
binding. The larger the weight is, the more important the glycan motif will be.
To identify unique glycan motifs associated with the yielding phenotypes, we divide 200
viruses into six different datasets: 1) array data with high yield egg mutants, which has a
titer >3.16 x10° TCID50/ml; 2) array data with medium yield egg mutants, which has a
titer between 3.16 x10* TCID50/ml and 3.16 x10° TCID50/ml ; 3) array data with low
yield egg mutants, which has a titer <3.16 x10* TCID50/ml ; 4) array data with high yield
cell mutants, which has a titer >1.52 x10° TCID50/ml ; 5) array data with medium yield
cell mutants, which has a titer between 1.52 x10* TCID50/ml and 1.52 x10° TCID50/ml ;
6) array data with low yield cell mutants, which has a titer <1.52x10* TCID50/ml . Then
six individual machine learning processes were performed. The glycan motifs from these
learning were compared to address the following questions: 1) what are the specific
glycan motifs responding to high yields in eggs? 2) What are the specific glycan motifs
responding to low yields in eggs? 3) What are the specific glycan motifs responding to
high yields in cells? 4) What are the specific glycan motifs responding to low yields in
cells? 5) What are the specific glycan motifs responding to high yields in both eggs and
cells? 6) What are the specific glycan motifs responding to low yields in both eggs and
cells? 7) What are the unique glycan motifs responding to the yields in eggs from those

from cells?

Prediction of vaccine candidacy
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The vaccine candidacy could be predicted using features and their weights to be
determined by aforementioned machine learning. Given the sequences of a testing virus,
a linear scoring function is proposed to predict the difference of growth property between
the testing virus and a virus has experimental data (e.g. WT). Then the value of vaccine
candidacy (¥) could be calculated by the summary of the aforementioned difference (x0)
and value of the known virus (y,).

y=x0+ y,
To avoid potential bias, average value from multiple predictions will be more

precise.

N
1
Yave = NZ(xig + yl)
i=1

Public sequence data, sequence alignment, and molecular characterization

HA sequences of subtype HI IAVs from humans (including both the seasonal
HINI1 IAVs from 1977-2009 and the 2009 HIN1 IAVs from 2009 to 2018), swine, and

avian were extracted from the Influenza Research Database (http://www.fludb.org). The

multiple sequence alignments and the identification of the mutations were identified by
using Bioedit software (192). The positions were matched those corresponding mutations

at the HA protein of subtype H3N2 [AVs.

Visualization of proteins structure
The three dimensional structure of HA protein was modeled using the HA structure
template of CA/04 (PDB: 3LZG). The mutations were visualized using Chimera

software.
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Results
Features of RBS mutant library

A total of 200 mutants, each of which carries one to three random mutations in the
HA RBS of CA/04, were rescued successfully from 826 plasmids with confirmed
mutations, and the mutations were then confirmed by Sanger sequencing. The mutations
cover the region from position 122 to 244 (H3 numbering) of HA1 of CA/04 (Figure
26A). Among those mutants, 123 mutants had one mutation, 61 mutants two mutations,
and 16 mutants three mutations (Figure 26B). There were 119 mutants carries mutation(s)
at 130-190 loop of the RBS of CA/04; 51 mutants carries mutation(s) at the 190-220 of
the RBS of CA/04; 30 mutants carries mutations covering both 130-190 and 190-220 of
the RBS of CA/04. The virus rescue did not succeed for the other 626 mutant plasmids
after three trials, and mutations at these failing plasmids include positions 134, 139, 147,
155,168,170, 177, 179, 180, 181, 183, 185, 191, 209 and 215, which were found highly

conserved in the receptor binding pocket (Figure 26C, D).

135



36 137 138 140 141 142 144 145 146 148 149 150 151 152 153 154 156 157 158 159 160 161

B "
A s oo« NIT RIATIH RIATK s Mk n DOk « G s B B 61.50% One mutation
N EM: o MME s e s o+ B0 £ i FE T E WL VN IE F B 30.50% Two mutations
NI T T alg R | | VI R NR [ 8.00% Three mutations
Q v R S S R i
Wit T T
Vo
172 173 174 175 176 178 182 184 186 187 188 189 190 192 193 195 196 197 198 199
D k MK ¢ VENENNH s T s WMo a s Mo N @No
e e o B0 RSN BMn GNo VBDGEEn Do 6
GHR R TGN M s T i s s N
R K NN T Y
v N

Total=200

o~
z‘mn
B - o
—

162 163 164 165 166 167 169 171 18
Pk Ls ks | s
Q£ F 10T F F P G
S NI N N M T T S
TR Q T v 7 Total=200
R H \
E N B 59.50% 130-190
200 201 202 203 204 205 206 208 210 211 212 213 214 216 217 218 219 220 221 222 223 224 225 226 227 237 238 244 25.50% 190-220
T NIVEVGETs R os ok ok BTk £ AR PRk MUR oD o MUE T B 15.00% 130-220
AHIL LMATIGERRMI EDVS KKAREKENKI AS
| s K NOLM TR T G L
s Y R N v o

