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ABSTRACT

Influenza A viruses (FLUAV) have a wide host range. While its natural hosts are
aquatic birds of the genus Anseriformes and Charadriiformes, including ducks, geese,
gulls, and swans, among others, FLUAV can infect various animals, including bats, dogs,
horses, chickens, and pigs. Pigs are considered a “mixing vessel” host because they can
be infected with FLUAV from multiple species, which can promote the emergence of
novel FLUAVs with zoonotic and pandemic potential as occurred with the swine-origin
2009 pandemic HINT1 virus. Nonetheless, human-to-swine transmission events are more
common than zoonotic infections. Despite some of these human-origin viruses becoming
established in swine and contributing to the diversity of viruses circulating in pigs
globally, little is known about the biological processes driving the adaptation of FLUAV
following human-to-swine transmission.

The studies presented here aimed to evaluate the molecular evolution of human-
origin H3N2 viruses to the swine host using an in vivo sustained transmission model.
Samples collected during the study were sequenced using next-generation sequencing and

viral variants that emerged were characterized in vivo and in vitro.



The results presented in this dissertation highlight the critical role of infection of
the lower respiratory tract and alveolar macrophages for onward transmission of human-
like viruses during adaptation to swine, mainly mediated by changes in the HA protein
such as the A138S amino acid change. We also found an important role of calcium
limiting infection of human viruses in pigs, suggesting a novel role of calcium in the host
range of FLUAV. This process was shown to be modulated by the neuraminidase low-
affinity calcium-binding pocket which is structurally different in human and swine H3N2
viruses, leading to enhanced stability of the NA tetramer of swine viruses under calcium-
depleted conditions. Additionally, we found that previous immunity leads to a different
viral evolutionary pathway compared to non-immunized animals, resulting in selection of
HA variants such a V186G and F193Y. These changes in the HA resulted in a reduction
of glycans supporting binding of FLUAV which seems to be compensated by increased
affinity for sialic acid.

The data presented here provides insights into host barriers limiting human
FLUAYV adaptation to pigs and the complexities associated with the host immune
response that influenza A viruses must overcome to become established in the new host

populations.
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CHAPTER 1
INTRODUCTION
Influenza A viruses (FLUAV) are enveloped viruses with a genome composed of
8 single-stranded, negative-sensed RNA segments [1]. The virus has two major surface
glycoproteins: the hemagglutinin (HA) and the neuraminidase (NA) [1], and to date, 19
HA and 11 NA subtypes have been described [2, 3]. These proteins are the major
antigenic components of the virus envelope and elicit neutralizing antibodies [4]. Among
the subtypes, HIN1 and H3N2 viruses are currently circulating in humans [5], and H3N2
viruses accounted for 70% of the total reported FLUAV cases of the 2022-2023 influenza
season in North America [6]. One of the major challenges controlling FLUAV is the
virus’s rapid evolution due to two main mechanisms: antigenic shift and antigenic drift
[7]. Antigenic shift is the exchange of the HA (and sometimes NA) genes between two
strains infecting the same host, with the potential to generate new strains to which the
population does not have immunity [8]. Genetic drift is the slow accumulation of
mutations in the surface proteins (mainly HA) that randomly appear during FLUAV
replication due to the lack of a proofreading mechanism of the viral RNA-dependent
RNA polymerase [9]. Some of these mutations that arise provide a fitness benefit to the
virus through antibody escape, and this may lead to a process known as antigenic drift.
Similarly, the viral RNA polymerase can also introduce mutations in the colloquially
named “internal genes,” which have been associated with interspecies transmission and

adaptation [10].



The natural hosts of FLUAV are aquatic birds, mainly of the genus Anseriformes and
Charadriiformes, including ducks, geese, gulls, and swans, among others [11]. However,
numerous reports have shown that FLUAV can infect various animals, including bats,
dogs, horses, chickens, and pigs [12]. Pigs are considered a “mixing vessel” host because
they can be infected with avian, human, and swine FLUAV [13-15], which can promote
the emergence of novel FLUAV with zoonotic and pandemic potential, as occurred with
the pandemic HINT1 virus in 2009 [16]. Nonetheless, human-to-swine transmission events
are more common than zoonotic infections [17, 18]. Despite some of these human-origin
viruses becoming established in swine and contributing to the diversity of viruses
circulating in pigs globally, little is known about the biological processes driving human-
to-swine adaptation of FLUAV.

Hemagglutinin has been considered one of the most important factors driving
interspecies transmission of FLUAV [19]. This glycoprotein is found as a homotrimer on
the virus surface, and each monomer possesses a receptor-binding site (RBS) [20]. HA
recognizes specific glycans that share the main feature of having a terminal galactose
bound to sialic acid (SA) [20], except H17, H18, and H19 subtypes that recognize the
major histocompatibility complex (MHC) class II instead [21, 22]. Generally, FLUAV
recognizes N-acetylneuraminic acid (NeuS5Ac) linked to galactose by 02,3 or 02,6
linkages [23]. The SA linkage is a critical host determinant since avian FLUAV
preferentially binds to 02,3-linked SA, whereas mammalian isolates bind to 02,6-linked
receptors [24]. Humans and swine have a similar distribution of SA in the respiratory
tract [18], showing predominantly a2,6-SA in the upper respiratory tract, and a2,3-linked

SA receptors increase in quantity towards the lower respiratory tract [25]. Several point



mutations in the HA RBS have been described to modulate the receptor preference of the
virus [26]. Recently, the A138S (H3 numbering) mutation near the RBS was associated
with increased binding and viral replication in swine tracheal cells in vitro of a human-
origin virus [27], supporting the role of the HA as a key factor modulating infection of
pigs with human FLUAV.

More attention has recently been given to the fact that the SA glycosidic linkage
may not be the only factor restricting the FLUAV binding [28]. SA is commonly present
as complex carbohydrate molecules bound to proteins or lipids on the cell surface, and
glycome studies have described that Neu5Ac can be linked to glycans of different lengths
on the plasma membrane. Interestingly, avian FLUAV seems to have a higher affinity for
short carbohydrate chains when compared to human FLUAYV [29], suggesting that the
molecule to which the SA is linked also contributes to FLUAV host specificity. Similarly,
the glycan topology also plays a role in the FLUAV host range. The a2,3-linked SA
adopts a cone-like structure, while a2,6-linked SA is found in a cone-like and an
umbrella-like structure. These structural differences require the interaction of different
amino acids in the HA RBS with the sialic acid molecule, and this differential interaction
has been proposed as an explanation of the preference shift between a2,3/02,6 induced by
the E190 and Q226 mutations in the RBS [28].

NA is the second most abundant surface protein in the FLUAV viral particle [30].
This enzyme antagonizes HA and plays a critical role during the FLUAV replication cycle
by cleaving SA from the cell surface to allow the new viral progeny to be released [30].
Because of their opposite but complementary roles, a functional balance between HA

avidity and NA activity is required for a successful infection [31, 32]. The HA/NA



balance has been shown to be important in interspecies transmission of FLUAV. For
example, the pandemic HIN1 virus from 2009 that jumped to humans from swine had
low HA avidity and NA hydrolase activity, contrasting the swine precursor that exhibited
high HA avidity and low NA activity [33]. More generally, low NA activity seems to be
common in swine HIN1 FLUAV. Previous studies reported that viruses exhibiting almost
undetectable NA activity are not inhibited by swine mucus but by human mucus and are
not transmissible in ferrets [34], which supports the role of NA in the host range of
FLUAV. Recently, a study demonstrated that calcium plays a critical role in NA evolution
and adaptation since mutations in the low-affinity calcium-binding pocket of the NA
modify the calcium requirements for optimal replication, viral particle release, and NA
activity of the pandemic 2009 HINT1 virus (pHINT1) [35]. This is particularly important
since this study also pointed out that NA could form heterotetramers with subunits
carrying stabilizing and destabilizing mutations, which provides an additional mechanism
to regulate NA activity and modify the HA/NA balance [35].

Besides the surface proteins, the polymerase complex is also a key determinant of
FLUAV host specificity [36]. This complex is a heterotrimer formed by PB2, PB1, and
PA that acts as an RNA-dependent RNA polymerase [37]. PBI is the most conserved
subunit and displays RNA-dependent RNA polymerase activity [38]. The PB2 subunit
recognizes the cap structure of cellular mRNAs that will be further used in viral mRNAs
in a process known as cap-snatching [39], and PA exhibits endonuclease activity, which is
responsible for the cap cleavage from cellular mRNAs [40]. Temperature has been shown
to modulate FLUAYV replication by impacting different steps of the virus’ replication

cycle. The polymerase complex shows no activity at high temperatures, most likely due



to the inability of the complex to bind the promoter, and this effect has been linked to
host range restriction [41]. Avian FLUAV usually infects the respiratory and
gastrointestinal (GI) tract of birds [42]. The temperature of the lower respiratory tract and
the GI tract of birds is approximately 41°C [43], which contrasts with the human upper
respiratory tract in which the temperature is 33°C and increases to 37°C in the lower
respiratory tract [44]. This temperature difference between humans and birds is a host
barrier that viruses must overcome for interspecies transmission. To overcome this
barrier, the polymerase complex must acquire adaptative mutations in key residues, such
as residue 627 in the PB2 protein. Residue 627 of avian viruses is usually glutamic acid
(Glu, E) [45], and the introduction of lysin (Lys, L) at position 627 allows replication and
transmission in mammals due to enhanced polymerase activity at lower temperatures
[46]. Similarly, introducing PB2 R714 and PA R615 in an avian FLUAV enhances
polymerase activity and pathogenicity in mice and ferrets [47, 48]. Pigs have a slightly
higher temperature than humans in the lower respiratory tract (39°C) [18], and this seems
to allow viruses carrying the avian signature E627 in the PB2 to replicate in pigs.
However, other compensatory mutations might also be required for optimal virus
replication and transmission in pigs [49, 50].

Upon FLUAV infection, several viral components not found in host cells, termed
pathogen-associated molecular patterns (PAMPs), trigger an immune response aiming to
clear the infection [51]. The innate immune response is the first line of defense and is
characterized by being rapid and nonspecific [52]. Once FLUAV enters a cell, the pattern-
recognition receptors (PRRs), including the retinoic acid-inducible gene-I protein (RIG-I)

and some Toll-like receptors (TLR), recognize PAMPS such as the FLUAV genome [53]



and induce an antiviral state in the infected cell. This response is characterized by the
activation of different interferon regulatory factors (IRFs) and NF-kB [51], ultimately
leading to multiple immune-related genes’ expression. To overcome the host antiviral
response, FLUAV has developed several mechanisms to prevent the expression of
antiviral proteins. The non-structural protein 1 (NS1) is a small protein with multiple
domains and functions and has been described to interact with more than 252 different
cellular proteins [54]. Noteworthy, NS1 can block interferon (IFN) production by
multiple mechanisms, such as by sequestering double-stranded RNA and inhibiting the
protein kinase R (PKR), which is crucial in the RIG-I signaling pathway [55], and
therefore preventing RIG-I recognition [56] and the export of mature cellular mRNAs
from the nucleus [57]. Some of these mechanisms have been shown to be host-specific
and might restrict the FLUAV host range [58]. For example, avian-origin but not human-
origin NS1 can bind through a C-terminal PDZ-binding domain to different host’s PDZ-
containing proteins [59]. By binding to PDZ-containing proteins, the virus prevents
apoptosis of the infected cell [60] and enhances virus replication. Ultimately, all the
signaling pathways activated after FLUAV recognition in the infected cell will lead to the
transcription of various pro-inflammatory cytokines and interferon-stimulated genes. The
secretion of these cytokines will recruit different immune cells to the site of infection,
such as dendritic cells, neutrophils, and alveolar macrophages [61, 62].

Alveolar macrophages (AMs) are the most abundant immune cells in the lungs
and account for up to 98% of cells in bronchoalveolar lavage fluid in pigs [63]. AMs
contribute to the first line of defense against respiratory pathogens and are essential in

developing innate and adaptative immune responses during FLUAV infection. Previous



reports showed that they play a critical role in controlling FLUAV infection via producing
type I interferons and other pro-inflammatory cytokines such as TNF-a, IL-6, and IL-10,
together with their intrinsic phagocytic activity [64, 65]. Moreover, AMs play a
significant role in building antibody-mediated protection against FLUAV and inducing
and regulating the primary anti-FLUAV cytotoxic T-cell response [66, 67]. AM-depleted
mice infected with FLUAV have higher lung replication, overexpression of pro-
inflammatory cytokines, increased tissue damage, and higher mortality, underscoring that
AMs are imperative for combatting FLUAV infection [68-70]. While AMs are essential
for the anti-influenza immune response, they have been previously reported to be
susceptible to FLUAV infection with contradictory results [71, 72]. Numerous FLUAV
HA subtypes show limited virus replication within these cells except for a subset of
highly pathogenic and low pathogenic HS viruses that efficiently replicate in swine, mice,
and human AMs [72-75]. Nonetheless, H3 and H1 viruses have also been described to
infect mice AMs [76]. Previous literature suggests that FLUAV infection of AMs induces
death by apoptosis [21] and impairs the immune activity of AMs via PPARg repression
[77, 78]. This transcription factor regulates AMs activity and is activated after GM-CSF
stimulation [79, 80]. GM-CSF and PPARg have also been described as the main factors
promoting monocyte differentiation into AMs and their proliferation [81, 82]. However,
the effect, if any, of FLUAV infection of AMs on virus tropism and host range is still
unknown [83].

One of the most established strategies to control FLUAV viruses is vaccination.
Vaccination is a common practice in swine herds, mainly focused on sows and piglets,

and it has been shown to reduce clinical signs and spread of the virus [84]. Inactivated



vaccines are the most commonly used vaccines in pigs and stimulate IgG production
against HA and, to a lesser extent, against NA [85]; however, unless the field strain is an
exact match of the vaccine strain, they do not offer sterilizing protection, and the virus is
still able to replicate at reduced levels in the infected animal. This replication window
may allow the virus to evolve with some mutations in the surface proteins that allow
escape from the antibodies induced by the vaccine [86]. These viruses, referred to as
“escape mutants,” can transmit among the population even in vaccinated individuals. This
process seems to be stochastic, and previous literature suggests that when pigs are
infected with either swine HIN1 or H3N2 strains, the virus is under positive selection in
vaccinated animals and that the majority of the changes occur in the RBS, the stalk
domain, and the fusion peptide of the HA [87, 88]. Conversely, the NA seems to only
accumulate mutations in the head domain [87]. Nonetheless, it is still unknown if
previous non or low cross-reactive immunity can affect the adaptation of human viruses

to the swine host.

Research objectives and aims.

The goal of this project is to understand the host and viral factors limiting FLUAV
interspecies transmission between humans and pigs. This project is based on a sustained
transmission model in swine of a human-origin H3N2 virus carrying the A138S mutation
since it shows enhanced affinity for swine cells in vitro. Using this model, viruses will be
passaged in vivo in multiple transmission events to allow evolution. Any detected viral
mutations will be characterized in vivo and in vitro to understand the impact of any fixed

mutations in the viral proteins that might be required for successful infection and to



define potential adaptation mechanisms. This includes the host’s immune response,

receptor specificity, and the HA/NA balance.

Specific Aim 1: 7o analyze the effect of the A138S mutation in the HA gene of a human-

origin H3N2 in the adaptation to the swine host in vivo.

L.

II.

I1I.

Compare virus distribution in the lower respiratory tract of hVIC/11-,
hVIC/11A1385. and sOH/04-infected pigs.

Evaluate the immune response triggered by each virus in different lung
anatomical sections.

Compare the abundance of immune cell populations recruited to different
lung anatomical sections of hVIC/11-, hVIC/1141385- and sOH/04-

infected pigs.

Specific Aim 2: 7o understand the HA and NA evolutionary constraints limiting human

FLUAV infection and transmission in pigs.

II.

I1I.

Set up an in vivo sustained transmission model of FLUAV in pigs.

Evaluate the molecular evolution of hVIC/1141385 and sOH/04 in vivo
during four rounds of transmission by sequencing of the HA and NA

segments from nasal swabs and BALF samples using the MiSeq platform.

Characterize the viral variants identified using in vitro assays.

Specific Aim 3: 7o analyze the effect of previous immunity on virus evolution and

adaptation of a human-origin H3N2 virus in a sustained transmission model in pigs.



II.

Characterize hVIC/114135 evolution after infection of previously
vaccinated pigs in a sustained transmission model by sequencing nasal
swabs and BALF samples using the MiSeq platform.

Evaluate the antigenicity and replication, and other viral properties of the variants

identified in the previous objective.
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CHAPTER 2
LITERATURE REVIEW
Influenza viruses.

Influenza viruses belong to the Orthomyxoviridae family, which consist of nine
genera including Alphainfluenzavirus, Betainfluenzavirus, Gammainfluenzavirus,
Deltainfluenzavirus, and Isavirus among others. These are classified serologically
according to their reactivity against the nucleoprotein and the matrix protein [89].
Influenza A, B, and C have been reported to infect humans [90-92] while Influenza D
have only been reported in cattle and pigs [93]. Contrary to influenza B, C, and D, which
show restricted host range, influenza A viruses (FLUAV) have a wide host range and can
infect different animals, including chickens, dogs, horses, whales, bats, pigs, and humans
[12]. The FLUAV natural host is considered to be aquatic birds of the genus Anseriformes
and Charadriiformes, which includes ducks, geese, gulls, and swans [11, 94], and other
animals are considered secondary hosts. FLUAV can be further classified based on the
cross-reactivity of the surface proteins hemagglutinin (HA) and neuraminidase (NA), and
to date 19 different HA and 11 NA subtypes have been described [2]. Among these,
H3N2 and HINI1 subtypes currently circulate in humans [95, 96] with varied prevalence
depending on the season: e.g., H3N2 was the most prevalent subtype reported during the
2022-2023 flu season in North America [97, 98]. FLUAV is the only influenza subtype
known to cause pandemics such as the 1918 HIN1, 1957 H2N2, 1968 H3N2, and the
2009 HIN1 (pHINT1) [99] because of its intrinsic ability to mutate and escape immunity

which favors transmission.
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Virus structure.

FLUAV viral particles are enveloped and pleomorphic, with both spherical and
filamentous particles being described [100]. Spherical virions normally are 100 nm in
diameter while filamentous are up to 5 mm in length [101]. Filamentous particles seem to
be selected in vivo as they are frequently found in human clinical samples [102] and some
reports have suggested a role of the host in the selection of a particular shape [103].
However, it is widely accepted that point mutations in the matrix gene affect the virion
structure but it is still unclear how this process takes place [104].

FLUAV has a segmented genome, comprising 8 single-stranded, negative-sensed,
RNA segments that encode at least 11 proteins (Table 2.1) [105]. Segments 1, 2, and 3
encode the viral RNA-dependent RNA polymerase (RdRp) subunits polymerase basic 2
(PB2), polymerase basic 1 (PB1), and polymerase acidic (PA), respectively [106, 107].
PB1 possesses the conserved viral RNA-dependent RNA polymerases motifs such as pre-
A motif and motifs A to E which can be further divided in the subdomains known as the
palm, thumbs, and fingers together with a magnesium-binding pocket that modulates
nucleotide addition to the nascent viral RNA (VRNA) [108]. Additionally, the PB1
segment also encodes a short protein PB1-F2. This protein has been shown to enhance
FLUAYV pathogenicity by promoting polymerase activity and inducing apoptosis [109].
Additionally, a third protein named PB1-N40 has been found to be encoded in the PB1
segment [110]. Although the function of this protein remains to be elucidated, it has been
proposed that it might act in conjunction with PB1-F2 [111]. PB2 possess a cap-binding
domain [112] that participates in the synthesis of viral mRNA by binding the cap of

cellular RNAs that are further cleaved by PA and added to the new viral mRNA [40].
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Moreover, PB2 has been shown to interfere with the JAK/STAT signaling thus preventing
interferon expression and suppressing the cellular immune response [113]. In addition to
PB2, a small peptide denominated PB2-S1 was described to be encoded in a novel
spliced mRNA [114]. This peptide was shown to interfere with RIG-I signaling;
therefore, preventing interferon expression [115]. Similarly, a frame shift during
translation of the PA segment allows the synthesis of the PA-X peptide which has been
shown to repress the host’s immune response by preventing expression of critical anti-
FLUAV genes [116]. The polymerase complex (PB1, PB2, and PA) in association with
each VRNA wrapped around with multiple copies of the viral nucleoprotein (NP) encoded
in segment 5 [117], form the viral ribonucleoprotein complex (VRNP), which are
considered the minimal infectious unit of FLUAV [118]. Segment 4 encodes the viral
hemagglutinin (HA) which together with the neuraminidase (NA) protein encoded in
segment 6 are the two surface glycoproteins of the viral particle [119] and trigger the
majority of the antibody response against the virus [120]. The HA main function is to
recognize the cellular receptor sialic acid [121] or the Major Histocompatibility 11
complex (MHCII) [22, 122] on the cell surface to promote entry into the target cell.
Additionally, a fusion peptide in the HA is exposed under low pH in endosomes to
promote release of the viral genome into the cytoplasm [123]. NA is the second most
abundant surface glycoprotein [124] and hydrolases sialic acid to promote budding of the
viral progeny [125]. Furthermore, NA activity has been associated with the ability of the
virus to move through the respiratory mucus by degrading and therefore preventing
binding to decoy receptors [126]. Development of new techniques such as surface

plasmon resonance and biolayer interferometry have demonstrated that a functional
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balance between HA avidity and NA activity is critical for successful infection by

preserving virus motility [127].

Table 2.1 FLUAYV segments, proteins encoded, and function.

Segment Size Protein encoded Function
PB2 Cap-binding
1 2341 IFN suppression
PB2-S1 IFN suppression
PB1 Viral polymerase
2 2341 PB1-F2 Apoptosis modulation
PB1-N40 Unknown
3 733 PA Endonucle?se
PA-X Host gene expression shutoff
Sialic acid and/or MHCII
4 1778-1728 HA binding
Membrane fusion
5 1565 NP VRNA binding protein
6 1470-1453 NA Sialic acid hydrolysis
Ml Capsid protein
! 1027 M2 Proton channel
2 290 NS1 Interferon antagonist
NS2 VRNA nuclear export

Segment 7 encodes two structural proteins: M1 and M2 [128]. M1 is the capsid

protein and coats the inner part of the viral particle enclosing the viral genome [129].

Similarly, M2 can be found in the viral capsid and acts a proton channel that allows

acidification of the viral particle in the endosomes during the early stages of infection

[130]. Lastly, segment 8 codes for two proteins: the non-structural protein 1 (NS1) and

the non-structural protein 2 (NS2) [131]. NS1 is a small peptide that has been shown to

be critical for FLUAV successful infection as it is a potent interferon repressor [132];

therefore, it downregulates and suppresses the host’s immune response during infection
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[133]. NS2, also named nuclear export protein (NEP), promotes the export of newly
synthetized vVRNPs from the nucleus to the cytoplasm to be packed in new viral particles

[134]

Replication cycle.

The replication cycle begins when the HA recognizes sialic acid on the surface of
the target cells [135]. This process induces endocytosis to allow entry of FLUAV into the
cell [136]. Sialic acid itself is not able to induce endocytosis, therefore it has been
proposed that it acts as a primary anchor for the virus to then activate a secondary
receptor with the ability to induce the required endocytic pathways [137]. This hypothesis
has been supported by the discovery that the epidermal growth factor receptor (EGFR)
and some calcium-dependent voltage channels interact directly with FLUAV in a sialic-
acid dependent fashion during the early stages of infection to promote uptake of the virus
[138, 139].

FLUAYV induces two main mechanisms for entry: clathrin-mediated endocytosis
(CME) and macropinocytosis [140]. These two mechanisms are triggered simultaneously
by the virus. It is believed that since CME induces the formation of small endosomes
(»150 nm in diameter) [141], which allows the entry of spherical viral particles (»120 nm
in diameter), macropinocytosis is mainly exploited by filamentous particles [140], as
macropinosomes can vary in size from 200 nm to 5 mm in length [142]. Both routes
participate in the endosome maturation process and lead to the formation of a late
endosome [143]. The lower pH of late endosomes induces a conformational change in the

M2 proton channels that allows an influx of protons inside the viral particle [144].
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Further acidification of the viral particle destabilizes the M1 matrix and frees the vVRNPs
from its interaction with M1 [145]. Simultaneously the HA undergoes a conformational
change that culminates with the exposure of the fusion peptide that promotes the fusion
of the viral and the endosome membranes [146]. At the end of this process, the vVRNPs
are released to the cytoplasm and trafficked into the nucleus due to nuclear localization
sequences found in NP [147].

In the nucleus, the viral polymerase begins the transcription of the viral genome
[148]. FLUAV mRNAs presents structural similarities to cellular mRNAs and are capped
and polyadenylated [149], although these modifications are not introduced using the
regular cellular machinery. As the viral polymerase cannot cap the viral mRNAs in a
traditional manner, this process takes place via “cap snatching” [40]. The PB2 subunit
recognizes the cap structure of cellular mRNAs [150], which are cleaved by PA at 10-13
nt downstream the recognition site of PB2 [151]. These fragments are further used as a
primer for the transcription of viral mRNA [152]; therefore, generating capped mRNAs.
The viral mRNA polyadenylation occurs by introducing copies of the conserved U-
stretch found in the 5° end of the VRNA template [153]. Mature viral mRNAs are then
exported to the cytoplasm by the cellular machinery through the nuclear pore complex
[154]. In the cytoplasm, most of the viral mRNAs are translated by cytosolic ribosomes
except for the membrane-associated proteins of the virus (HA, NA, and M2), which are
translated by reticulum-associated ribosomes [155]. Newly synthetized proteins in the
reticulum are transported to the Golgi apparatus by anterograde transport in COPII-
coated vesicles, where they are glycosylated and then trafficked to the plasma membrane

[156]. The viral polymerase subunits and nucleoproteins return to the nucleus to assemble
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new VRNPs [157] that are then exported, in a process mediated by NS2 [158], and packed
into new viral particles.

FLUAV viral particle release process is still widely unknown and numerous
knowledge gaps are still to be filled. It is accepted that this process takes place in lipid
rafts domains which are characterized by a high cholesterol and sphingolipids content
[159, 160]. The HA and NA proteins are intrinsically associated in lipid rafts [161] and
mutations in the HA transmembrane domain that direct lipid raft association have been
shown to attenuate FLUAYV replication [162]. Contrary to HA and NA, M1 does not have
a transmembrane domain that direct the protein to the plasma membrane, instead it has
been hypothesized that M1 is recruited to the budding site by recognizing the
cytoplasmatic tail of either HA or NA [163] combined with a strong interaction with M2
[164]. Once in the membrane, M1 interacts with the VRNPs via NP [165] to pack the viral
genome into new viral particle. Therefore, a scaffold protein that provides support to the
nascent virion and recruits the vVRNPs. Although the genome packaging mechanism
remains largely unknown it is widely accepted that a set of unique packaging signals in
each segment allow the recognition of individual segments to be packed via a complex
network of RNA-RNA interactions [166]. Finally, the nascent virion buds most likely by
the action of M2, which has been reported to be able to curve the plasma membrane at the
budding site upon recognition of cholesterol in the lipid raft by two cholesterol-
recognition sites in its cytoplasmatic tail [167]. Although this process is not well-
understood, evidence supports that recruitment of M2 to the site of budding by M1 starts
the process [101].. Finally, the nascent virion buds most likely by the action of M2,

which has been reported to be able to curve the plasma membrane at the budding site
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upon recognition of cholesterol in the lipid raft by two cholesterol-recognition sites in its
cytoplasmatic tail [167]. Although this process is not well-understood, evidence supports

that recruitment of M2 to the site of budding by M1 starts the process [101].

The surface glycoproteins

The HA protein is a homotrimer in which each monomer is present as two
subunits, HA1 and HA2, a result of the proteolytic processing of the HAO precursor
(Figure 2.1) [168, 169]. The sialic acid receptor binding site (RBS) can be found in the
HA1 domain [20]. Four residues located within this pocket are conserved among all sialic
acid-binding HAs HI1-H16 subtypes: Y98, W153, H183, and Y195 (H3 numbering) [20].
These residues contribute to sialic acid binding by directly stabilizing the SA moiety of
the glycan in the pocket [19]. Additional structural elements known as the 130-loop, 150-
loop, 190-helix, and 220-loop contribute to the structural integrity of the HA RBS and
participate in sialic acid binding [170]. Mammalian-adapted HAs normally bind to a2,6-
linked sialic acid while avian-origin HAs preferred a2,3-linked sialic acid. This binding
preference has been shown to be determined by a few amino acids in or near the RBS.
For instance, avian H1 exhibit a dual binding for a2,6- and a2,3-linked sialic acid, while
human-origin HI can only bind a2,6-linked sialic acid [171, 172]. This difference was
demonstrated to be caused by two amino acid substitutions: while E190 and G225 are

present in avian H1s, human isolates tend to have D190 and D225 [173].
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Figure 2.1 FLUAV HA trimer structure. Crystal structure of the A/Victoria/361/2011
HA trimer (PDB: 405N [174]) showing the HA1 (green) and HA2 (gold) subunits. The
sialic acid binding pocket can be found in the globular portion of the HA1. Residues Y98,
W153, Y183, and Y195 (purple) are highly conserved among all sialic acid-binding HA
subtypes (H1-H16). The sialic acid binding pocket is also formed by secondary structures

such as the 130-loop, 190-helix, and 220-loop that provide structural stability.
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Upon interaction with sialic acid, the virus is internalized via endocytosis or
macropinocytosis [ 140, 175, 176], and the endosome is subsequently acidified which
favors a conformational change in the HA protein [177]. This change exposes the
positively charged fusion peptide found in the HA2 in order to fuse the virus and the
endosomal membrane and release the FLUAV genome into the cytoplasm. This is a
multistep process than can be generally divided into three main steps. First, due to the
lower pH, the HA1 domain is protonated which lead to loss of intra and inter subunit
interactions that allow water molecules to interact with the B-loop of the HA2 N-
terminus [178]. Secondly, interaction of water with the B-loop of the HA2 triggers a
loop-to-helix conformational change that forms a superhelix with the three monomers
[179]. Lastly, the superhelix intermediate collapses and exposes the fusion peptide
towards the endosomal membrane for a subsequent refolding of the helix comprised
between residues 106-112 into a loop that juxtaposes the membranes allowing the
formation of the fusion pore [180].

The viral NA helps during the budding stage, favoring release of the viral progeny
from the infected cell, and also favors movement through the respiratory mucus by
preventing binding to decoy receptors along with allowing the virus to roll on the surface
of the target cell [32]. The NA is a homotetrameric type II transmembrane protein,
consisting of a catalytic head, a stalk, a transmembrane region and a cytoplasmic tail
domain [181]. Each NA monomer exhibits a catalytic pocket, but maximum catalytic
efficiency is only observed in its tetrameric form [182]. The catalytic site consists of an

inner shell formed by R118, D151, R152, R224, E276, R292, R372, and Y406 [183].
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These residues directly interact with sialic acid and are highly conserved across multiple
NA subtypes except for bat-derived NAs which seem to lack any enzymatic activity [184,
185]. Additionally, 10 other amino acids (E119, R156, W178, S179, D198, 1222, E227,
E277, N294, and E425) form an outer shell which does not directly interact with sialic
acid during the catalytic process [186], instead, they are believed to be important to
maintain the catalytic site structure [187]. The exact catalytic mechanism employed by
FLUAV NA remains to be elucidated as it seems to differ from reactions previously
described for NAs from other microorganisms. Nonetheless, studies have pointed out that
FLUAV NA-mediated SA hydrolysis occurs via a nucleophilic mechanism mediated by

Y406 to produce a planar, oxocarbonium ion intermediate [30].
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Figure 2.2 FLUAV NA tetramer structure. Crystal structure of the A/Tanzania/205/2010 NA tetramer (PDB: 4GZO [188]). Most NA
subtypes possess at least a high-affinity calcium-binding pocket located in the catalytic site of each monomer. Some subtypes,
including N1s and N2s can also bind a second calcium ion (red) in the symmetry axis of the tetramer known as the low-affinity
calcium-binding pocket. Each monomer has a catalytic site and the catalytic residues (R118, D151, R152, R224, E276, R292, R372,

and Y4006) are highly conserved among all NA subtypes.
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Calcium is a cofactor in the NA-mediated SA hydrolysis and most NA subtypes
have a high-affinity calcium-binding pocket [189]. This pocket is formed by D293, G297,
G345, D324, and N347 located within the catalytic site [190] and calcium binding here is
believed to reposition the catalytic residues to allow proper SA binding [191]. The
catalytic residues are highly conserved among different subtypes highlighting that
FLUAYV does not seem to accrue mutations in the catalytic pocket that modify the NA
activity [30]. Additionally, some subtypes possess a low-affinity calcium-binding pocket
in the fourfold symmetry axis of the tetramer [192]. Crystal structure analysis of the
pHINI NI revealed that the low-affinity calcium-binding pocket is formed by K111,
D113, and most importantly Y170 [35]. Coordination of calcium in the symmetry axis of
N1s has been demonstrated to stabilize the tetramer and promote thermal stability and
indirectly enhances NA enzymatic activity since it is highly dependent on the tetramer
stability [193]. This evidence suggests that mechanisms such as modulation of calcium
binding in the NA calcium-binding pocket might serve as strategies used by FLUAV to

regulate NA activity and restore the HA/NA balance whenever disrupted.

Factors limiting interspecies transmission of FLUAV.