Positive side chain
Negative side chain
Polar uncharged side chain

- Special cases

Hydrophobic side chain

Figure 26. Features of the receptor binding site mutants of influenza A(HIN1)pdm09
virus.
A, the list of mutations on the HA receptor binding site of influenza A(HIN1)pdm09
virus. The amino acids are grouped with colors by: amino acids with positive charged
side chain (R, H, K), amino acids with negative charged side chain (D, E), amino acids
with polar uncharged side chain (S, T, N, Q), Special cases (C, U, G, P); amino acids
with hydrophobic side chain (A, I, L, M, F, W, Y, V); B, the summary of numbers of
receptor binding site mutants of CA/04. C, The locations of conserved sites in top view
(C) and side view (D) of the crystal structure of the hemagglutinin (HA) of influenza
A(HIN1)pdmO9 virus. The conserved residues (dark black) on the receptor-binding sites
are labeled with residue names and locations. The single letter amino acid annotations
were used together with H3 numbering for all binding residues. The HA was adapted
from the structural template of the HA of A(HIN1)pdmO09 virus (Protein Databank [PDB]
3LZG).
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Antigenicity of RBS mutants

The HI titer of each RBS mutant against the CA/04 ferret antisera was recorded
(Table 9). Four mutants (S160A S188N R220K, K172R, T200S, S206T) had a HI titer of
1:160 against the CA/04 WT ferret antisera, which was at least four-fold less comparing
to the homologous titer of CA/04 WT. Of note, the D130E, S193T, A198S mutants had a
HI titer of 1:10 against the CA/04 WT ferret antisera, suggesting significant antigenic
changes due to these mutations at the RBS. Among those mutations, residues 160, 188,
193, and 200 locate at positions overlapping RBS and antigenic site B; residue 172
locates at position overlapping RBS and antigenic site D; and residue 206 locates at
position close to antigenic site D. The mutations that could alter the antigenicity of
CA/04 H1H1 were majorly located in the antigenic site B, suggesting the
immunodominance of antigenic site B over site A of HA of CA/04 HINI.

On the other hand, the highest HI titer for the RBS mutants was 1:1280. None of

the mutants had > 2-fold increase over the homologous HI titer.
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Table 9.  Serological responses of wild type and receptor binding site mutants of
CA/04 against ferret anti-CA/04 WT sera using HI assays

HE Mm1° M2 M3 HI M1 M2 M3
10 D130E S193T A198S | 640 D171E

160 S160A S188N R220K | 640 K149E

160 D130E K172R 640 A142T

160 T200S 640 L151V

160 S206T 640 L154V

320 A138S 640 H141L 1152V
320 P162Q 640 K133Q

320 S125A D130E 640 S146C

320 D130E A142v 640 DI130E K149l
320 K174l 640 1169F

320 S167T  A189T 640 V178L

320 H141R 640 DI130E G173R
320 K1ieel 640 S186T G158R
320 E175K 640 S167T

320 H141Y N159D 640 N150T

320 N159D K1ieel 640 A142S

320 T187N 640 S186T

320 K156N 640 S167T 1169H S193N
320 S193G 640 DI130E S146G S165I
320 E216D 640 E238A

320 K212R V2371 E227K | 640 A189V

320 V2021 640 K166R

320 D130E 640 A142D L1541
320 F203S 640 S188N

320 K211R 640 D190V

320 T200P 640 K157N I169F
320 D130E K212M 640 D130E T187S
320 D225E 640 H141Y

320 A198S 640 K145R

320 S188N 1217V 640 A189T

320 V2371  E227K 640 1182F

320 A198T 640 1152L

320 K157T 640 K156R

320 D130E S188N 640 S146G

320 K122N S160T 640 K163R

320 N132D G173R 640 K166N

320 K1571 D225G 640 S165I E175V
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Table 9 (continued)

HE M1 M2 M3 HI M1 M2 M3
320 K1571 1169T 640 K1571

320 D130E GI158E D225G 640 A142D

320 D130E GI158E A198V 640 K172R K174R
320 D130E F203Y 640 1169T

320 D130E A189V 640 G173E

640 A142v 640 A144S

640 Q192L 640 1152V 1169N
640 D130E 640 K149l

640 E175D 640 T136S

640 S131L 640 P140T

640 K172R 640 Kie6l D171G E175D
640 S160T 640 S193|

640 L1511 L1641 640 D130E R224K
640 A137V 640 D130E [219L
640 A137V  K166E 640 D130E Y201H
640 V2371 640 D130E S165N
640 F203L 640 D130E S210R
640 D130E 1219V 1280 K1e66Q

640 F203Y 1280 K172]

640 DI130E D19SE 1280 P221A

640 A198V V237L T244S 1280 K133N

640 DI199E K214E 1280 A144G

640 N197D D225G 1280 1182V

640 A198G 1280 K157N

640 K212N 1280 1169SM DI130E D199y
640 F213L 1280 K149T

640 F213I 1280 S146N

640 1219L V2371 1280 K174T

640 V237L 1280 S146G K174R
640 S188I 1280 P162S

640 R208G 1280 P140H

640 DI199N F203Y V204M | 1280 V178M

640 V2371 S165N 1280 A189D 1219R
640 K222R 1280 H141L

640 D130E [1219L 1280 K149R

640 K222T D225G 1280 L151F Q226V
640 S186P  K222T 1280 A144T T187S
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Table 9 (continued)