FLUAV exhibits a wide host range including humans, poultry, cattle, equine,
seals, bats, among others [194], however, FLUAV natural host are considered to be
aquatic birds [195]. FLUAV interspecies transmission is frequent but subsequent
persistence in the new host requires successful adaptation of the virus, which frequently
involves changes in the receptor specificity of the virus [196]. N-acetylneuraminic acid

linked with a a2,3 conformation to a terminal galactose molecule (Galp(1,4)Glc/ GlcNAc,
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Neu5Ac) are abundant in the gastrointestinal and respiratory tracts of birds and, therefore,
avian-adapted viruses have a preference for these types of receptors [197]. Conversely,
mammalian-adapted viruses mostly bind a2,6 SA [198] since these glycans are more
abundant in the upper respiratory tract of mammals. However, it has been recently shown
that N-acetylneuraminic acid is not the only glycoside recognized by FLUAV. Studies
with highly pathogenic HS viruses have demonstrated that HSs can bind to N-
acetylgalactosamine in the form of sialilated or non-sialilated Galb(1,3)GalNac instead of
sialilated GalP(1,4)Glc/GlcNAc [199]. Additionally equine-adapted H7N7 and H3N8
viruses preferably bind N-glycolylneuraminic acid (Neu5Gc) instead of NeuSAc [200]
suggesting that viruses must recognize host-specific glycans in order to transmit in a new
host. Therefore, mutations affecting the binding preference of the HA to different sialic
acids can modulate the host range of the viruses [24]. The ability of FLUAV to infect a
new host does not only rely on the ability to bind to certain sialic acid conformations, but
also on the pH stability of the HA trimer. This has been experimentally demonstrated in
multiple reports, especially in the adaptation process of avian-origin FLUAV to pigs.
Residues 205 and 72 have been shown to play a pivotal role in the HA trimer stability as
they form intermonomer interactions [201], and mutation of either amino acid results in
changes in the pH stability of the HA; therefore modulating the pH threshold required to
induce fusion [202]. Moreover, the HA acid stability has been linked with the pandemic
potential of the pHIN1 virus [203]. The swine precursor exhibited relatively high pH of
activation (5.5-6.0) that steadily decreased until 2009 (5.5) [12, 203, 204], and kept
decreasing in the human population to finally stabilize at a pH of 5.2 [203]. This suggests

that even though similar, adaptation of swine-origin viruses to humans might require
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changes in the acid stability of the HA. In addition to the HA, the NA protein also plays a
role during adaptation; however, its role has been understudied. The FLUAV NA is an
enzyme that exhibits sialidase activity and its main role during infection is to allow virus
movement throughout the respiratory mucus and assist newly synthetized viral particles
release after budding [126, 205]. Because of its opposite role to HA, a functional balance
between HA avidity and NA activity must be maintained in order to produce a successful
infection [31], and, hence, its role in affecting host range may be associated with the
maintaining the HA balance.

Besides the sialic acid preference of the viruses, the polymerase complex (PB1,
PB2, and PA) also seems to play a major role during adaptation to a new host [36].
Humans have a temperature of 33°C in the upper respiratory tract and 37°C in the lower
respiratory tract [206]; therefore, human-adapted viruses must be able to replicate and
transcribe their genome at those temperatures. Conversely, FLUAV normally replicates in
the GI tract of birds in which the temperature is slightly higher than in humans (41°C)
[207]. This temperature difference can limit the replication of human viruses in birds and
vice versa. This occurs because the polymerase complex of different FLUAVSs display
different temperatures at which the polymerase activity is optimal (normally 37°C for
mammalian viruses and 41°C for avian viruses), which limits the hosts that a particular
virus can infect [208]. This seems to be the consequence of alteration in the interaction
between the polymerase complex with the vVRNA, which ultimately inhibits both
replication and transcription of the viral genome [41]. Additionally, the vVRNA can adopt

different secondary and tertiary structures depending on the temperature, which is mainly
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modulated by the nucleotide composition of each individual segment. These VRNA
structures can also inhibit the viral polymerase activity [209, 210].

In order to limit viral infections, organisms have developed multiple strategies to
prevent replication of the invading pathogen. For example, Toll-like receptors (TLR) in
the cytoplasm can sense the presence of different pathogen associated molecular patters
(PAMPs), such as double-stranded RNA, which is not found in healthy cells [211].
Recognition of the FLUAV genome by TLRs triggers the innate response, which is
mainly driven by interferon type I, II, and III (IFN) production [212, 213]. Studies have
shown that IFN-g exerts a potent anti-FLUAV activity [214]. The protection mediated by
IFN-g is achieved when the cell enters an “antiviral state” characterized by the activation
of multiple interferon-stimulated genes (ISGs) [215]. For example, ISG15 has been
shown to be covalently attached to NS1 [216]; therefore, preventing the innate immune
response shutdown mediated by this protein. Another well-studied ISG is the Mx protein,
which inhibits FLUAV replication by selectively preventing FLUAV vRNPs trafficking
into the nucleus by binding to NP [217, 218]. Because the specificity of Mx for FLUAV
is determined by only a few amino acids, the effectiveness of Mx-mediated FLUAV
inhibition can vary among species [219]. Acquisition of mutations in the NP gene can
help FLUAV to escape the Mx barrier; however, this significantly affects FLUAV growth
in both avian and human cells [220]. Besides ISGs induction, IFN-g can also prevent
FLUAV entry into surrounding cells in vitro by reducing the a2,3 and a2,6 SA clusters
sizes on the plasma membrane without affecting the sialic acid density [221].

To prevent cells entering an antiviral state, FLUAV has developed several

strategies through evolutionary time. NS1 is the main viral protein repressing the host’s
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immune response [222]. This protein has been shown to repress IFN at the pre- and post-
transcriptional level. NS1 can directly bind to the retinoic acid-inducible gene-I (RIG-I),
which is normally found in the cytoplasm, and upon activation induces the expression of
IFN-b [223]. By sequestering RIG-1, NS1 not only prevents IFN expression but also
prevents recognition of the viral genome. Alternatively, the C-terminal domain of the
NS1 protein has been shown to interact with some nuclear proteins that participate in the
mRNA maturation process, such as the cleavage and polyadenylation specific factor
(CPSF) and the poly(A)-binding protein IT (PABII) [224]. By targeting these factors,
FLUAV blocks the export of mature cellular mRNAs and, therefore, prevents IFN
expression at the post-transcriptional level [225]. Interestingly, some of these processes
seem to be host specific as NS1 can interact with cellular factors through a PDZ-binding
motif [226]. This interaction leads the cell to an anti-apoptotic state, which ultimately
favors FLUAV replication. Nonetheless, this has only been observed in avian isolates [60,
227]. In addition to NS1, NS2/NEP can also directly interact with PB1 and PB2, which
enhances the polymerase activity [228]. This has been demonstrated to be critical for
efficient replication of HSN1viruses in mammalian cells without the need of any
mammalian-adaptative mutations in the polymerase complex [229]. It is believed that the
polymerase enhancement is the result of a stabilization of the cRNA molecules that

indirectly favor the synthesis of new vVRNA copies [229].

The human-swine interface.

Human FLUAYV has been introduced to pigs multiple times giving rise to distinct

phylogenetic lineages (Figure 2.3). FLUAV was first detected in pigs in 1918 and
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retrospective studies confirmed that it was most likely the result of an introduction of the
human pandemic 1918 HIN1 virus [230]. This virus became established in the swine
population in the United States generating the classical HIN1 lineage (cH1NT1) that was
the most important lineage in circulation until the 1990s [230]. Similarly, in 1970 in
Taiwan was first detected a human H3N2 in pigs, similar to A/Hong Kong/1/1968 and
named as A/Hong Kong/01/1968-like [231]. Nonetheless, H3N2 viruses showed a low
prevalence (1.1%) in North America compared to HIN1 (51%) and were sporadically
detected in the United States without causing illness [232]. However, in 1998 a rare
FLUAV outbreak in North Carolina and followed by outbreaks in Minnesota, lowa, and
Texas occurred [233]. Sequencing of the outbreak isolates revealed it was a triple
reassortant (TRIG) H3N2 virus carrying segments from the cHIN1 lineage (NS, NP, and
M), human-seasonal H3N2 (PB1, HA, and NA), and avian-origin (PB2 and PA) [234].
These H3N2 TRIG viruses became endemic in the swine population, generating distinct
phylogenetic clades that were initially divied into four groups (C-I to C-III) [235]. Cluster
C-IIT was the most frequently detected and has continued to be detected at high levels in
swine. In the following years the TRIG constellation was also detected in HIN1 viruses
and became predominant in swine [236], as data suggested that these gene combinations
resulted in a virus that transmitted efficiently [27]. TRIG viruses were occasionally
detected in humans, but there were fewer than 30 zoonotic infections described between
1998-2010 [237], but limited to no human-to-human transmission was observed [238]. In
April 2009 an unusual HIN1 (pH1NT1) outbreak in humans was reported in Mexico [239]

and rapidly spread to North America and the rest of the world. Due to high human-to
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human transmission [240, 241] this swine-origin HIN1 was declared the first pandemic

of the 21 century .
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Figure 2.3 Evolution of FLUAYV in the swine population. Introduction of the Spanish
flu (HINT1) gave rise to the classical HIN1 lineage. This lineage circulated in pigs for
nearly 70 years until in 1998 it reassorted with a North American avian and a human
seasonal H3N2, which resulted in the triple reassortant backbone (TRIG). Further
reassortment of an Eurasian avian-like swine HIN1 with the TRIG backbone originated
the pandemic HINT1 virus in 2009. This pH1N1 was reintroduced to pigs becoming
endemic. Eventually the virus reassorted and gained TRIG genes and replaced the TRIG
M segment. Subsequently In the early 2010s a human seasonal H3N2 virus crossed to
pigs and initially reassorted with the pandemic HIN1-derived backbone. This H3 became
endemic in swine herds in North America and originated a new lineage known as 2010.1.
Eventually, the virus also gained TRIG internal genes. Similarly, during the 2016-2017
FLUAV season, another human-to-swine spillover occurred. This virus became endemic

in pigs and generated a new H3 lineage known as 2010.2.
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Further sequencing efforts showed the virus originated in pigs and was the result of
several reassortment events occurring in different swine FLUAV lineages for at least 10
years previous to the outbreak [16]. The pHIN1 was reintroduced multiple times back to
pigs due to human-to-swine spillovers in different countries [242]. Reintroduction of
pHINI allowed reassortment with endemic swine strains, and the virus appears to cause
mild illness in swine [243]. Eventually, this virus became established in the swine
population as a new lineage known as the HIN1-pandemic lineage, greatly increasing the
genetic diversity of FLUAV circulating in swine [242]. Notably, in 2012 a reassortant
H3N2 virus was reported circulating in swine heard in North America [244]. This virus
possessed human-origin H3 and N2 segments and internal genes from the pHIN1 virus
[245] which favored transmissibility among pigs and resulted in the establishment of a
new H3 HA lineage known as the 2010.1 lineage. In 2017, another human-to-swine
spillover resulted in another lineage that is now referred to as the 2010.2 H3 lineage; this
virus was found to have human-origin surface genes, internal genes derived from the
TRIG backbone, and the pandemic M segment [246]. Human H3N2 detection in swine
are frequently reported, being the most recent during the 2022-2023 FLUAV season
[247]. However, this virus was shown to cause mild disease and no transmission to
contact animals from experimentally inoculated pigs was observed [247]. These reports
highlight the relationship between human and swine FLUAV, and demonstrate that
human-to-swine spillovers are frequent. Transmission of human viruses to pigs has
contributed to the antigenic diversity of FLUAV in swine herds. Nonetheless, not all of
the introductions lead to the establishment of the virus in pigs, denoting that human

seasonal viruses are not efficient at transmitting in pigs, and there must be changes in the
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genome of the virus that support efficient infection and transmission in the new host.
Although major efforts have been performed to understand the barriers human viruses

must overcome to become adapted to pigs, important knowledge gaps remain to be filled.

Host barriers limiting human-origin FLUAYV infection of swine.

Pigs have been considered a “mixing vessel” host as they can be infected by
avian-, human-, and swine-adapted FLUAV due to the presence of both a2,3 and a2,6 SA
in their respiratory tract [25]. Coinfection of pigs with multiple subtypes can result in
reassortment, with the potential to generate novel FLUAVs with the ability to infect and
transmit among humans, as occurred with the pHINT1 virus in 2009 that quickly spread
worldwide [16, 248]. Nonetheless, zoonotic infections are rare and swine-origin viruses
normally do not persist in the human population [235, 249]. Contrary, reverse zoonotic
infections are more frequent and human viruses are commonly detected in swine herds
[246]. The introduction of human viruses to pigs has contributed to increasing the genetic
diversity of FLUAV circulating in pigs [250]. However, wholly human viruses replicate
and transmit poorly in swine [247] and the few that persist normally reassort shortly after
introduction and acquire swine-adapted internal genes [17, 251], allowing the continued
circulation of human-origin HA and NA segments, although with mutations, in swine to
continue the adaptation process. This was demonstrated with a human-seasonal H3N2
virus, in which the wholly human virus failed to infect and transmit in pigs, but the virus
carrying the same HA and NA in a swine-adapted backbone (PB2, PB1, PA, NP, NS, and
M) led to transmission and acquisition of HA mutations (A138S, V186G, and F193Y)

that increased affinity for swine cells in vitro [27]. Hence, initial reassortment with
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circulating swine-adapted FLUAV seems to be a first critical step in the adaptation of
human viruses to pigs, which then promotes acquisition of adaptative mutations in the
surface glycoproteins.

The molecular basis of the adaptation of human viruses to pigs are poorly
understood. The HA protein is the main determinant of the host range of FLUAYV, and
generally, interspecies transmission involves a switch in the receptor preference of the
virus, e.g.: recognition of a2,6 SA by avian viruses allows them to infect mammals [252].
However, both human and swine express mostly a2,6 SA in their upper respiratory tract
and similar receptor distribution overall [18]. Nonetheless, human FLUAV seems to not
bind efficiently to swine cells [27], suggesting that there are swine-specific a2,6 SA
conformations that are utilized by swine but not human viruses. Further, unlike other
mammals, humans cannot synthetize Neu5Gc due to a mutation in the gene coding for
the CMP N-acetyl neuraminic acid hydroxylase that inactivates the enzyme [253]. This
difference has been postulated as one of the determinants limiting human FLUAV
infection of pigs [254], a species that expresses NeuSGe. However, while some studies
found that swine viruses recognize both Neu5Ge and Neu5Ac and human FLUAV fail to
bind to Neu5Gc [254, 255], others have not found significant differences in the binding
preference for NeuSAc or Neu5Gce of swine and human viruses [256, 257]. Moreover,
swine H3N2 viruses were shown to recognize a2,6 SA with a higher affinity than human
H3N2, and affinity for this type of receptor seemed to increase with the level of
adaptation to pigs, suggesting that the strength of the interaction with a2,6 NeuSAc could
also play a role in this process [258]. Nonetheless, although SA distribution in the

respiratory tract of humans and pigs is overall similar, the abundance of each NeuSAc
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diverges. Swine have a higher density of a2,6 SA in the upper respiratory tract (nose and
trachea) and a2,3 abundance gradually increases towards the lower respiratory tract [25].
In contrast, humans mainly express a2,6 SA throughout the respiratory tract, and a2,3 SA
seems to be restricted to bronchi, and alveolar epithelial cells, and goblet cells to a lesser
extent [259]. This difference could potentially affect infection of human viruses through
the respiratory tract of pigs, restricting replication to specific sites such as the upper
respiratory tract.

Since human-origin HA seems to rapidly acquire mutations in the swine host, the
NA activity is likely to also be modified to maintain the HA/NA balance. However, it is
unclear if all mutation have a functional balance. Studies have shown that early isolates
of the pHINI1 virus detected in humans exhibited increased NA activity compared to a
swine-adapted precursor, but similar levels of a2,6 binding, suggesting the HA/NA
balance was disrupted upon jump to humans [33]. Interestingly, by restoring the HA/NA
balance, higher levels of droplet transmission were seen in ferrets, suggesting that a
functional balance does not only facilitate infection of a new host but can also affect
transmission of the virus [260]. Similar findings were observed in studies where
successful infection of pigs with human-adapted HA- and NA-bearing viruses results in
limited to no transmission in the swine host [258]. Despite the relevance of the HA/NA
balance, little is known about the molecular mechanisms employed by FLUAV to
modulate NA activity.