HE Mm1° M2 M3 HI M1 M2 M3

640 K214E 1280 G173R

640 N197S 1280 1182T

640 A218S 1280 K145l

640 A189V E216D 1280 S188G

640 DI199E 1280 A142G

640 G205A 1280 K163E

640 A198V 1280 K163N

640 K214M 1280 E175G

640 1219L 1280 V135E D199E

640 1219V 1280 A137E

640 K214N 1280 Q196L

640 T200A 1280 A144T

640 S160L K212D 1280 1169M G173E

640 A144vV 1280 K133Q P140H

640 H141R K149E 1280 V135l

640 K133N V178M D225G | 1280 K212M

640 A144E K163N 219K 1280 K212N A218T

640 V176l 1280 1217V

640 N132D K163N H184N | 1280 A189D Q192L

640 K133| 1280 A189D A218S

640 A137T H141Q 1280 D130E A189T

640 DI130E K212T 1280 D130E V223C D225E
640 WT

a. HI, hemagglutination inhibition;
b. Mutations (H3 numbering) on the receptor-binding site of CA/04.

Replication efficiency of RBS mutants

We evaluated the effect of RBS mutations on the replication efficiency of 2009
pandemic HINT1 virus in both MDCK cells and SPF chicken eggs. The results suggested
14 mutants had more than 10 fold increased TCIDsy titer compared to the WT in MDCK
cells. The N159D, K166I mutant reached highest TCIDsy titer in MDCK cells, which is
about 100 fold higher compared to the WT. A total of 29 mutants had more than 10 fold

decrease in TCIDs titer compared to that of the WT in cells. In contrast, 33 mutants had
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more than a 10 fold increase in TCIDsy titer compared to the WT in SPF chicken eggs.
The D130E, S193T, A198S mutants reached the highest TCIDs titer in SPF chicken
eggs, which is about 850 fold higher compared to the WT. A total of 19 mutants had > 10

fold decreased TCIDs titer compared to that of the WT in eggs.

Key signatures determining yields from machine learning

We applied machine learning models to identify the key signatures determining
the virus yield. The overall growth data of the RBS mutants shown in Figure 27
suggested high degree of correlation between the three samples of each mutant that grew
in both cells and eggs. Thus, we used the geometrical average value of the TCIDs, titer
for each mutant in the following machine learning analysis. The results identified key
signatures at positions 122, 125, 161, 133, 166, 172, 182, 198, 214, and 218 are
responsible for increasing virus yield in chicken eggs; positions 137, 190, 206 are
responsible for decreasing virus yield in chicken eggs; residues 122, 161 were
responsible for increasing virus yield in MDCK cells; residues 137, 146, 178, 199, 200,
and 206 were responsible for decreasing virus yield in MDCK cells (Figure 28). The
structure modeling results suggested that the residues increasing the virus yield were
mainly located in the surface area of the HA trimer, while the residues responsible for

decreased virus yield were mainly located in the interior of HA trimer (Figure 29B).
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Figure 27. Overall growth efficiency of RBS mutants in MDCK cells and SPF

chicken eggs.
The X axis represents the mutant number and the Y axis represents the log;o TCIDs
titer/ml. The blue line links the geometrical average of the 3 MDCK cell grown samples
for each RBS mutant. The red line links the geometrical average of the 3 SPF chicken

egg grown samples for each RBS mutant.
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Figure 28. Key residues for the growth of CA/04 HINI in cells and eggs

A, important residues for the growth of CA/04 HINI1 in cells only; B, important residues
for the growth of CA/04 HINI1 in eggs only; C, important residues for the growth of
CA/04 HINT in both cells and eggs.
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Figure 29. Key residues on the HA receptor binding site that affect the antigenicity
and yield of 2009 pandemic HIN1.
A, antigenic structure of key residues would affect the antigenicity of virus. The antigenic
sites Sa (A), Sb (B), Cal(C), Ca2 (D), and Cb (E) are marked with red, green, blue,
purple, and yellow, respectively. The key residues that affect the antigenicity of 2009
pandemic HIN1 are marked with dark black. B, schematic surface diagram of residues
affecting the virus yield in cells and eggs. The residues that increase or decrease the virus
yield are marked with red and green, respectively. All the sequences mentioned in the
text are based on H3 numbering. The HA was adapted from the structural template of the
HA of A(HIN1)pdmO9 virus (Protein Databank [PDB] 3LZQG).

Glycan binding affinities of RBS mutants
The binding specificity and intensity of the RBS mutants was determined by
glycan microarray, which had 75 representative glycans and were classified into 30

features (Table 10) based on the glycan structures. The overall binding intensities of
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mutants plotted with the glycans are shown as a heat map in Figure 30. As expected, the
tested mutants showed overall strong bindings to Neu5Aca2-6Gal terminated glycans
such as: N003, N113, N213, BA-01, BA-19, BA-21, A6LNnT, M103, M303, and M030.
In addition, the tested mutants had an overall stronger preference for binding to
Neu5Aca2-6Galp terminated Gangliosides (A6LNnT) than Neu5Aca2-6Galp terminated
Thr-linked O-mannosyl glycans (M103). The viruses binding to N-glycans and Asn-
linked N-glycans with the same terminal structures (eg. NO03 and BA-01) did not differ
significantly. A higher binding response of viruses to glycans with multiple Neu5SAca2-
6Gal terminal structures than glycans with single Neu5Aca2-6Gal terminal structure was
observed.

We examined the receptor binding profiles of the high yield mutants in both
MDCK cells and eggs to further investigate the potential role of glycan binding in the
mechanism of variations in virus yield. For example, the top two mutants (D103E,
S193T, A198S; I169F) with the highest TCIDs titer in chicken eggs were 10*** and
10**®¥ fold higher than the wild type. The glycan array results suggest that both mutants
(D130E, S193T, A198S and I169F) gained the ability to bind 3’SLN and SLe* terminated
glycans. For example, the ratio of WT to 6’SLN (N003): 3’SLN (N002): SLe* (N005)
was 1:0.027:0.034. In contrast, the ratio of for the D130E, S193T, A198S and I169F
mutants were 1: 0.64:1.02 and 1: 0.33: 0.36. The results suggested a more balanced
binding ratio of a2-3 sialic acid glycans to a2-6 sialic acid glycans would significantly
increase HIN1 virus yield in eggs.

Further analysis of virus binding to non-sialic acid glycans such as N0O1
suggested the potential role of non-sialic acid glycans during virus infections. For
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example, the top 3 mutants (K133N; H141Y, N159D; and 1182V) with highest binding
signal to NOO1 all had an increased TCIDs titer in MDCK cells and/or chicken eggs. The
K 133N and 1182V mutation increased the virus TCIDs titer in chicken eggs by 10"** and
10*% fold, respectively. The H141Y, N159D and 1182 mutations increased virus TCIDsg
titer in MDCK cells by 10"7 and 10" fold, respectively.

We noticed that the increase of virus binding to Neu5SAco2-3Gal terminated
gangliosides may increase the virus yield. The TCIDsy titers of K214E mutant were10'*°
and 10"~ fold higher than the WT in MDCK cells and chicken eggs, respectively. The
glycan array binding results suggested that the K214E mutant had moderate binding
signal to A3LNnT but not to Neu5Aca2-3Gal terminated N-glycans (N002) or SLe*
glycans (NOOS). Additionally, the K214E mutant had increased binding to Neu5Gceo2-

6Gal terminated glycan (N213G), which may responsible for the increase of virus yield in

MDCK cells.
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Table 10. Features of the glycans on the glycan microarray

No# Glycan features

AEAB labed core pentasaccharides
Asn linked core pentasacchrides
Thr linked core mannose

Core lactose

High-Man

GlcNAc(b1-2)

Gal(b1-4)GIcNAc
Gal(al-3)Gal(b1-4)GIcNAc
Neu5Ac(a2-3)Gal(b1-4)GIcNAc

O 0 3 &N i bW N

10 Neu5Ac(a2-6)Gal(b1-4)GIcNAc

11 Neu5Gce(a2-3)Gal(b1-4)GlecNAc

12 Neu5Gce(a2-6)Gal(b1-4)GlecNAc

13 Neu8Me(a2-3)Gal(b1-4)GIlcNAc

14 Kdn(a2-3)Gal(b1-4)GIcNAc

15 NeuS5Ac(a2-8)NeuSAc(a2-3)Gal(b1-4)GIcNAc
16 NeuS5Ac(a2-8)NeuSAc(a2-6)Gal(b1-4)GIcNAc
17 GlcA(al-6)Gal(b1-4)GIcNAc

18 Gal(b1-4)[Fuc(al-3)]GlcNAc

19 Neu5Ac(a2-3)Gal(b1-4)[Fuc(al-3)]GIcNAc

20 Neu5Ac(a2-6)Gal(b1-4)[Fuc(al-3)]GIcNAc

21 Neu5Gce(a2-3)Gal(b1-4)[Fuc(al-3)]GIcNAc

22 Gal(al-4)

23 GalNAc(b1-3)Gal(al-4)

24 Gal(b1-3)GalNAc(b1-3)Gal(al-4)

25 Fuc(al-2)Gal(b1-3)GalNAc(b1-3)Gal(al-4)

26 Neu5Ac(a2-3)Gal(b1-3)GalNAc(b1-3)Gal(al-4)
27 Neu5Ac(a2-3)[GalNAc(b1-4)]Gal(b1-4)Glc-AEAB
28 Neu5Ac(a2-8)NeuSAc(a2-3)[GalNAc(b1-4)]Gal(b1-4)Glc-AEAB
29 Length

30 Size
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Figure 30. Heat map illustration of binding intensity of viruses bound to glycans on
the glycan array.

The normalized binding signals were log2-transformed. Each row represents a receptor

binding site mutant of CA/04 and each column represents an individual glycans. The

linkage hierarchical clustering was performed by Hierachical Clustering Explorer 3.0 to

generate the heat map and tree structure.