The temperature of the lower respiratory tract of pigs is slightly higher than that
of humans (39°C vs 37°C). Because of this difference, viruses jumping to pigs experience

a different local environment and different selective pressures; viruses that persist likely
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acquire mutations in the polymerase genes that facilitate proper replication and
transcription of the viral genome [261]. An alternate approach for a novel virus to persist
is via reassortment whereby human seasonal viruses, during coinfection with endemic
swine viruses, acquire swine-adapted polymerase genes [18]. There is evidence that the
majority of novel interspecies transmission events that result in persistent transmission in
the new hosts have acquired one or more genes through reassortment. Not only the
polymerase genes, but the NP segment seems to also play a role in adaptation to swine.
Recent surveillance in the United States has shown an increase for the detection of the NP
gene from the pandemic HINT lineage since 2019 [262], replacing the TRIG NP that
circulated in pigs for over 20 years [263]. This change was shown to increase
transmission among pigs, although this effect seems to be dependent on the HA gene
[263]. Similarly, the pHIN1 M segment demonstrated a “selective sweep” and replaced
the previously dominant TRIG M gene that was established in the swine population
[264]. This change was demonstrated to enhance be associated with virus morbidity and
mortality in mice by enhancing replication in the lungs and the lesions causes by FLUAV
[264]. Introduction of the pandemic M segment into a 7+1 human H3N?2 virus resulted in
enhanced shedding in pigs but no transmission, contrasting a wholly human virus which
failed to infect pigs [27], suggesting that the pandemic M gene confers a fitness

advantage in pigs.

Molecular evolution of human-origin HA and NA in the swine host

By the time most human-origin viruses are detected in swine, many mutations

have been acquired, particularly on the surface proteins, making these viruses quite
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different from precursor strains. However, the HA1 portions of the human-origin H3 HA
continue to evolve antigenically away from the seeding human seasonal lineages, with
recent phylogenetic analyses showing rapid evolution particularly after the pHIN1
reintroduction in swine [242]. For the strains in the 1990.4 lineage, this shift has been
linked to changes at positions 145, 155, 156, 158, 159, and 189 [265]. Mutations in at
least one of these positions were shown to decrease cross-reactivity and therefore could
have favored immune escape of FLUAV in pigs due to a reduced antibody recognition
[266]. Position 145 seemed to have a particular role in the antigenic evolution of these
viruses [266]. All these mutations fall within the HA RBS proximity, but little is known
about their impact on receptor binding. Interestingly, N145K was later shown to not
directly reduce antibody recognition [267]. Instead, acquisition of this mutation increased
receptor binding avidity which increased binding to red blood cells, consequently leading
to reduction of hemagglutinin inhibition (HI) titers [267, 268]. Further, residues 156 and
158 were associated with the replication phenotype of swine H3N2 viruses [269].
Particularly, K156 and G158 were identified in viruses exhibiting reduced antibody
recognition and greater replication capacity in MDCK cells than viruses carrying E156
and E158 [269]. Although no studies were performed regarding the sialic acid affinity of
the different mutants, it was hypothesized that they increased affinity for host-specific
sialic acid structures [269]. Substitution TI59N in addition to T155V and E190D were
shown to favor adaptation of avian-origin H3 to the swine host [24]. Viruses carrying
these adaptative mutations and swine-adapted internal genes showed efficient replication

in swine in vivo coupled with enhanced pig-to-pig and pig-to-ferret transmission [270].
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Two separate human-origin N2 introductions have been reported in U.S swine
herds in 1998 and 2002 [271]. These introductions gave rise to two different phylogenetic
clades of N2s currently circulating in swine which are antigenically distinct from human
N2s, although they were originated from a human precursor [271]. Specifically, changes
in positions 263, 265, 331, 332, 367, 369, 400, 401, 402, and 435 have been found to
account for these antigenic differences [271], none of which participate in the catalytic
process. However, temporal evolution of H3 and N2 genes in US swine population show
similar rates of evolution between the two proteins [272], suggesting that changes in one
protein imposes an evolutionary pressure in the other to evolve, possibly to maintain the
HA/NA balance. FLUAV NAs exhibit an overall higher substrate affinity for a2,3 SA
over a2,6 SA [273, 274], suggesting that adaptation of avian-origin viruses may involve a
switch in the NA substrate preference to enhance catalysis in presence of a2,6 SA [273].
However, mammalian viruses always retain the ability to degrade a2,3 SA in addition to
a2,6 SA. Nonetheless, since the NA catalytic site is not affected, it remains unclear how
FLUAYV modulates NA activity to restore the balance, as most changes observed in
human-origin N2s detected in swine seem to favor antigenic escape rather than modulate

NA enzymatic activity.

Effect of previous immunity on the evolutionary trajectory of FLUAV

Vaccination is the most effective measure against FLUAV in swine herds [275].
Although several vaccines are approved for use in swine, they do not offer sterilizing
protection and suboptimal protection against heterosubtypic infections has been reported

[276]. Contrary to the selection of human vaccine strains organized by the World Health
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Organization (WHO), there is not an established protocol in place to select FLUAV
strains to use in swine vaccines [275]. In the United States around 70% of the swine
population is vaccinated and the only licensed vaccines are inactivated and multivalent
(HIN1, H3N2, and/or HINT1) [277]. In recent years a new vaccine against H3N2 based
on non-replicative alphavirus particle was approve for animal use [278]. Nonetheless, in
North America, close to 50% of all vaccines used are inactivated, autogenous against
herd-specific viruses [277].

Whole inactivated vaccines (WIV) normally induce a strong antibody response
against the vaccine antigen. In the FLUAV context, they mainly target the HA, NA, M,
and NP proteins [279]. Nonetheless, the majority of the neutralizing antibodies target the
HA surface protein [280]. By binding to the HA, the antibodies prevent attachment to the
cellular receptor and thus preventing infection [281, 282]. Antibodies targeting NA
cannot prevent infection, but they can reduce the efficiency of new viral particles release
by inhibiting the sialidase activity of the NA [283]; however, anti-NA antibodies remain
largely understudied. As mentioned above, for the antibodies to work the best, the
vaccine strain must closely related match to the challenge virus. Since the H3s of human-
and swine-adapted viruses are antigenically distinct [244, 266], reports have shown that
vaccination of pigs can reduce but not prevent swine-to-human spillovers [284].
Similarly, studies have shown that ferret sera raised against swine H3N2 exhibit little to
no cross-reactivity with contemporary human vaccine strains or candidate vaccine viruses
[285] thus suggesting that human viruses could easily jump to pigs even if they were
vaccinated. This is further supported by a study presented by Zeller, et al. [285] in which

human-like H3N2 viruses detected in swine during the 2022-2023 FLUAYV season were
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antigenically distinct from circulating swine strains. This study highlights that human
viruses could have crossed to swine regardless of the vaccination status of the animal.
However, no studies have evaluated the effect of vaccination on the evolution trajectory
of human H3N2 viruses in immunized pigs.

Vaccination was shown to affect the evolutionary trajectory of swine HIN1 and
H3N2 viruses in pigs in previous studies. Since most changes were detected in the
surface proteins HA and NA, antibody escape seems to drive evolution of these viruses in
vaccinated animals [87]. The HA was shown to accumulate mutations in the head and the
stalk domains, while the NA exhibited most changes in the head domain [87]. However,
although these amino acid changes were hypothesized to prevented antibody recognition,
their real biological significance was not evaluated. Another study evaluated the
evolution of the Eurasian avian-like swine FLUAV in vaccinated and non-vaccinated
pigs, showing that the Eurasian viruses seem to acquire mutations more rapidly in
vaccinated compared to non-vaccinated animals [286]. Interestingly, the transmission
bottleneck was loose regardless of the vaccination status of the animals, most likely due
to the antigenic mismatch between the vaccine strain and the challenge virus used [286].
Although these previous findings suggest that vaccination increases the substitution rate
of FLUAV in the swine host, these studies were performed using endemic pig viruses.
Hence, the impact of vaccination in the inter- and intra-host evolutionary trajectory of

human viruses following spillover to pigs remains unknown.
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CHAPTER 3

AMINO ACID 138 IN THE HA OF A H3N2 SUBTYPE INLFUENZA A VIRUS
INCREASES AFFINITY FOR THE LOWER RESPIRATORY TRACT AND
ALVEOLAR MACROPHAGES IN PIGS

Matias Cardenas, Brittany Seibert, Brianna Cowan, Ana Luiza S. Fraiha, Silvia
Carnaccini, L. Claire Gay, Flavio Cargnin Faccin, C. Joaquin Caceres, Tavis K.
Anderson, Amy L. Vincent Baker, Daniel R. Perez and Daniela S. Rajao. (2024). PLoS
Pathogens 20(2). Reprinted here with permission of the publisher.
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Abstract

Influenza A virus (FLUAV) infects a wide range of hosts and human-to-swine
spillover events are frequently reported. However, only a few of these human viruses
have become established in pigs and the host barriers and molecular mechanisms driving
adaptation to the swine host remain poorly understood. We previously found that
infection of pigs with a 2:6 reassortant virus (hVIC/11) containing the hemagglutinin
(HA) and neuraminidase (NA) gene segments from the human strain A/Victoria/361/2011
(H3N2) and internal gene segments of an endemic swine strain (SOH/04) resulted in a
fixed amino acid substitution in the HA (A138S, mature H3 HA numbering). Further
analysis revealed that 138S has become predominant among swine H3N2 viruses,
contrasting with human isolates where A138 is prevalent. To understand the role of the
HA A138S substitution in the adaptation of a human-origin FLUAV HA to swine, we
infected pigs with the hVIC/114138 mutant and analyzed pathogenesis and transmission
compared to hVIC/11 and sOH/04. Our results showed that the hVIC/1141385 virus had an
intermediary pathogenesis between hVIC/11 and sOH/04. The hVIC/1141385 infected the
upper respiratory tract, right caudal, and both cranial lobes while hVIC/11 was only
detected in nose and trachea samples. Viruses induced a distinct expression pattern of
various pro-inflammatory cytokines such as IL-8, TNF-a, and IFN-b. Flow cytometric
analysis of lung samples revealed a significant reduction of porcine alveolar macrophages
(PAMSs) in hVIC/114138.infected pigs compared to sOH/04 while a MHCII'®¥CD163"¢
population was increased. The hVIC/1141385 showed a higher affinity for PAMs than
hVIC/11, noted as an increase of infected PAMs in bronchoalveolar lavage fluid (BALF),
and showed no differences in the percentage of HA-positive PAMs compared to sOH/04.

This increased infection of PAMs led to an overexpression of granulocyte-monocyte
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colony-stimulating factor (GM-CSF) stimulation but a reduced expression of peroxisome
proliferator-activated receptor gamma (PPARg) in the sOH/04-infected group. Analysis
using the PAM cell line 3D4/21 revealed that the A138S substitution improved
replication and apoptosis induction in this cell type compared to hVIC/11 but at lower
levels than sOH/04. Overall, our study indicates that adaptation of human viruses to the
swine host involves an increased affinity for the lower respiratory tract and alveolar

macrophages.
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Introduction

Influenza A viruses infect various animals, including birds, pigs, and humans
[287]. While some strains have a restricted host range, it is well-documented that some
viruses can jump between species [288]. A clear example is the emergence of the 2009
swine-origin HIN1 pandemic virus that rapidly spread worldwide in humans [16].
However, human-to-swine transmissions of FLUAV are more frequent than zoonotic
events [17, 18]. Although human-origin HIN1 and H3N2 FLUAYV infections in pigs are
frequent, H3N2 infections are generally self-limiting, and a reduced number of viruses
evolve enough to become prevalent in the swine population [235]. One of the most recent
examples is the spillover of a human-origin H3N2 during the 2010/2011 season that
became established as a new H3N2 swine FLUAYV lineage in North America (known as
the 2010.1 lineage) [244]. Despite many of these human-origin viruses becoming
established in swine and contributing to the diversity of viruses circulating in pigs
globally, little is known about the biological processes driving human-to-swine
adaptation. Previous reports showed that acquiring swine-origin FLUAV internal genes is
critical [244, 289]. Since the temperature of the lower respiratory tract of pigs is slightly
higher than that of humans [18], the polymerase complex must be adapted to higher
temperatures to overcome this host barrier, potentially through reassortment or gain of
adaptative mutations [290, 291]. It has also been shown that the HA gene can adapt to the
new host via introduction of changes increasing receptor-binding affinity of the HA
protein [29, 292]. As a consequence, alterations of the NA gene are essential to maintain

the balance between HA avidity and NA activity [33]. In addition, the ability of the virus
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to suppress or evade host-specific immune responses can also drive FLUAV evolution
aiding in the establishment of viral infections during cross-species transmission.

Alveolar macrophages (AMs) are the most abundant immune cells in the lungs
and account for up to 98% of cells in bronchoalveolar lavage fluid in pigs [63]. AMs
contribute to the first line of defense against respiratory pathogens and are essential in
developing innate and adaptative immune responses during FLUAV infection. Previous
reports showed that they play a critical role in controlling FLUAV infection via the
production of type I interferons and other pro- and anti-inflammatory cytokines such as
TNF-a, IL-6, and IL-10 together with their intrinsic phagocytic activity [64, 65].
Moreover, AMs play a significant role in building antibody-mediated protection against
FLUAY, inducing and regulating the primary anti-FLUAV cytotoxic T-cell response [66,
67]. AM-depleted animals infected with FLUAV have higher lung replication,
overexpression of pro-inflammatory cytokines, increased tissue damage and higher
mortality, underscoring that AMs are imperative for combatting FLUAV infection [68-
70]. While AMs are essential for the anti-influenza immune response, they have been
previously reported to be susceptible to FLUAV infection [71, 72]. However, numerous
FLUAYV HA subtypes show limited virus replication within these cells except for a subset
of both highly pathogenic and low pathogenic HS viruses that efficiently replicate in
swine, mice, and human AMs [72-75]. Nonetheless, both H3 and H1 viruses have also
been described to infect mice AMs [76]. Previous literature suggests that FLUAV
infection of AMs not only induces death by apoptosis [21], but also impairs the immune
activity of AMs via peroxisome proliferator-activated receptor gamma (PPARg)

repression [77, 78]. This transcription factor regulates AMs activity and is activated after
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granulocyte-monocyte colony-stimulating factor (GM-CSF) stimulation [79, 80]. GM-
CSF and PPARg have also been described as main factors promoting monocyte
differentiation into AMs and their proliferation [81, 82]. However, the effect, if any, of
FLUAV infection of AMs on virus tropism and host range is still unknown [83].

To assess the adaptation of human-derived HA to pigs and its implications on the
swine immune response, we generated an H3N2 reassortant virus (hVIC/11) containing
the HA and NA segments of a human seasonal A/Victoria/361/2011 (H3N2) virus and the
remaining genes forming an internal gene constellation highly adapted to pigs. This
internal gene constellation is formed by a combination of the triple reassortant internal
gene (TRIG) cassette and the 2009 pandemic matrix (M) gene which was the most
prevalent constellation circulating from 2014-2019 in North American swine herds. When
pigs were inoculated with the hVIC/11 virus, a point mutation near the receptor-binding
site of the HA protein (A138S) became fixed in contact pigs [27]. This mutation
improved binding and replication in swine tracheal cells in vitro [27]. To further
understand the impact of this mutation on pathogenesis and transmission, pigs were
inoculated with a hVIC/11 virus carrying the A138S amino acid change (hVIC/1141385)
and compared to the original hVIC/11 and a swine-origin H3N2 virus
A/turkey/Ohio/313053/2004 (sOH/04). We found that hVIC/114!1388 infected the upper
and lower respiratory tract, while hVIC/11 was only detected in the upper respiratory
tract by 5 days post infection (dpi). PAMs in bronchoalveolar lavage (BALF) samples
were significantly decreased in sOH/04- and hVIC/1124135-infected pigs but not in
hVIC/11-infected animals. This reduction of PAMs was accompanied by an increased

number of FLUAV-infected PAMs; however, only sOH/04 suppressed PPARg
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expression. Upon further analysis using the porcine alveolar macrophage cell line
3D4/21, we found that the A138S mutation increases the virus’ ability to replicate and
induce apoptosis in PAMs compared to hVIC/11 but at lower levels than sOH/04,
suggesting that the decreased number of PAMs observed in vivo could be due to FLUAV-

induced apoptosis.
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Materials and Methods
Ethics statement

Animal studies were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Georgia (protocol A2019 03-031-Y3-A9).
Studies were conducted under biosafety level 2 containment and following the Guide for

the Care and Use of Agricultural Animals in Research and Teaching.

Cells and viruses

Madin-Darby canine kidney (MDCK) cells were maintained in Dulbecco’s
Modified Eagles Medium (DMEM, Sigma-Aldrich, St Louis, MO) supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich, St Louis, MO), 2mM L-glutamine (Sigma-
Aldrich, St Louis, MO), and 1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO).
3D4/21 cells were maintained in Roswell Park Memorial Institute media (RPMI-1640,
Sigma-Aldrich, St Louis, MO) supplemented with 10% FBS, 2mM L-glutamine, 1%
antibiotic/antimycotic, I mM non-essential amino acids (Sigma-Aldrich, St Louis, MO),
and 1 mM sodium pyruvate (ThermoFisher Scientific, Waltham, MA). All cell lines were
cultured at 37°C under 5% CO». Viruses used in this study were: a reassortant carrying
seven genes from A/turkey/Ohio/313053/2004 and the pandemic HIN1pdm09
(A/California/04/09) matrix gene (sOH/04); a reassortant carrying the HA and NA genes
from A/Victoria/361/2011 and internal genes from sOH/04 (hVIC/11); and hVIC/1141388
which only differs from hVIC/11 by an A to S amino acid substitution at position 138 in

the HA gene (H3 nomenclature). Notably, the PB2, PB1, PA, NP, M, and NS genes were
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the same for all viruses. These viruses have been previously reported by our group [27].

Viral titers were determined by TCIDso using the Reed and Muench method [293].

Electron Microscopy

Viruses were adsorbed for 5 minutes in formvar-carbon-coated copper grids
(ThermoFisher Scientific, Waltham, MA). After adsorption, samples were fixed with
0.7% glutaraldehyde (Sigma-Aldrich, St Louis, MO) for 5 minutes at room temperature.
After, samples were negatively stained with 3% phosphotungstic acid pH 7.0 (Sigma-
Aldrich, St Louis, MO) for 60 seconds. Finally, the excess stain was drained, and the
grids were dried on filter papers. Viruses were imaged using a JEOL JEM1011

transmission electron microscope (JEOL USA, Peabody, MA) at 80 kV.

In vitro growth kinetics

MDCK cells were seeded in Opti-MEM (Life Technologies, Carlsbad, CA, USA)
and incubated overnight or until a 70-80% confluency was reached. Cells were infected at
a multiplicity of infection (MOI) of 0.01 for 1 hour at 37°C or 39°C. Immediately after,
plates were washed three times with phosphate-buffered saline (PBS) and fresh Opti-
MEM containing 1 mg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin (Worthington Biochemicals, Lakewood, NJ) was added. Timepoints were
collected at 0, 12, 24, 48, and 72 hours post-infection (hpi). Viral RNA was extracted
using the MagMax-96 AI/ND viral RNA isolation kit (ThermoFisher Scientific, Waltham,
MA) according to the manufacturer’s instructions. A one-step real-time quantitative PCR

(RT-gPCR) using the Quantabio qScript XLT One-Step RT-qPCR ToughMix kit
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(Quantabio, Beverly MA) targeting the M segment was used to determinate viral titers.
The reaction master mix was prepared by mixing 1X Quantabio master mix, 0.5 mM of
each primer, 0.3 mM TagMan probe and 5 mL of RNA. Finally, viral titers were
calculated according to a standard curve of an exact match of virus stock of known titer
based on a TCIDso equivalent (TCIDsoeq/mL) standard curve.

Growth kinetics in 3D4/21 cells were performed by infecting cells at MOI of 0.01 for 1
hour at 37°C. After infection, cells were washed three times with PBS and supplemented
with fresh infection media (RMPI-1640, 0.3% BSA, 2 mM L-glutamine, 1%
antibiotic/antimycotic, | mM non-essential amino, 1 mM sodium pyruvate, and 250

ng/mL TPCK-treated trypsin).

Plaque assay

MDCK cells were seeded in 6-well plates at 10° cells/well and were incubated
overnight at 37°C or until a 100% confluency before use. The next day cells were
infected with 10-fold serial dilution of the viral stock for 1 hour at 37°C. After infection,
cells were washed three times with PBS and overlayed with Opti-MEM containing 0.8%
Avicel. Plates were incubated for 72 hours at 37°C or 39°C. Finally, cells were fixed for 1
hour with 37% formaldehyde (Sigma-Aldrich, St Louis, MO), rinsed twice with PBS, and

stained for 15 minutes with 0.5% crystal violet in 20% methanol.

Thermal stability

The thermal stability of the viruses was assessed by normalizing them to 32 HAU

in PBS. Then, samples were incubated for 1 hour at the indicated temperatures.
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Afterward, samples were immediately placed in ice, and HA titers were measured using

0.5% turkey red blood cells.

NA enzymatic activity

NA sialidase activity was measured as previously described by Marathe, Leveque
[294]. Briefly, viruses were diluted, and the dilution of choice was the one that met the
following parameters: within the linear range and a saturated 2'-(4-Methylumbelliferyl)-
a-D-N-acetylneuraminic acid sodium salt hydrate (MUNANA, Sigma-Aldrich, St Louis,
MO) concentration. The chosen dilution was then used to calculate NA kinetic constants
by performing kinetics for 60 minutes at 37°C at 1000, 500, 250, 125, 62.5, 31.25, 16.63,
7.81, 3.91, and 1.95 mM MUNANA. Fluorescence was measured every 60 seconds at
excitation and emission wavelengths of 360 nm and 460 nm, respectively, using a
Synergy HTX Multi-Mode Microplate Reader (Agilent BioTek, Santa Clara, CA).
The inner filter effect was corrected by measuring MUNANA absorbance at 4-
Methylumbelliferone (4-MU) emission wavelength at different concentrations. Using the
corrected fluorescence, 4-MU production over time was calculated using a standard curve

and data was fitted to the Michaelis-Menten equation:

Hemagglutinin solid-phase binding assay
A direct solid-phase binding assay using sialylglycopolymers was used as
described by Matrosovich and Gambaryan [295]. Briefly, viruses were pelleted by

ultracentrifugation (28,000 rpm for 3 hours) through a 20% sucrose cushion and
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resuspended in TNE buffer (0.01M Tris, 0.001M EDTA, 0.1 M NaCl, pH 7.2). Purified
viruses were normalized to 128 HAU in PBS and incubated overnight at 4°C in fetuin-
coated 96-well plates (ThermoFisher Scientific, Waltham, MA). Plates were then washed
three times with 0.02% Tween-80 (Sigma-Aldrich, St Louis, MO) in PBS (washing
buffer) and blocked with 0.1% desialylated BSA (BSA-NA) in PBS (blocking solution)
for 2 hours at room temperature. After blocking, plates were washed three times with
washing buffer and 2-fold serial dilution of Neu5Aca2-3Galb1-4GlcNAcb-PAA-biotin
(a2,3, 3’SNL, Glycotech, Gaithersburg, MD) or Neu5Aca2-6Galb1-4GlcNAcb-PAA-
biotin (a2,6, 6’SLN, Lectinicity Holding, Moscow, Russia) in reaction buffer (0.02%
Tween-80, 0.1% BSA-NA, and 2 mM oseltamivir in PBS) were added. Plates were
incubated for 1 hour at 4°C. After, plates were washed five times with washing buffer and
incubated with a 1:1,000 dilution of HRP-conjugated streptavidin (ThermoFisher
Scientific, Waltham, MA) in reaction buffer for 1 hour at 4°C. Finally, plates were
washed five times and then incubated with TMB (ThermoFisher Scientific, Waltham,
MA) for 10 minutes at room temperature and the reaction was stopped using a stop
solution (ThermoFisher Scientific, Waltham, MA). Absorbance was measured at 450 nm

using a Synergy HTX Multi-Mode Microplate Reader.

In vivo studies

3-weeks-old healthy cross-bred pigs were obtained from Midwest Research Swine
Inc (Gibbon, MN) and housed in animal biosafety level 2 (BSL2) facilities at the
University of Georgia. After a 7-day acclimatation period, pigs were bled to confirm the

absence of anti-FLUAV antibodies by ELISA (IDEXX, Westbrook, ME), and randomly
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distributed into four groups of three pigs each and challenged intranasally and
intratracheally with 3x10° TCIDso/pig of either sOH/04, hVIC/11 or hVIC/1141385 under
anesthesia using a cocktail of ketamine (6 mg/kg), xylazine (3 mg/kg), and telazol (6
mg/kg). Pigs were observed daily for clinical signs, and nasal swabs were collected at 0,
2, and 5 days post-infection (dpi). At 2 dpi, a new set of 3 pigs was introduced in the
same housing as the inoculated pigs and nasal swabs were collected at 0, 3, and 6 dpc. At
5 dpi/6 dpc, pigs were anesthetized and humanely euthanized by an intravenous
pentobarbital overdose (Euthasol, 200 mg/kg), and a new set of contacts was introduced.
Upper, middle, and lower trachea, lung lobes (right cranial, left cranial, right caudal, left
caudal, and accessory), and bronchoalveolar lavage fluid (BALF) samples were collected
post-mortem and stored at -80°C for virus titration and gene expression analysis. All pigs
were determined to be negative for Porcine circovirus type 2 (PCV2), Porcine
reproductive and respiratory syndrome virus (PRRSV), and Mycoplasma hyopneumoniae

by qPCR (Table 3.1) of BALF samples.

Tissue preparation for FLUAV titration and nasal swab virus titration

Lung sections were homogenized using the Tissue Lizer II (Qiagen, Gaithersburg,
MD) by adding 1 mL of PBS to each tube containing the sample and a Tungsten carbide 3
mm bead (Qiagen, Gaithersburg, MD) and then homogenizing for 10 minutes at 30 Hz.
RNA from tissue and nasal swab samples was then extracted using the MagMax-96
AI/ND viral RNA isolation kit. Tissue samples were then normalized to 1 mg total RNA
in 20 mL of nuclease-free water while RNA extracted from nasal swabs was used directly

in the RT-qPCR reaction. The one-step RT-qPCR was performed using the Quantabio
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qScript XLT one-Step RT-qPCR ToughMix kit as described above and FLUAV TCIDso
equivalent per mg of total RNA titers (TCIDsoeq/mg total RNA) in tissue sections was

calculated according to a standard curve of an exact match of virus stock of known titer.

Tissue immunofluorescence and histopathology

Lung sections were collected in 10% neutral-buffered formalin, paraffin-
embedded. For immunofluorescence detection of FLUAV and sialic acid receptors,
paraffin-embedded sections were deparaffinized as previously described Zaqout, Becker
[296] with minor modifications. Briefly, tissue slides were deparaffinized and rehydrated
for subsequent heat-induced antigen retrieval in citrate buffer (10 mM sodium citrate, pH
6.0) for 40 minutes. Rehydrated samples were then permeabilized for 10 minutes with
0.3% TritonX-100 and blocked for 1 hour with 5% bovine serum albumin in PBS.
FLUAV was detected using a primary anti-Multi-Hemagglutinin (H3N2) polyclonal
antibody (eEnzyme, Gaithersburg, MD) followed by a secondary Alexa 647-conjugated
anti-rabbit antibody in a 1:1,000 dilution in PBS containing 0.5 pg/mL 4',6-diamine-2-
phenylindole (DAPI, Sigma-Aldrich, St Louis, MO) for 1 hour each. Finally, tissues were
washed 5 times with PBS and mounted on glass slides with mounting medium (Vector
Laboratories, Newark, CA). Sialic acid receptors were detected by incubation of
previously blocked samples with fluorescein-conjugated Sambucus nigra agglutinin
(SNA) and biotin-conjugated Maackia amurensis agglutinin (MAL II) lectins (Vector
Laboratories, Newark, CA) in a 1:250 dilution in PBS for 30 minutes followed by a 30-
minute incubation with Alexa 594-conjugated streptavidin for MAL II detection

(ThermoFisher Scientific, Waltham, MA). Samples were then permeabilized and
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incubated with 0.5 pg/mL DAPI for 15 minutes. Slides were imaged using a Nikon A1R
confocal microscope (Nikon, Melville, NY).

A duplicate 3.5 pm section was processed for routine histopathology with hematoxylin
and eosin staining (HE). Microscopic lesions were evaluated by a veterinary pathologist

blind to treatment groups.

Gene expression analysis

To assess the expression level of different cytokines, interferon-induced genes,
and pattern recognition receptors, RNA from tissue and BALF samples was extracted
using the MagMax-96 RNA isolation kit (ThermoFisher Scientific, Waltham, MA) and
samples were normalized to 1 mg RNA/reaction. Contaminant genomic DNA was
eliminated by treatment with the RQ1 RNase-free DNase (Promega, Madison, WI).
DNA-free RNA was reverse transcribed using the M-MLYV reverse transcriptase
(Promega, Madison, WI) and oligo(dT) primers according to the manufacturer’s
instructions (ThermoFisher Scientific, Waltham, MA). The resulting cDNA was used for
gene expression analysis by qPCR using the PowerUp SYBR Green Master Mix
(ThermoFisher Scientific, Waltham, MA) in 10 mL reactions with the primers listed in
Table 3.1. Gene expression was calculated using the 2"°P¢ formula and normalizing to

the expression of the reference gene ribosomal protein L19 (RPL-19).

Lung sections and BALF single-cell suspension

To collect Alveolar macrophages (AMs), lungs were rinsed twice with 50 mL of

PBS-EDTA (ThermoFisher Scientific, Waltham, MA). Lung sections were collected
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using 0.8 cm biopsy punches (Integra Miltex, Princeton, NJ) and immediately placed in
RPMI-1640 supplemented with 10% newborn calf serum (ThermoFisher Scientific,
Waltham, MA), 2mM L-glutamine (Sigma-Aldrich, St Louis, MO), and 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). Lung sections were then placed in
nonculture-treated petri dishes, washed twice with PBS-EDTA, minced, and incubated for
2 hours in RPMI containing 1% antibiotic/antimycotic, 2mM L-glutamine, 2mg/mL
collagenase D (Sigma-Aldrich, St Louis, MO), and 0.1 mg/mL DNase I (Sigma-Aldrich,
St Louis, MO). The digestion reaction was stopped by adding 1 volume of RPMI
supplemented with 10% newborn calf serum. Cells from lung sections and BALF were
then passed through 70 mm cell strainers and pelleted at 300x g for 5 minutes at 4°C.
Cells were resuspended in PBS-EDTA, and red blood cells were lysed with ACK lysis
buffer (ThermoFisher Scientific, Waltham, MA). Following red blood cell lysis, single-
cell suspensions were centrifuged at 300x g for 5 minutes at 4°C, resuspended in PBS-
EDTA, and passed through 40 mm cell strainers. Cells were then counted and 1x10° cells
were used for flow cytometry analysis. The remaining cells were pelleted, resuspended in
newborn calf serum containing 10% dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO),

and kept in liquid nitrogen for further analysis.

Flow cytometry analysis

Single-cell suspensions were processed for flow cytometry as previously
described by Maisonnasse, Boguyon [63] with minor modifications. Briefly, Fc cell
surface receptors were blocked by incubating cells with PBS-EDTA containing 5%

porcine serum (ThermoFisher Scientific, Waltham, MA) and 5% horse serum
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(ThermoFisher Scientific, Waltham, MA) for 30 minutes on ice. Afterward, cells were
incubated for 30 minutes on ice with the following antibodies in a 1:200 dilution: Alexa
647-conjugated anti-pig SLA class II DR clone 2E9/13 (Bio-Rad, Hercules, CA), RPE-
conjugated anti-pig Monocyte/Granulocyte clone 74-22-15 (Bio-Rad, Hercules, CA), and
Alexa 488-conjugated anti-human CD163 clone EDHu-1 (Bio-Rad, Hercules, CA). For
FLUAV detection in BALF samples, cells were incubated with the aforementioned
antibodies in addition to an anti-Multi-Hemagglutinin (H3N2) polyclonal antibody in a
1:500 dilution followed by a 1-hour incubation with a PE-Alexa 610-conjugated anti-
rabbit secondary antibody at a 1:500 dilution (ThermoFisher Scientific, Waltham, MA).
For live/dead cell discrimination, samples were treated with LIVE/DEAD Fixable Violet
Dead Cell Stain Kit (ThermoFisher Scientific, Waltham, MA) according to the
manufacturer’s instructions. Finally, cells were fixed for 15 minutes with 37%
formaldehyde (Sigma-Aldrich, St Louis, MO) and analyzed using a NovoCyte Quanteon
flow cytometer system (Agilent, Santa Clara, CA). Data analysis was performed using

FlowJo version 10.8.2 (FlowJo, Ashland, OR).

Apoptosis determination by flow cytometry

3D4/21 cells were infected as previously described by [73]. Briefly, cells were
seeded at a density of 8x10* cells/cm? and were incubated at 37°C under 5% CO, until an
80% confluency was reached. Cells were infected with each virus at 1 MOI for 1 hour at
37°C using infection media without TPCK-treated trypsin. After infection, cells were
washed three times with PBS and fresh infection media containing 250 ng/mL TPCK-

treated trypsin was added. Cells were incubated at 37°C and at 12 hpi were stained using
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the LIVE/DEAD Fixable Violet Dead Cell Stain Kit and the Annexin V Ready Flow
Conjugates for Apoptosis Detection kit (ThermoFisher Scientific, Waltham, MA)
according to manufacturer’s instructions. Samples were fixed using 4% formaldehyde

and analyzed as described above.

Results
The A138S mutation modulates HA thermal stability, receptor-binding properties of
hVIC/11773%5, and NA activity.