Glycan substructures determining yield signatures in eggs and/or cells

We used machine learning models to investigate the weight of glycan terminal
structures on virus receptor binding properties. The results suggested that Neu5SAca2-
3Gal, Asn linked core pentasacchrides, Core lactose, AEAB labed core pentasaccharides,
and Thr linked core mannose are the most important structure motifs determining the

overall virus binding of 2009 pandemic HIN1 virus (Figure 31).
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Figure 31. Prediction of virus glycan binding by machine learning

The X axis represents the real value of normalized glycan binding signal; The Y axis
represents the predicted value of glycan binding signal. The red line represents the
reference axis for the prediction. The blue dots represent the binding signals from the
experiments.

Validation of the key residues in the HA RBS affecting virus antigenic properties

To further determine the effect of the D130E, S193T, and 198S mutations on the
antigenicity of CA/04 HIN1, we generated ferret antisera against this mutant and then
performed a two-way HI assay. The homologous HI titers of each D130E, S193T, and
A198S mutants had a HI titer of 1:1280, which was 8 fold higher than that of the WT.
The two-way HI assay further confirmed the significant antigenic change of the virus by
mutations D130E, S193T, and A198S.

Among 199 mutant viruses, ten mutants have at least one mutation among the
positions 130, 193, and 198 of the HA protein. To further determine the types of
mutation(s) responsible for the antigenic change, all ten mutants with mutations in 130,

193, and 198 were included in the two-way HI assay (Table 11). The results of two-way
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HI assays showed that the D130E, A198S, A198G, A198V, and A198T mutants had a HI
titer of < 2-fold change compared to that of the WT virus, suggesting a limited role for
positions 130 and 198 in virus antigenic properties. However, the SI93N and S193I had
the same HI titer as the homologous titer of the WT virus. Those results suggest an

important role of S193T in affecting virus antigenicity of CA/04 HIN1.

Table 11. Serological responses of the 130, 193, and 198 mutants against ferret anti-
CA/04 WT and CA/04 D130E, S193T, and A198S mutant sera using HI assays

) a b HI (D130E, S193T,
Viruses (CA/04 WT) A198S)°
WT 640 160
D130E, S193T,

A198S 10 1280
DI130E G158E

A198YV 320 320
S167T 1169H

3193N 640 320
S1931 640 320
S193G 320 160
A198V V237L

T244S 640 160
A198G 640 160
A198S 320 160
A198T 320 320
A198V 640 320

*Mutants generated by ep-PCR based reverse genetic approaches that contains mutations
at residue 130, 193, or 198.

b. hemagglutination inhibition titers of mutants determined by using ferret serum (anti-
CA/04).

c. hemagglutination inhibition titers of mutants determined by using ferret serum (anti-
CA/04 D130E, S193T, A198S.
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Validation of the key residues affecting receptor binding properties

To test the binding profiles of the D130E, S193T, A198S mutants, we performed
biolayer interferometry analyses to characterize the dynamics and avidity of virus binding
to five representative glycan analogs, [NeuSAca2-3GalB1-4GIcNAcp (3’SLN),
Neu5SAca2-6Galp1-4GlcNAc (6’SLN), NeuSAca2-3GalB1-4[Fucal-3]GIcNAcp
(SLe™), Neu5Gcea2-3Galp1-4GlcNAcB (3’SLN(Gc)), and Neu5Geo2-3GalB1-4[Fucal-
3]GlcNAcp (SLe*“?)]. Compared to the CA/04 WT that had no detectable binding to
3'SLN (see chapter III), the DI30E, S193T, A198S mutant gained binding avidity to
3’SLN (Response=2.919) and SLe* (Response=2.449). The mutant had a 1.61 fold less
binding avidity to 6’SLN (Response=1.818) compare to that of 3’SLN, suggesting that
the DI130E, S193T, A198S mutations changed binding preference of CA/04 HIN1 to
3’SLN over 6’SLN (Figure 32A). For the a2-3 linked sialic acids, the mutants had a 1.19-
fold higher binding affinity to the 3’SLN than the SLe*. Similar to the WT, the mutant
had no detectable binding to 3’SLN(Gc) and SLe™ ). These results indicated that the
DI130E, S193T, A198S mutation in HA increased the binding affinity to 3'SLN and
switched the binding preference of virus to 3'SLN to 6’SLN. The structure modeling
analysis showed that positions 130, 193, and 198 locates at the globular head of RBS.
The D130E and A198S mutations might function together to change the binding avidity

and specificity of the CA/04 HIN1 (Figure 32B).
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Figure 32. Glycan binding specificity of the DI30E, S193T, A198S mutant of CA/04
by Bio-Layer Interferometry (fort¢éBIO, Menlo Park, CA).
A. Binding of viruses to biotinylated a2,6—linked sialic acid (6'SLN), a2,3—linked sialic
acid (3'SLN), Neu5Aca2-3Galp1-4(Fucal-3)GlcNAcp (SLe™) , Neu5Geo2-3Galp1-
4GlcNAcP (3’SLN(Ge)), and Neu5Gea2-3Gal1-4[Fucal-3]GleNAcB (SLe™ )] glycan
analogs as determined by Bio-Layer Interferometry (Pall ForteBio LLC, Fremont, CA).
The streptavidin-coated biosensors were first preloaded with biotin-labeled sialic acid
receptors, followed by the 1 pM each virus binding for 1,200 seconds in a standard
kinetic buffer with neuraminidase inhibitors (zanamivir hydrate and oseltamivir
phosphate). C, D) Sialic acid receptor concentrations were titrated to 1 pg/ml (3’SLN and
6’SLN) or 1uM (SLe™) when loading with the biotin-labeled receptors. The binding
response unit (nm) was recorded at the 1,196 second time point (4 seconds before the
start of dissociation). B. Three-dimensional view of the D130E, S193T, A198S mutant of
influenza A/California/04/09 (HIN1) virus.
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Evolutionary analysis of residues 130, 193 and 198 in H1 IAVs