Previous in vitro experiments using differentiated primary swine tracheal cells
showed a fitness advantage associated with the A138S change of the HA [27, 297]. We
analyzed the amino acids present at HA’s position 138 in 5,706 unique swine H3N2
sequences available on GISAID (Fig 3.1A). Before the spillover of the 2010.1 human-
origin lineage into pigs, 80.3% of swine H3N2 isolates showed alanine (Ala; A138) in
position 138 while serine (Ser; S138) was present in less than 15% of swine HA
sequences (Fig 3.1A, left panel). However, after 2010, S138 showed a dramatic increase
in detection frequency being present in 54.1% of swine isolates and, as of 2022, 96% of
deposited sequences showed S138. Conversely, human H3N2 viruses showed a strong
preference for A138 (Fig 3.1A, right panel), and as of 2022, 98% of deposited sequences
on GISAID showed A138, thus suggesting a potential advantage of the A138S mutation
in the HA of swine H3N2 viruses. When we looked at the frequency in a pre-2010.1
lineage (1990.4 lineage) and the 2010.1 lineage (S3.1 Fig)., we found that S138 was
present in the 1990.4 lineage with a low frequency (10-20%) until 2019, when S138 was

quickly fixed across the entire lineage. Similarly, early 2010.1 sequences showed mainly
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A138. However, S138 became fixed earlier (2017) compared to the 1990.4 lineage and
showed a 100% frequency in 2022 and 2023.

To assess the impact of this amino acid change, using reverse genetics, we
constructed three isogenic viruses carrying the TRIG backbone and the HA and NA genes
were replaced for those from the human strain A/Victoria/361/2011 (hVIC/11), an
hVIC/11 HA segment carrying the A138S mutation (hVIC/1141385) and from the swine-
adapted virus A/turkey/Ohio/313053/2004 (sOH/04). In terms of morphology, all viruses
showed a spherical-like shape with an average diameter of 120 nm (Fig 3.1B),
demonstrating that the A138S did not visibly alter the particle morphology. Further, viral
plaque analysis showed no differences at either 37 or 39°C for sOH/04 and hVIC/1141388
(Fig 3.1C and 1D), contrasting hVIC/11, which showed increased plaque sizes at 39°C.
No significant differences were observed in virus replication in Madin Darby Canine
Kidney (MDCK) cells among the 3 viruses evaluated at either 37 or 39°C (S3.2 Fig).

To better understand the impact of the A138S mutation on the HA protein, we
analyzed the thermal stability of the viruses (Fig 3.2A). The hVIC/11 showed reduced
HA titers at lower temperatures when compared to sOH/04 and hVIC/1141385 with a half-
inactivation temperature (Tso) of 57.4+0.2°C. The swine-adapted sOH/04 and
hVIC/114138 virus had a Tso of 58.6+0.1°C, and 58.7+0.3°C, respectively. We also
analyzed the binding properties of the viruses using a high molecular weight
sialylglycopolymer-based assay validated using mammalian- and avian-adapted viruses
(S3.3 Fig) [268, 298]. There were no differences between hVIC/11 and hVIC/1141385 for
a2,3 receptor binding (3’SLN, Fig 3.2B), while the swine-adapted sOH/04 virus had a

higher affinity for 3’SLN. Noteworthy, hVIC/114138 exhibited an increased binding
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affinity to a2,6 receptors (6’SLN, Fig 3.2C) compared to hVIC/11, reaching similar
levels as sOH/04.

Evaluation of NA sialidase activity using a MUNANA-based assay and by
normalizing each virus to 10* plaque-forming units (PFU, Fig 3.2D) under MUNANA-
saturated conditions (100 mM), showed that hVIC/11413% had the highest NA activity
with a conversion rate of 0.189 mM/min, which was significantly higher than hVIC/11
(0.110 mM/min) and sOH/04 (0.032 mM/min). Results suggested that the A138S
mutation in the HA protein influences NA enzymatic activity. We validated the assay’s
specificity by oseltamivir inhibition (S3.4 Fig). These results were further confirmed by
determining the NA kinetic parameters normalizing based only on NA activity. When the
viruses were incubated with variable concentrations of MUNANA (Fig 3.2E), sOH/04
had the lowest Vyax and Ky (0.408 mM/min and 39.25 mM respectively) whereas
hVIC/11413% had the highest activity (Vma= 0.665 mM/min, Ky= 88.78 mM). The
hVIC/11 showed an intermediate phenotype (Vima= 0.491 mM/min, Ky= 58.4 mM).
Taken together, these results demonstrate that the A138S modulates the thermostability of

the HA protein, increases affinity for 02,6-type receptors and affects NA activity.

HA A138S improves transmission in pigs and infection of the lower respiratory tract.
To evaluate the effect of the A138S mutation on transmission in vivo, 3-week-old
pigs were inoculated with 3x10° TCIDso/pig of hVIC/11, hVIC/1141838 or the swine-
adapted sOH/04 (seeders, 3 pigs/virus, S3.5 Fig). Two days post-infection (dpi), 3 naive
pigs were introduced as contacts in each cage (contact 1), and the infection progressed for

3 more days. At 5 dpi seeders were humanely euthanized, and 3 new naive pigs were
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introduced (contact 2). This cycle was repeated for a total of 4 contacts with contacts
introduced at 3dpc each time. Tissues and BALF were collected from seeder pigs at Sdpi.
In addition, nasal swabs were collected at 0 and 2dpi/3dpc from seeders and contact pigs.
FLUAV infection was evaluated by RT-qPCR from nasal swabs at 2dpi/3dpc
(Table 3.2). sOH/04 was detected in all inoculated and contact animals throughout the
study. Similarly, the hVIC/1141385 virus was also detected among all contacts, contrasting
with the hVIC/11 virus that was only detected in the seeders and contact 1 pigs,
confirming the role of the A138S mutation in improving the transmissibility of hVIC/11.
Assessment of viral loads throughout the respiratory tract was performed by
collecting different anatomical sections of the upper, middle, and lower trachea, right
cranial lobe, left cranial lobe, right caudal lobe, left caudal lobe, and the accessory lobe
from seeder pigs at 5 dpi (Fig 3.3A). vVRNA was detected in all the collected tissues of all
pigs in the sOH/04-infected group. Meanwhile, vVRNA was detected in most tissues from
the hVIC/1141385 infected pigs with mean titers of 10* TCIDsoeq/mg total RNA, except in
the right caudal and the accessory lobe in which titers dropped to 10! TCIDsoeq/mg total
RNA. Titers in the left caudal lobe showed that 1 out of 3 pigs had virus in this lobe.
Additionally, 2 out of 3 pigs showed lower titers in the right cranial lobe compared to
sOH/04. Distinctively, vVRNA loads in hVIC/11-infected pigs were only observed in the
upper and middle trachea in 2 out of 3 seeder pigs with a mean titer of 10! TCIDsoeq/mg
total RNA. Viral infection was also confirmed by immunofluorescence (Fig 3.3B).
Similar to viral RNA titrations, immunofluorescent imaging showed that the A138S
mutation resulted in virus infection of the lower respiratory tract of pigs at 5 dpi.

Conclusively, the results suggest the hVIC/11 containing the A138S mutation displayed
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an intermediate phenotype between the swine-adapted sOH/04 virus and the human
hVIC/11 virus.

Histopathological analysis revealed that the SOH/04 group exhibited moderate-
severe necrotizing bronchiolitis with concurrent suppurative bronchitis, bronchiolitis,
culminating into bronchiolitis obliterans (Fig 3.4). Moderate to severe microscopic
lesions were present in the caudal lung lobe sections although, in these, they were
principally centered on the airways. Only, mild-moderate lymphohistiocytic tracheitis
with mild multifocal epithelial degeneration and necrosis was observed in this sSOH/04
group. The hVIC/11 group tracheas also presented mild-moderate lesions with only one
section having moderate epithelial necrosis and suppurative inflammation of the
submucosal glands. Lungs in this group had mild or mild-moderate suppurative
bronchitis and bronchiolitis, contrasting the severe bronchiolitis observed in the sOH/04
group. The hVIC/1141388 group had similar pulmonary and tracheal lesions to the
hVIC/11 group. Concurrent catarrhal to suppurative bronchitis and bronchiolitis were
accompanied by mild local epithelial degeneration, deciliation and sloughing into the
lumen. Evidence suggests that the A138S mutation does not increase the tissue damage
compared to the hVIC/11 virus.

To further understand the differences in FLUAV tropism, sialic acid receptor
distribution in the respiratory tract of pigs was evaluated by staining a2,3 and a2,6
receptors using lectins (S3.6 Fig). Among multiple pigs, a2,6 receptors were predominant
in the trachea, while a2,3 abundance increased in lower respiratory tract. a2,3 and a2,6

receptors were similarly distributed in all the pulmonary lobes which is in agreement with
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previous reports [299]. Taken together, evidence suggest that differences observed here

may not be because of differences in receptor distribution.

Viruses induced a distinct pattern of innate immune responses in vivo.

To assess the expression of specific pro-inflammatory cytokines, interferon-
induced genes, and pattern recognition receptors, RNA from each anatomical section of
the lungs was extracted, gene expression was assessed by RT-qPCR, and fold induction
was calculated by normalizing expression to the negative control group. In the right
cranial lobe (Fig 3.5A, S3.7 Fig), sOH/04 induced the expression of numerous analyzed
genes, being statistically significant TLR-7, Mx2, and IL-18. In contrast, hVIC/1141385
showed a similar expression pattern as hVIC/11, which was characterized by a strong
TNF-a and TLR-7 expression. In the left cranial lobe (Fig 3.5B, S3.8 Fig), there was a
significant amount of IFN-g repression within the sOH/04 and hVIC/11413%-infected
pigs, contrasting with hVIC/11-infected pigs where IFN-g was nor repressed. However,
hVIC/11A13%.infected pigs displayed increased expression of IL-6 and IFN-b. For the
right caudal lobe (Fig 3.5C, S3.9 Fig), sOH/04 significantly increased the expression of
both IL-6 and IL-8, while hVIC/11 and hVIC/1141*85 induced a high level of TLR7
transcription. Individually, hVIC/1141385 Jed to high expression of IFN-g and Mx2, while
hVIC/11 induced a strong IFN-b expression when compared to hVIC/1141385  although
the virus was not detected in this lobe at 5dpi (Fig 3.3). Expression patterns observed in
the left caudal lobe differed (Fig 3.5D, S3.10 Fig), with all viruses strongly repressing
IFN-b but most other genes did not exhibit major changes. Exceptions were seen for IFN-

g, which was slightly overexpressed by hVIC/1141385 compared to hVIC/11; and IL-8 and
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TNF-a, which were slightly overexpressed by hVIC/11, however, these differences were
not statistically significant. Lastly, sOH/04 induced the expression of almost all the PRRs
analyzed in the accessory lobe (Fig 3.5E, S3.11 Fig). Meanwhile, hVIC/11 and
hVIC/11A1385 gverexpressed IL-6. In summary, our results showed that each virus

induced a unique expression pattern in each lung lobe.

Viruses induce a differential recruitment of immune cells to the lungs upon infection.
To further characterize the host-immune response post-FLUAV infection of seeder
pigs, cell populations that infiltrated in the different lung sections at 5 dpi were examined
using flow cytometry and staining simultaneously for SLA class II DR (MHC II), CD163,
and CD172a (Fig 3.6). This previously reported strategy enabled the detection of 5
different immune cell populations based on their CD163 content and CD172a presence
gated on MHCIIMe"CD163P cells (antigen-presenting cells, APC) (Fig 3.6A) [63]. These
populations are CD172a"¢CD163"¢ (type 1 conventional dendritic cells, cDC1),
CD172aP*CD163"¢ (type 2 conventional dendritic cells, cDC2), CD172aP*CD163!Y
(monocyte-derived dendritic cells, moDC), CD172aP**CD163!" (monocyte-derived
macrophages, moMf), and CD172aP**CD163"e" (PAMs in BALF or interstitial PAMs in
lung tissues, PIAMs). No changes were detected in the abundance of APC
(MHCIIMe"CD163P%) in the right cranial lobe (Fig 3.6B, S3.12A Fig). However, the
amount of PiIAM (CD172aP**CD163"e") was lower in sOH/04-infected pigs (36.9%) than
the mock controls (46.9%). No significant differences between the infected groups and

the mock control were observed in the remaining cell populations. Further, no differences

65



were observed between groups in the left cranial lobe (Fig 3.6C, S3.12B Fig) and the
right caudal lobe (Fig 3.6D, S3.12C Fig). A significant decrease of the PiIAMs population
was observed in the left caudal lobe in sOH/04-infected pigs (31.1%) compared to the
mock group (53.6%) (Fig 63.E, S3.12D Fig). Similarly, we detected an increase in the
cDC2 (CD172aP**CD163"¢) population in the sOH/04-infected pigs (11.8%) compared to
the mock (1.87%) in this lobe. No differences were observed between the mock and the
other infected groups (hVIC/11 and hVIC/1141385) in this lobe. In the accessory lobe (Fig
3.6F, S3.12E Fig), sOH/04-infected pigs displayed a significant decrease in the number of
APC cells (10.3%) compared to the mock (23.3%). No differences in this lobe were
observed between the mock- (50.16%), hVIC/11- (58.93%), and hVIC/11413%5_infected
pigs (45.36%) for the PiAMs population, contrasting with sOH/04 -infected pigs (26.9%).
Taken together, these results suggest that FLUAV infection with a well-adapted virus
such as sOH/04 distinctively disrupts the PiIAMs population in different sections of the

lungs.

The A138S mutation increases affinity for alveolar macrophages and enhances
apoptosis induction.

Since sOH/04-infected pigs showed a decreased number of PiAMs, we next
evaluated the effects of FLUAV infection on PAMs in BALF. First, differences in the
total number of cells in BALF samples (Fig 3.7A) were assessed. Pigs infected with
sOH/04 (4.4x107 cells) displayed elevated cell counts in comparison to the mock (8.7x10°
cells), hVIC/11 (9.43x10° cells), and hVIC/1141385 (1.17x107 cells). No differences were

observed in the total cell count between the mock, hVIC/11, and hVIC/1141385 groups.
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Following the strategy described above (Fig 3.6A), we further characterized the cell
populations present in BALF by multi-color flow cytometry. Results showed that PAMs
accounted for more than 75% of cells in BALF samples in both mock- and hVIC/11-
infected pigs (Fig 3.7B and 7C, S3.12F Fig). Yet, the PAM population accounted for less
than 50% in the hVIC/112135-infected pigs (44.6%). Similarly, we observed an increase
of the MHCII®Y CD163"¢CD172a"¢ population that increased proportionally with the
reduction in PAMs percentage in BALF samples (Fig 3.7B, S3.12F Fig). A more severe
reduction was observed for the SOH/04-infected pigs, where the PAMs population was
reduced to 9.51% (Fig 3.7B and 7C, S3.12F Fig).

Analysis of the amount of FLUAV- infected PAMs by flow cytometry by looking
at the HA content on the cell surface among the MHCII"&" CD163P population (Fig
3.8A) revealed that hVIC/11-infected pigs had the smallest % of HA-positive PAMs
(23.56%) (Fig 3.8B and E). An increase of HA-positive cells was observed in
hVIC/1141385. and sOH/04-infected pigs (Fig 3.8C and 3.8D, respectively). sOH/04-
infected pigs exhibited 60% of PAMs positive for HA, which was statistically higher
compared to both hVIC/11 and the mock control (Fig 3.8E). Meanwhile, hVIC/1141385 -
infected pigs contained 40.63% of PAMs positive for HA which was statistically higher
compared the mock control. Taken together, the A138S mutation showed an intermediate
phenotype between the swine-adapted sOH/04 virus and the human hVIC/11 virus.

Next, the ability of the viruses to suppress the expression of key genes driving
PAMs proliferation and immune activity was evaluated. Therefore, we looked at GM-
CSF and PPARg expression. GM-CSF is the main factor driving monocyte differentiation

into PAMs in vitro and has been associated with PAM immune activity [79, 300]. PPARg
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is a transcription factor stimulated by GM-CSF; therefore, their expression will help to
detect if FLUAV interferes with PAMs activity upstream or downstream the GM-CSF
signaling. Analysis of GM-CSF expression in BALF samples showed increased
expression upon FLUAV infection with all three viruses (Fig 3.8F); however, expression
in hVIC/11-infected BALF showed no statistical differences compared to the mock. The
expression of this gene was highly stimulated by sOH/04 infection, while hVIC/1141388
displayed an intermediate phenotype. GM-CSF results contrast with PPARg expression
(Fig 3.8F), in which no major differences were detected between the mock, hVIC/11-,
and hVIC/11A138 infected pigs; however, PPARg expression was strongly suppressed,
with an expression 5 times lower than the mock control, in BALF samples from sOH/04-
infected pigs. Overall, these results suggest that the A138S mutation increases FLUAV
affinity for PAMs, but it is not enough to repress PPARg expression as observed in
sOH/04.

Finally, to confirm the ability of FLUAV to infect and induce death in PAMs, we
used a commercial porcine alveolar macrophages cell line (3D4/21). When we looked at
the ability of the viruses to induce apoptosis at 12 hpi (Fig 3.8G), we found that hVIC/11
(~7.5%) induced little apoptosis (Live/Dead™¢Annexin VP, Q3) in the cells compared to
the mock control (~6%). However, an increased number of Annexin VP cells were found
in the hVIC/1141385 (~18%) and sOH/04 (~22%) infections. When we evaluated the
growth kinetics of each virus in 3D4/21 cells (Fig 3.8H), sOH/04 showed the fastest
replication, reaching a maximum titer of 10’ TCIDsoeq/mL at 24 hpi, which was
significantly higher than hVIC/1141385 that had a maximum titer of 10> TCIDsoeq/mL at

72 hpi. In contrast, hVIC/11 showed an increase in titer at 24 hpi, but then it stopped
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replicating. Together, these results suggest that the increased apoptosis may be influenced

by the increased replication ability of the swine sOH/04 compared to the human hVIC/11.
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Discussion

Understanding the mechanisms driving FLUAV evolution and adaptation to
different species is critical for human and animal health. Human-origin FLUAV gene
segments have been introduced in swine FLUAV strains, further expanding the genetic
diversity of swine FLUAV [301, 302]. Since the introduction of the TRIG constellation in
the late 1990s, multiple human-to-swine spillover events have occurred, with increased
frequency after the emergence of the pandemic HIN1 in 2009 [242]. Although this has
contributed to the reassortment and maintenance of the human-origin internal genes [242,
303], wholly human-origin viruses do not commonly persist in the swine population [303,
304]. Interestingly, multiple HA and NA genes derived from human-seasonal H3N2
viruses have been introduced to the swine population leading to the emergence of distinct
phylogenetic clades [271, 305-307]. In this work, we have found that the adaptation of
human-origin FLUAV HA to pigs increases affinity for the lower respiratory tract and
leads to PAM depletion, possibly by triggering apoptosis, which might be a critical step
for adaptation of human viruses to the swine host.

The H3 HA A138S mutation is prevalent in swine HA genes, and this increased
significantly after the emergence of the H3 2010.1 lineage. This mutation has been
associated with the adaptation of avian-origin H3, H6, and H7 to mammalian receptors
[308] and increased infectivity of H3N2 viruses in swine respiratory epithelial cells
[297]. However, no previous studies have evaluated the in-depth impact of this amino
acid change on the virus adaptation to the swine respiratory tract and subsequent
transmission between animals. Previously, we and others showed that the A138S

mutation exhibits increased replication and binding to swine tracheal cells [27, 297].
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Using a reassortant hVIC/1141388 virus, we detected a small increase in the HA
thermostability but observed that this mutation does not affect viral morphology (Fig 3.1)
or replication in MDCK cells. Increased HA thermostability suggests the virus retains
biological activity at higher temperatures than the original hVIC/11 virus (Fig 3.2).

NA activity of the viruses revealed that the swine-adapted sOH/04 virus exhibited
decreased activity, characterized by a reduced V..x and Ky compared to both hVIC/11
and hVIC/11A1385, A previous report showed that viruses with low NA activity are not
inhibited by swine mucus, suggesting they are potentially transmissible among pigs but
not humans [34]. This result contrasts with the activity of the hVIC/1141385 virus that
showed increased NA activity compared to sOH/04 and hVIC/11. Nonetheless, Kis for
hVIC/1141388 was almost doubled when compared to sOH/04, which means the virus
needs two times more substrate to reach V. than sOH/04. Hence, hVIC/1141385 NA
seems to have a decreased substrate affinity but enhanced catalytic activity compared to
sOH/04 NA. This is especially interesting since the NA gene from both hVIC/11 and
hVIC/11A1388 is the same, but differed significantly in NA activity, suggesting that
mutations in the HA protein might modulate NA activity. Indeed, when we analyzed the
HA affinity for 02,6 sialic acid receptors, hVIC/1141385 displayed higher affinity than
hVIC/11, with no differences compared to SOH/04 at high concentrations of 6’SLN (Fig
3.2). This could explain an increased NA activity without disrupting the functional
balance between HA avidity and NA activity, considering that hVIC/1141385 NA has less
affinity for the receptor than sOH/04. However, more experiments beyond the scope of

this study are required to confirm this hypothesis.
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hVIC/11 showed reduced transmission in vivo and was not detected after contact
1 pigs, contrasting with hVIC/114138% and sOH/04 that efficiently transmitted through 4
subsequent transmission events. Therefore, the data supports our previous results that the
A138S mutation increases viral replication and transmissibility in pigs. The A138S
mutation exhibited efficient virus replication in most of the seeders’ upper and lower
respiratory tracts, displaying a pattern similar to sOH/04 and differing from hVIC/11,
which failed to infect the lower respiratory tract by 5 dpi. Numerous studies have
demonstrated that efficient transmission of FLUAV is associated with enhanced
replication in the lungs of ferrets and mice [309-312]. However, a recent study observed
that upper respiratory tract infection is critical for onward transmission in the ferret
model [313]. Nonetheless, the lack of transmission of hVIC/11, despite active replication
in the nose and trachea, consistently with what has been shown previously [244],
suggests a potential role of the lower respiratory tract infection of FLUAV in pigs. Since
all the viruses possessed the same internal genes (TRIG backbone), the ability of the
hVIC/1141388 virus to infect the lower respiratory tract is most likely from a direct effect
of this HA amino acid substitution, potentially linked to enhanced entry into swine cells
induced by an increased affinity for 02,6 receptors. However, it cannot be discarded that
hVIC/11 infected the lower respiratory tract and was cleared faster than sOH/04 and
hVIC/11A1385 therefore impeding detection by the time of tissue collection.

Induction of the cellular immune response by FLUAV infection varied among
different anatomical sections of the lungs but was not necessarily associated with virus
detection in each lung section (Fig 3.3, Fig 3.5). Most of the analyzed cytokines were

upregulated in the lungs of sSOH/04-infected pigs, although TNF-a was down-regulated in
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almost all lobes except the left cranial lobe. Interestingly, TNF-a was not inhibited by
hVIC/11A1388 in the right cranial, right caudal, and accessory lobe. TNF-a has been
demonstrated to exert a potent antiviral activity in the lungs [314]; therefore, lower virus
replication in these lung lobes could be due to overexpression of this cytokine. In
addition, we detected higher expression of IFN-g in the left caudal and right caudal lobe
of hVIC/1141385infected pigs compared to sOH/04 coupled with elevated levels of IFN-b
in the accessory lobe. These elevated levels of IFN coincided with limited virus
replication in similar tissues. Considering that type I and II IFN are potent FLUAV
antivirals [315], the results are consistent with the idea that FLUAV viruses need to
inhibit expression of host-specific IFN to efficiently replicate in the lungs of a particular
host. However, it must be noted that our study design only captures the expression profile
at 5 dpi, and changes in the expression of certain genes and the distribution of the viruses
in the respiratory tract before the time of collection may affect the outcome at 5 dpi. We
must also note that since the number of animals used in this study was small and pigs
were inoculated intratracheally and intranasally, we must exercise caution interpreting
gene expression profiles of each lobe as the delivery method inherently causes a virus
deposition in the lungs that might differ from what is observed in a natural infection.
FLUAV infection of the lungs considerably impacted the cell populations in
different lobes. We observed that sOH/04 infection decreased the presence of PIAMs in
the right cranial, left caudal, and accessory lobe, but hVIC/11 and hVIC/1141385 did not
affect this population. Interestingly, hVIC/114138 showed reduced infection in some of
these lobes, specifically exhibiting a trend for reduced titer in the left caudal lobe when

compared to sOH/04 and no virus replication in the accessory lobe as demonstrated by
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RT-gPCR and immunofluorescence analysis at 5dpi (Fig 3.3). These results suggest that
PiAMs may limit FLUAV replication in addition to IFN and TNF-a; therefore, the
adaptation of human viruses may involve the ability to deplete PIAMs. Hence, the role of
both PiAMs, which are phenotypically distinct from PAMs [63] in terms of gene
expression profiles and morphology, during FLUAYV infection deserves further
investigation in future studies.

The cell content in BALF samples revealed that sOH/04 infection recruits a large
number of cells to the lungs, noted from the ten-fold increase in the total number of cells
compared to the mock group (Fig 3.7). The increased infiltration of cells is due to the
recruitment of MHCII'®"CD163"¢ cells, most likely neutrophils, and T cells, as has been
previously reported [316-318]. The substantial increase in the percentage of neutrophils
in the lungs could be due to the ability of the viruses to induce expression of IL-§, a
cytokine known to function as a neutrophil chemoattractant [319, 320]. We also detected
that SOH/04 efficiently represses IFN-b expression in most of the lobes, which has been
reported to act as a repressor of neutrophil infiltration [321, 322]. Notably, results for
hVIC/11A1388 contrasted with sOH/04 as it failed to repress IFN-b and did not result in an
elevated recruitment of cells. When taken together with IL-8 upregulation, the results
suggest that hVIC/1141385 infection leads to the recruitment of neutrophils to the site of
infection but at lower levels than sOH/04, as shown by our flow cytometric analysis and
represented as an increase of MHCII'® CD163"¢ cells (Fig 3.7B).

The content of PAMs in BALF samples represented about 70% of the total cells in
the mock- and hVIC/11-infected groups and was significantly reduced in sOH/04- and

hVIC/1141385 infected pigs (Fig 3.7), consistent with previous reports showing the
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depletion of AMs after FLUAV infection in mice [323]. The role of AMs during FLUAV
infection is still debated; while some reports have shown active replication of FLUAV in
these cells, others have demonstrated unproductive viral replication [83]. Nonetheless,
previous reports showed little to no cell death after infection with human-adapted H3N2
viruses in human and porcine AMs [71, 83, 324] , while infection of PAMs with swine-
adapted viruses resulted in effective infection and cell death [75] [325]. Here, we showed
that the number of influenza-positive PAMs increased with the level of adaptation to the
swine-host, with sOH/04 showing the highest number of infected cells. Our results
suggest, in accordance with others [326], that adaptation to the swine host leads to the
increased ability to infect, replicate, and induce apoptosis in PAMs (Fig 3.7). We have
previously shown that this mutation increases binding and replication in differentiated
swine tracheal cells [27], most likely due to enhanced affinity for 02,6 receptors, which
could also explain a higher affinity for PAMs. Here, we showed that infection with a
virus that is highly adapted to pigs (sOH/04) resulted in downregulation of PPARg. This
receptor acts as a crucial transcription factor that promotes monocytes differentiation into
AMs in vivo and in vitro [79]. Additionally, it has been reported to be an important
inflammation modulator by limiting the expression of various pro-inflammatory
cytokines [327]. In the context of FLUAV infection, PPARg expression has been shown
to reduce tissue damage and death of infected mice [328, 329], and some reports have
demonstrated that FLUAYV inhibits its expression [328], which has been associated with
lung injury in accordance with our histopathology data (Fig 3.4). Interestingly, GM-CSF
expression was not repressed, and, considering that PPARg expression is GM-CSF

dependent, it is most likely that FLUAV interferes downstream of the GM-CSF signaling.

75



The JAK/STAT pathway mediates GM-CSF signaling [300], which ultimately leads to
STATS phosphorylation and translocation into the nucleus, where it mediates
transcription of a variety of genes, including PPARg [330]. It is possible that FLUAV
disrupts the PAPRg expression by inhibiting the JAK/STAT pathway due to the STAT-
dependency in PAPRg expression [113, 331-333]. Here, the increased suppression of
PAPRg found in sOH/04-infected pigs is most likely due to the increased number of
infected PAMs in these animals. This is supported by our data showing better infection
and replication of PAMs by sOH/04 (Fig 3.8). Additionally, Annexin V staining revealed
that both hVIC/114138 and sOH/04 induce apoptosis in infected PAMs. These findings,
together with PAPRg repression, could explain why sOH/04 is more efficient at depleting
PAMs than hVIC/1141385, While a relationship between viral fitness and PAMs infection
was observed, future studies beyond the scope of the present report are needed to further
understand the impact of PAMs depletion on the pigs’ innate and adaptative immune
responses against FLUAV. Similarly, the effects of PPARg suppression should be further
studied to better understand its role in PAMs proliferation and anti-FLUAV activity,
which could not be assessed with our experimental design.

Overall, our study indicates that the A138S mutation broadly impacts the virus
phenotype, HA thermostability, NA activity, HA receptor affinity, host range, and tissue
tropism. Notably, viruses carrying this mutation replicate more efficiently in the lower
respiratory tract of pigs, possibly due to an increased a2,6 affinity and increased affinity
for PAMs. Infection of pigs with swine-adapted viruses depleted PAMs at 5 dpi most
likely by triggering apoptosis in infected cells but it might also disrupt their immune

activity and proliferation by repressing the expression of PPARg.
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Figure 3.1. In vitro characterization of the hVIC/1141338 yirus. (A) Prevalence of the

S138 residue in swine and human H3N2 FLUAV isolates reported from 1992 to 2022.
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Sequences were obtained from GISAID and aligned using ClustalW. (B) Representative
electron microscopy pictures of SOH/04, hVIC/11, and hVIC/1141385, Scale bar=100 nm
(C) Plaque morphology produced by sOH/04, hVIC/11, and hVIC/1141385 in MDCK cells
at 37 and 39°C. (D) Plaque sizes produced by the viruses at 37 and 39°C. Two
independent experiments were performed in triplicates. Values represent the mean +
standard error of the mean (SEM). Statistical analysis was performed by two-way

ANOVA. **p<0.005.
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Figure 3.2. A138S increases HA thermal stability, binding for 02,6 receptors, and NA
activity. (A) Thermal stability of sOH/04 (blue), hVIC/11 (yellow), and hVIC/11A1385
(red) was determined by incubating them at different temperatures for 1 hour. Data were
fitted to a dose-response-inhibition non-linear fit. Receptor-binding affinity of sOH/04,
hVIC/11, and hVIC/1141385 for 3°SLN (B) or 6’SLN (C) was assessed by incubating the
viruses with different concentrations of 3’SLN or 6’SLN. (D) NA activity was
determined by normalizing the viruses at 10* PFU/well in the presence of 100 mM
MUNANA. Fluorescence was measured every 60 seconds for 1 hour and data was fitted
to a linear regression model. (E) NA activity of the viruses was determined by
normalizing based on NA activity. Viruses were incubated at different MUNANA
concentrations for 1 hour and kinetic parameters (Km and Vmax) were determined by
fitting the data to the Michaelis-Menten equation. For all assays, two experiments were
performed in triplicates. Values represent the mean + SEM. Statistical analysis was

performed by two-way ANOVA. ***p<(.0005.
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Figure 3.3. A138S improves infection of the lower respiratory tract of pigs. (A)Viral
titers in different anatomical sections of the lungs of seeder pigs at 5 dpi (n=3)
normalized to Img total RNA. All statistical analyses were performed by two-way
ANOVA. Values represent the mean + SEM. *p<0.05, **p<0.005. (B) Influenza
immunofluorescence staining in the respiratory tract of seeder pigs. Hemagglutinin (red)
was detected using a polyclonal multi-H3 antibody and cell nuclei (blue) were stained

with DAPI. The scale bar represents 50 mm.
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Figure 3.4. A138S does not affect histopathological findings in tracheas and lung
lobes of infected pigs. Tracheas and lungs, 10X, mock group. Tissue sections are within
expected normal range. Trachea, 10X, hVIC/11 group: epithelium was diffusely
sloughing into the lumen (arrow) and subtended by a mild-moderate suppurative
inflammation. Suppurative inflammation reached the submucosal glands (asterisk). Lung,
10X, hVIC/11 group: mild-moderate degree of suppurative bronchitis and bronchiolitis
were present, as evidenced by neutrophilic exudate accumulation within the airways
(asterisks). Trachea, 10X, hVIC/1141385 group: mild-moderate lymphohistiocytic
inflammation expanded the lamina propria and effaced the mucosal epithelium. Lung,
10X, hVIC/1141385 group: mild suppurative and catarrhal bronchitis and bronchiolitis
(asterisks) were present with mild lymphohistiocytic cuffing of the airway. Trachea, 10X,
sOH/04 group: mild lymphohistiocytic tracheitis (arrow) was present. Lung, 10X,
sOH/04 group: marked suppurative inflammation was not only confined to the airways

(asterisks), but also extended to the adjacent alveoli.
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Figure 3.5. Distinct patterns of immune response are triggered by the viruses in
different lung anatomical sections of pigs. Relative mRNA levels of pro-inflammatory
cytokines, interferon-stimulated genes, and patter-recognition receptors. RNA was
normalized to 1mg and gene expression was assessed by qPCR and normalized to RLP-
19 expression in the (A) right cranial lobe, (B) left cranial lobe, (C) right caudal lobe, (D)
left caudal lobe, and (E) accessory lobe. Values are shown as log> fold induction of the
mean between the seeder pigs (n=3) of each group at 5dpi. Fold induction of each group

was normalized to the non-infected negative control group.
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Figure 3.6. Distinct antigen-presenting cells, macrophages, and dendritic cells
abundance induced after infection with influenza viruses in different lung
anatomical sections of pigs. (A) Single-cell suspensions were labeled with anti MHCII,
CD163, and CD172a antibodies and then analyzed by multi-color flow cytometry. Live
cells from singlets were filtered and used to assess MHC II, CD163, and CD172a content.
From the MHCII"&" CD163P° (antigen-presenting cells) population in lung tissue
samples, cDC1 cells appear as CD172a"¢CD163"¢, cDC2 are CD172aP**CD163"¢,
moDC are CD172aP**CD163!°%, moMf are CD172aP*CD163™, and PiAMs are
CD172aposCD163"e" Abundance of APC, cDC1, ¢cDC2, moDC, moMf, and PiAMs in
the (A) right cranial lobe, (B) left cranial lobe, (C) right caudal lobe, (D) left caudal lobe,
and © accessory lobe was quantified among total live cells (APC) or MHChe'CD163°8
cells (cDC1, ¢cDC2, moDC, moMf, and PiAMs). Values represent the mean + SEM for
seeder pigs (n=3) in each group. Statistical analysis was performed by two-way ANOVA.