Sequence alignment of position 130 and 198 from sequences of avian HINI,
1918 pandemic HINT1, and 2009 pandemic HIN1 suggested that 130E, 198T are
predominant in waterfowl HIN1 whereas the 1918 pandemic HIN1 had 130E and 198A,
and the 2009 pandemic HIN1 had 130D and 198A (Table 12). Previous studies suggested
that G225D would switch binding preference of the HIN1 and HO6N1 viruses from
Neu5Aca2-3Gal to NeuSAca2-6Gal (75, 247). In this study, we identified residues 198
and 130, which may play critical role in the host adaption of avian HINT1 virus to
humans. The 1918 pandemic HIN1 was hypothesized to originate from avian HIN1
without adaptions in mammalian hosts such as pigs. The T198A mutation may change
the binding specificity of the avian HINI virus from a2-3 to a2-6. Additionally, the HA
of the 2009 pandemic HIN1 which originated from the 1918 pandemic HINI gained a
mutation at E130D which caused a loss of binding to NeuSAca2-3Gal. Our results
suggest a novel evolutionary pathway for the adaption of avian HIN1 in obtaining
binding specificity for humans and therefore increasing the probability of causing
pandemic outbreaks in humans.

The HA sequences of North American swine HIN1 viruses from 1977 to 2018
were analyzed since the HA of the 2009 pandemic HINT1 virus originated from the HIN1
swine North America lineage (Figure 33). The results suggest that the North American
swine HIN1 only had 130E between the years of 1977 to 2000. The 130D was observed
in 2000, and then 130D became increasingly prevalent and was predominant in the North
America swine population. Similar patterns were found in residue 193 of the North
American swine HIN1 viruses. The North American swine HIN1 only had 193T
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between the years of 1977 to 1999. The 193S was first observed in the year of 2000 and

then co-circulated with the 193T. As we observed that S193T could change the

antigenicity of the HINI viruses, the North American swine HIN1 may have

experienced a drastic change in antigenicity change around the years of 2001-2008. In

contrast, the sequence analysis suggested that 198A was predominant in the North

American swine HIN1 during the years of 1977-2018, suggesting that 198 A was

introduced into the swine population in earlier times. Most likely, the T198 A mutation

occurred before 1918 and then facilitated the outbreak of the 1918 pandemic HINTI in

humans.

Table 12. Sequence alignment of residues 130 and 198 from avian HINI, 1918
pandemic HIN1, and 2009 pandemic HIN1 virus.

Viruses 130 191 192 193 194 195 196 197 198 225 Binding
Waterfowl

HINI E Q Q S L Y Q N T G 2,3>2.6
1918 pHIN1 E Q Q S L Y Q N A D 2,6>2,3
2009 pHIN1 D Q Q S L Y Q N A D 2,6
Turkey HIN1 D Q Q S L Y Q N A D ?

The HA sequences were extracted from the Influenza Research Database

(https://www.fludb.org). Residues are numbered through H3 numbering. Residues 130

and 198 are marked with red.
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Figure 33. Evolution of amino acid positions 130, 193, and 198 in the receptor

binding site of human seasonal/pandemic HIN1 and swine HIN1 influenza viruses.
The HA sequences of human seasonal/pandemic HIN1 and swine HIN1 influenza
viruses from 1977-2018 were extracted from the Influenza Research Database
(https://www.fludb.org). The numbers of each amino acid (Y axis) were plotted as a
function of calendar year (X axis) of isolation. Each amino acid is indicated by a different
color.

Discussion
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The HA plays important role in the biology of IAV, including mediating virus
entry through the attachment to sialic acid receptors on the host cells and serving as the
major antigen of [AV. Mutations in the RBS that locate at the globular head of the HA
has been shown to affect virus binding specificity, antigenicity, and yield. The biological
properties of an IAV such as antigenicity and growth properties are critical for the
success of influenza vaccine seed strain. In this study, we performed large scale of
mutagenesis in the RBS of the HA of 2009 pandemic HIN1 and identified critical
residues on the RBS of pandemic HIN1, which would affect virus antigenicity, yield and
binding specificity. The novel biomarkers identified in this study would help the
influenza vaccine seed strain selection and expand the knowledge of HIN1 virus
evolution and host adaption.

The RBS of HA are be highly conserved among different IAVs, especially the
same HA subtypes of avian [AVs (248). In this study, we identified that mutations on
residues 134, 139, 147, 155, 168, 170, 177, 179, 180, 181, 183, 185, 191, 209 and 215
were deleterious among those RBS mutants. For example, sequence analysis of HA from
H1-H14 IAV showed that residues 134G, 139C, 147F, 170N, 180W, and 183H were
100% conserved from H1 to H14 of IAV. The residues 181G, 185P, and 215P were
92.8% conserved from H1 to H14 of IAV except residue 181A for H12, residue 185S for
H7, and residue 215L for H13 (data not shown). Our results indicate that residue C was
conserved among all position (7, 45, 58,70, 93, 139, 278, 282, 306, 467,474, 478, and
551) in the HA of IAV from HI1 to H14. Residue C (7, 45, 58,70, 93, 139, 278, 282, 306,
467,474, 478, and 551) forms the disulfide linkages, which is critical in forming the
structure of HA 1. In addition, hydrophobic aromatic residues such as F and W were
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found to form the base of the RBS, which was also reported by Xu et al (72). Our study
supported that the highly conserved amino acids form the framework of the HA RBS and
that mutations at those sites reduced virus’s potency and are associated with virus fitness.

This study identified that the mutations S193T, S160A, S188N, R220K, K172R,
T200S, S206T were associated with the antigenicity of HIN1 IAV. The results suggest
the immunodominance of antigenic site B over antigenic site A for HA of CA/04 HIN1.
In a prior study, Popova et al (249) reported the immunodominance of antigenic site B
over site A for a recent seasonal H3N2 human [AV. More recently, Wang et al (250)
reported that the amino acids in the antigenic site B determine antigenic difference
between a human H3N2 variant and an ancestral seasonal H3N2 influenza virus. The
heavy glycosylation of HA1 of contemporary H3N2 human IAV masked the virus and
leading to the immunodominance of the RBS over other antigenic sites. The RBS has to
maintain its structures in order to bind sialic acid receptors and thus is exposed to the
neutralizing antibodies. However, the CA/04 HA only has one glycosylation site,
suggesting that the immunodominance of antigenic site B may not be directly associated
with the extent of glycosylation of HA.

Residue 193 is located at antigenic site B and has been reported to have a strong
antigenic impact on human H3N2 [AV(157, 251). Of note, our results suggested that
residue 193 had a strong antigenic impact on the 2009 pandemic HINT1 virus. Residue
193 showed a high level of diversity between subtypes of HA. Moreover, residue 193
was reported to be located at the epitope recognized by mouse monoclonal antibodies
(251). Those findings suggest that residue 193 plays an important role in the antigenic
changes of both human HIN1 and H3N2 IAV and thus drive viral evolution. Threonine
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differs from serine by a substitution of hydrogen to a methyl group. The substitution of S
to T at position 193 increased the bulkiness around that area, which may make it more
difficult for residue 193 to adopt an alpha-helical conformation in the 190-helix of the
RBS and therefore alter the recognition of targeting neutralizing antibodies.

This study identified 13 mutations that would improve virus replication efficiency
in both eggs and cells without changing virus antigenicity. For example, mutation N159D
improved virus yield in both MDCK cells and eggs. It has been reported that N159D
functioned together with Q226R and switched the binding preference of the 2009
pandemic HINT1 virus from Neu5Aca2-6Gal to NeuSAca2-3Gal(252). Residue 159 is
located at the very top of the RBS. It has been reported that N159D may increase the
local negative charge at the globular head, which would decrease the affinity of binding
to the human receptor but increase affinity for the avian receptor. Therefore, residue 159
may be involved in host adaption of avian AV to humans. Interestingly, we identified
that the K166Q HA mutation significantly improved virus yield in chicken eggs but not
in MDCK cells. Our sequence analysis suggested K166Q mutation occurred during the
2012-2013 seasons and then 166Q quickly become dominant in pandemic isolates (>99%)
after the year 2013. It has been reported that the K166Q HA mutant of the 2009
pandemic H1N1virus is antigenically similar to the wild type strain, which was also
observed in this study. Linderman et al reported that the K166 epitope is shielded by a
glycosylation site located at residue 129 that was present in swine HIN1 [AV circulating
after 1985(253). A considerable homology in the vicinity of K166 was observed between
the 1918 pandemic HINTI and the 2009 pandemic HIN1(254). Our study supports the
observation that the selective pressure on HA was aimed to improve viral fitness and
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replication to produce a large number of progeny, rather than only avoiding the host
immune recognition.

We identified one mutant virus, which possessed the D130E, S193T, and A198S
HA mutations, had switched the binding preference of 2009 pandemic HIN1 from the
human receptor to the avian receptor. Our sequence analysis suggested that residue 130E
was conserved in duck HINT isolates. The D130E mutation has been shown to increase
virus replication efficiency in human lung epithelial cells and in mouse lungs (255). In
addition, North American swine HIN1 was found to have 130E only between the years
of 1977 to 2000. The 130D residue started to emerge around 2000, and then became
increasingly prevalent and now dominant in the North American swine population. Our
results support the hypothesis that the E130D mutation facilitated the emergence of the
2009 pandemic, through the mechanism of decreasing the virus binding affinity to avian
receptors. It has been widely considered that a single mutation at D225G enables virus
binding to both Neu5Aca2-6Gal to Neu5Aca2-3Gal(77, 256). Here, we report a novel
biomarker, A198T, which enables the binding of the 2009 pandemic HIN1to both
Neu5Aca2-6Gal to NeuSAca2-3Gal. Our results suggest that the T198 A mutation
changed the binding preference of avian HINI1 from Neu5Aca2-3Gal to Neu5Aca2-
6Gal. The T198A mutation may have occurred before 1918 and played important role in
the outbreak of 1918 pandemic HIN1. Sequence analysis showed that the incidence of
225G is 13.6 fold higher than the 198T, suggesting that 198A is a better human adapted
biomarker than 225D for HIN1 [IAV.

A high yield and antigenic match vaccine seed virus is critical for the success of

the influenza vaccine production. Optimization of influenza vaccine seed selections is
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urgently need in the influenza vaccine industry. Currently, the mechanisms for
determining the IAV yield remains largely unknown. Besides the virus RNP activity, the
mutations on the receptor binding site of IAVs clearly could improve the virus growth in
host cells, either by expanding the receptor targets for [AVs or by enhancing the balance
of HA and NA activity. At least four key glycan substructure features associated with
vaccine yields were elucidated from this study: 1). increasing the binding ratio of a2-3
sialic acid glycans to a2-6 sialic acid glycans to expand the binding receptor targets; 2)
increasing of binding ratio of Sle* glycans to a2-6 sialic acid glycans might increase the
virus yield, especially in eggs, which may express high levels of SLe™; 3) increasing
virus binding to the non-sialic acid glycans might increase yield; 4) increasing virus
binding to Neu5Gca2-6Gal might increase the yield in MDCK cells, which might express
a2-6 linked Gc glycans as a functional receptor for virus entry.

In summary, this study systematically evaluated the effect of mutations on the
RBS of HIN1 IAV to modulate virus antigenicity, growth, and binding properties. The
residues identified in this study, which had a great impact on virus antigenicity and
growth efficiency, would help the influenza vaccine seed strain selection. The novel
biomarkers that related to the receptor binding specificity of HIN1 IAV expanded the

knowledge of HIN1 IAV evolution and host adaptions.
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CHAPTER VI

CONCLUSIONS

The studies in this dissertation have generated following conclusions:

First, a novel method was developed and validated for rapidly producing
influenza virus mutants by using an error-prone PCR—based mutagenesis strategy. This
method targets a specific region of a gene for rapidly generating a mutant library; then
the desired mutants are selected by phenotype screening of the library. Selecting seed
virus for influenza vaccine production is time consuming, and candidate strains must be
generated rapidly, produce at high yields, and have unaltered antigenicity. This novel
method was used to develop six influenza vaccine candidates that had unaltered
antigenicity and produced yields in chicken embryonic eggs that were higher than those
produced by the wild-type strain. Animal studies using two of the candidate strains
demonstrated that both strains provided effective protection and thus could be potential
vaccine candidates. This error-prone PCR—based mutagenesis method has the potential to
increase vaccine yields and could also be applied to gain-of-function studies for influenza

virus and other pathogens.
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Second, although a promising complement to current egg-based influenza
vaccines, cell-based vaccines have one big challenge; high-yield vaccine seeds for
production. In this study, we identified a molecular signature- the Y161F mutation in
hemagglutinin (HA) that resulted in increased virus growth in Madin-Darby canine
kidney cells and Vero cells, the two commonly used cell lines in influenza vaccine
manufacturing. The Y161F mutation not only increased HA thermostability, but also
enhanced its binding affinity to 2,6 and a2,3-linked Neu5Ac. These results suggest that
a vaccine strain bearing the Y161F mutation in HA could potentially increase vaccine
yields in mammalian cell culture systems.

Third, IAVs cause a significant burden on human and animal health, and the
mechanisms for interspecies transmission of IAVs are far from being understood. The
findings from this study suggest that an equine-origin A(H3N8) IAV with the mutation
W222L at its hemagglutinin increased binding to canine-specific receptors with sialyl
Lewis X and Neu5Gc motifs and, therefore may have facilitated viral adaptation from
horses to dogs. These findings suggest that in addition to the glycosidic linkage (e.g.,
a2,3-linked and 02,6-linked), the substructure in the receptor saccharides (e.g., sialyl
Lewis X and Neu5Gc) could present an interspecies transmission barrier for [AVs and
drive viral mutations to overcome such barriers.

Fourth, we revealed the immunodominance of antigenic site B over site A for HA
of CA/04 HIN1. The residue at position193 was found to have a great impact on the
antigenicity of CA/04 HIN1. The high yield signatures identified in this dissertation
would improve the vaccine seed strain selection. This dissertation identified novel

biomarkers, residues at positions 130 and 198, which can affect the binding specificity of
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HINI IAV, which expanded the knowledge of the 1918 pandemic HIN1 and the 2009
pandemic HIN1 emergence and evolution.

Overall, this dissertation has systematically evaluated the effects of the receptor
binding sites of IAV on virus antigenicity, yields, and receptor binding properties and the
key signatures were identified. This novel information will be useful in understanding
influenza cell and host tropisms and in selecting effective vaccine strains in influenza

surveillance.
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