*p<0.05, **p<0.005, ***p<0.0005.
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Figure 3.7. hVIC/11A1388 infection reduces the abundance of PAMs in BALF. (A)
Total cell count in BALF samples from mock, hVIC/11, hVIC/114135 and sOH/04-
infected pigs. (B) Representative histograms showing PAMs abundance (cell count,
MHCII"ehCD163P°) in BALF samples. BALF samples were analyzed by multi-color
flow cytometry and the MHCII content of the populations was quantified among total
live cells. (C) Variation of PAMs abundance in mock, sOH/04, hVIC/11, and
hVIC/1141385 infected pigs quantified by flow cytometry. Values represent the mean +

SEM for seeder pigs (n=3) per group. Statistical analysis was performed by two-way

ANOVA. *p<0.05, **p<0.005.
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Figure 3.8. FLUAY infection of PAMs affects the expression of GM-CSF but not
PPARg expression and promotes apoptosis of alveolar macrophages. (A) PAMs
collected from BALF samples of seeders at 5 dpi were stained for HA detection and
analyzed by multi-color flow cytometry to detect the amount of MHCIIM#"CD163P%
(PAMs) FLUAV -positive cells. Average histograms normalized to mode showing
FLUAV -positive PAMs compared to the mock group for (B) hVIC/11, (C) hVIC/11A1385,
and (D) sOH/04-infected seeder pigs (n=3) per group. From the comparison of FLUAV-
positive cells to the mock group, the percentage of FLUAV-positive cells was determined
using the Overton % method (E). (F) Relative mRNA levels of GM-CSF and PPARg
assessed by qPCR and normalized to RLP-19 expression in BALF samples. Values are
shown as log> fold induction of the mean between the seeder pigs (n=3) of each group.
(G) Flow cytometry analysis of apoptotic cells (Live/Dead™¢Annexin VP®) at 12 hpi. (H)
Growth kinetics of sOH/04 (blue), hVIC/11 (yellow), and hVIC/1141385 (red) in 3D4/21
cells at 37°C. Two independent experiments were performed in triplicates each time.

Values represent the mean + SEM. Statistical analysis was performed by two-way

ANOVA. *p<0.05, **p<0.005, ***p<0.0005.
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Table 3.1. Primer sequences used for gene expression analysis and pathogens

detection from lung tissue and BALF samples.

: GCAAACTAA ACTCCACAGTGTAA
GTCAAAGTCAAAGTCAGCAAAC

Vranckx, Maes [339]

Primer Sequence (5°-3°) Reference
wpLto F: AACTCCCGTCAGCAGATCC
R: AGTACCCTTCCGCTTACCG
Lo FAGAAGAGCCCATCGTCCTTG
R: GAGAGCCTTCAGCTCATGTG
Lo  F:ATCAGGAGACCTGCTTGATG
R: TGGTGGCTTTGTCTGGATTC
s  FTCCTGCTTTCTGCAGCTCTC
R: GGGTGGAAAGGTGTGGAATG
N F: GGCTCTGGTGCATGAGATGC
R: CAGCCAGGATGGAGTCCTCC
Ny FiATGTCAGAAGCTCCTGGGACAGTT
R: AGGTCATCCATCTGCCCATCAAGT
NF..  F: CCAATGGCAGAGTGGGTATG
R: TGAAGAGGACCTGGGAGTAG
PN OCTCTGGGAAACTGAATGAC
R: TCTCTGGCCTTGGAACATAG Delgado-Ortega, Melo
Nos  F: GAGAGGCAGAGGCTTGAGAC [334]
R: TGGAGGAGCTGATGGAGTAG
i F:AGTGTCGGCTGTTTACCAAG
R: TTCACAAACCCTGGCAACTC
vy F: CCGACTTCAGTTCAGGATGG
R: ACAGGAGACGGTCCGTTTAC
kg F: GACATCCAAAGCAGCTCTCC
R: CGCTCTACCTTCTCGCAATC
i F: CGACATTGCTCAGTGCAATC
R: TCAGCGTTAGCAGTCAGAAG
g F CCTGCATTCCAGAAGTTGAG
R: TGAGGTGGAGTATTGCAGAG
g F: TCAGCTACAACCAGCTGAAG
R: CAGATGTCGCAACTGGAAAG
1ipg FAGCGCGGGAGGAGTATTGTG
R: GCCAGGGCAGCCAACATAAC
F: TCCTTTTCATTAACCAGGGACATC .
IL-18 R GGTCTGAGGTGCATTATCTGAACA Paulin, Jagannathan [335]
F: GCAGCATGTGGATGCCATCA .
GM-CSE - ¢ GCTCCTGGGGGTCAAACATTTC This work
F: TCCAGCATTTCCACTCCACACT .
PPARE  R. GAATAAGGCGGGGACACAG Cui, Chen [336]
pevy  F: ATAACCCAGCCCTTCTCCTACC Yang, Habib [337]
R: GGCCTACGTGGTCTACATTTCC
PRRSY E:AAACCAGTCCAGAGGCAAGG Zheng, Chai [338]
F:
R

Mycoplasma

: AGCTGTTCAAATGCTTGTCC
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Table 3.2. Virus detection in contact pigs infected with sOH/04, hVIC/11, and
hVIC/11173%5, Number of FLUAV-positive contact pigs determined by RT-gPCR from
nasal swab samples at 2dpi/3dpc (C1= contact 1, C2= contact 2, C3= contact 3, C4=

contact 4).
Virus
sOH/04 hVIC/11 hVIC/11A1388
Seeders 3/3 3/3 3/3
C1 3/3 2/3 3/3
C2 3/3 0/3 3/3
C3 3/3 0/3 3/3
C4 3/3 0/3 3/3
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S3.3 Fig. Affinity of HIN1 and LPAIV DHS5N1 viruses for a2,3 and a2,6
sialylglycopolymers. Solid-phase binding assay curves of control viruses rgA/California/04/2009
(HINT, A) with high affinity for 6’SLN (black curve) and poor biding to 3’SLN (red curve).
LPAIV rgA/Vietnam/1203/04 (DH5N1, B) bound mostly to 3’SLN at low concentrations while
poor binding to 6’SLN was detected. Experiments were performed two independent times in

triplicates each time. Error bars represent the mean + SEM.
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hVIC/11 hVIC/11A1388

4-MU (uM)

Time (minutes)

Time (minutes)

sOH/04
C) 5.

—— 0 nM oseltamivir
—=— 1 nM oseltamivir
—— 10 nM oseltamivir

Time (minutes)

S3.4 Fig. Oseltamivir inhibition of NA. Neuraminidase activity of hVIC/11 (A),
hVIC/1141385 (B), and sOH/04 (C) in presence of 0, 1, and 10 nM oseltamivir normalized

to 10,000 PFU showing a dose-dependent decrease in NA activity using MUNANA as

substrate and supporting the validity of the assay.
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Tissue and
BALF collection
Challenge collectio

seeders 7\1{‘

Euthanasia Euthanasia Euthanasia Euthanasia Euthanasia
Seeders Contacts 1 Contacts 2 Contacts 3 Contacts 4
5 8 1 14 17

(N | [ S S N

. ‘ W (days)

2 5 8 1
Contacts 1 Contacts 2 Contacts 3 Contacts 4
n=3 n=3 n=3 n=3

L )
Vv
Contacts placed
S3.5 Fig. In vivo swine study experimental design. Pigs were inoculated with 3 x 10° TCIDso/pig of sOH/04, or hVIC/11, or
hVIC/11A1385 At 2 days post-infection (dpi), naive pigs were placed in contact with inoculated pigs. After 3 days (5dpi), new contacts
were introduced after removal of inoculated pigs, and this cycle was repeated for a total of 4 contacts. Pigs were euthanized at 5 dpi/6
days post contact, and bronchoalveolar lavage fluid and lung tissues were collected from seeders pigs. This illustration was created

with BioRender.com.
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S3.6 Fig. a2,3 and a2,6 receptors distribution in the upper and lower respiratory
tract of pigs. Representative confocal images showing a2,3 (MAL II, red) and a2,6
(SNA, green) receptors distribution in the upper and lower respiratory tract. a2,6
receptors are predominant in the trachea while in the right cranial, left cranial, right
caudal, left caudal, and accessory lobes both receptors are evenly distributed. Cells nuclei

was stained with DAPI (blue). The scale bar represents 50 mm.

102



log, Fold induction

log, Fold induction

log, Fold induction

9+
6
34
0+
3
-6
9-

9-
6
3
0-

-3

-6

9]

9
6

-6 -
-9

3_
0_
-3

94
6
3

9

0
-3
-6 o

IFN-8
ns
ns ns
94 1]
e © 2 °
3_
0_
-3 °
-6 -
94
T T T
>N
OQ}Q 4\0\\ ,3‘&
9 AN \(’\
&
IL-18
sdkeksk
9- 1
6- kkk ns
3_ || |
0_
-3
-6
-9 -
1 r 1
d NN P
o@% 4\(‘,\\ ?t:b
2 c,\’\’\
N
v
TLR-7
ns
9- |* *

6

-3
-6
-9

Z:ﬁl'i

9_
6_
3_

-3 -
-6
-9 -

o

9-
6
3
0+

-3

-6

-9

6_
34

IL-6

ns

|

ns ns

]
o]

T

34 o
-6 -
-9 -
— T T
& O
S ¢ X
2 & N
Y
v
RIG-I
9 ns
6_
ns ns
3—

-3
-6
-9

9_
6 -

04
-3
-6
-9




S3.7 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-
stimulated genes, and pattern-recognition receptors in the right cranial lobe. RNA
was normalized to 1mg and gene expression was assessed by qPCR and normalized to
RLP-19 expression in. Values are shown as log, fold induction of the mean between the
seeder pigs (n=3) of each group at 5dpi. Fold induction of each group was normalized to
the non-infected negative control group. Values represent the mean + SEM. Statistical

analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.
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S3.8 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-
stimulated genes, and pattern-recognition receptors in the left cranial lobe. RNA was
normalized to 1mg and gene expression was assessed by qPCR and normalized to RLP-
19 expression in. Values are shown as log> fold induction of the mean between the seeder
pigs (n=3) of each group at 5dpi. Fold induction of each group was normalized to the
non-infected negative control group. Values represent the mean + SEM. Statistical

analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.
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S3.9 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-
stimulated genes, and pattern-recognition receptors in the right caudal lobe. RNA
was normalized to 1mg and gene expression was assessed by qPCR and normalized to
RLP-19 expression in. Values are shown as log, fold induction of the mean between the
seeder pigs (n=3) of each group at 5dpi. Fold induction of each group was normalized to
the non-infected negative control group. Values represent the mean + SEM. Statistical

analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.
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S3.10 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-
stimulated genes, and pattern-recognition receptors in the left caudal lobe. RNA was
normalized to 1mg and gene expression was assessed by qPCR and normalized to RLP-
19 expression in. Values are shown as log> fold induction of the mean between the seeder
pigs (n=3) of each group at 5dpi. Fold induction of each group was normalized to the
non-infected negative control group. Values represent the mean + SEM. Statistical

analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

110



log, Fold induction

log, Fold induction

log, Fold induction

IFN-. IFN-B IFN-y TNF-o.

ns
ns f 1
ns — ns ns
N ns
_ f 1 _ s ns _ ] I e e -
9 ns ns 9 9 ° ° °
61 64 o ” .I 6 64 ns ns 6
o | 1
3+ 34 T ° 34 31 o | 3
L T - .
)
34 < ® 34 ¢ -3 -3 o -3
6 -6 -6 64 o -6
-9 -9+ -9 -9+ -9+
I 1 1 1 1 1 1 1 1 1 1 1
oo CRR S 3 & > & >
O N\ Q N Q N\ Q W\ Q
P & & P & ¢ > & &  © & (S
,90 ‘\A < \,\\ ,90 @\ < \,\\ e‘0 ‘\A \0\,\\ ,40 ‘\A \0\,\\ 60 )
& 3 & &
IL-8 IL-18 Mx1 Mx2
ns ns
1 ns 1
9+ ns ns 9 ns 99 ] 9 ns ns 97
6 | || . 64 | 6{ ns ns 6] |_|I_| 61
3 (€] 3 ns ns 3 3 3
. _ - I || | . ° _
J 10 1 o
0 0- 0+ 0- 0
o
34 -3 -3 © -3 -3
® o ©
6 6 -6 -6 -6
94 9+ -9+ -9+ -9
T T T 1 1 1 T T T 1 1 1
™ & > N 2 > & NP
Q N\ o NS Q NS N
X O ¥ SRR X O ¥ X O ¥ )
e0 @‘ \0\,\\ 90 ’3\ \0\,\\ 9O *3\ \\,\\ ,90 ‘\4 < \,\\ ,40
3 & 3 3
TLR-3 TLR-7 TLR-8
% Kk
ns ns k% ns
9 ’—| 9o X 9+
6 % ns 64 © 6 H |
34 || | 31 3
0] 0 0
-3 -3 -3+
-6 [¢] -6 -6
9+ -9 -9+
T T T 1 1 1 T T T
> N 2 > N R ] N F
@ W " N "
o‘» \\\0\ :&’o o’» \\\c’\ »?5 0‘8 A\(’\ J
2 \o\\ > <9 \o\'\ 2 < \(,\"
& & &

111



S3.11 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-
stimulated genes, and pattern-recognition receptors in the accessory lobe. RNA was
normalized to Img and gene expression was assessed by qPCR and normalized to RLP-
19 expression in. Values are shown as log> fold induction of the mean between the seeder
pigs (n=3) of each group at 5dpi. Fold induction of each group was normalized to the
non-infected negative control group. Values represent the mean + SEM. Statistical

analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.
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S3.12 Fig. Flow cytometry analysis of lung and BALF samples. Representative flow
cytometry results showing APC (top panels) and cDC1, ¢cDC2, moDC, moMf, and PiAMs
(bottom panels) in right cranial (B), left cranial (C), right caudal (D), left caudal (E), and
accessory lobes (F) from mock-, hVIC/11-, hVIC/114135- and sOH/04-infected pigs. The
gating strategy performed in tissue samples was also used in BALF samples and only one
population gated from MHCII"eh CD163P% cells appeared. This population is composed

of PAMs only and characterized as CD172aP**CD163heh (G).
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Abstract

Frequent interspecies transmission of human influenza A viruses (FLUAV) to pigs
contrasts with the limited subset that establishes in swine. While hemagglutinin (HA)
mutations are recognized for their role in cross-species transmission, the contribution of
neuraminidase (NA) remains understudied. In this study, NA's role in FLUAV adaptation
was investigated using a swine-adapted H3N2 reassortant virus with human-derived HA
and NA segments. Adaptation in pigs resulted in mutations in both HA (A138S) and NA
(D113A). The D113 A mutation abolished calcium (Ca?") binding in the low-affinity Ca**-
binding pocket of NA, enhancing enzymatic activity and thermostability under Ca**-
depleted conditions, mirroring swine-origin FLUAV NA behavior. Structural analysis
predicts that swine-adapted H3N2 viruses lack Ca** binding in this pocket. Further,
residue 93 in NA (G93 in human, N93 in swine) also influences Ca*" binding and impacts
NA activity and thermostability, even when D113 is present. These findings demonstrate
that mutations in influenza A virus surface proteins alter evolutionary trajectories
following interspecies transmission and reveal distinct mechanisms modulating NA
activity during FLUAV adaptation, highlighting the importance of Ca®* binding in the

low-affinity calcium-binding pocket.
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Introduction

Interspecies transmission of Influenza A viruses (FLUAV) is
common; however, sustained transmission within a new host species is rare. This is
because the virus must undergo adaptive evolution to replicate, transmit, and become
endemic in the new host population. FLUAV have two major surface glycoproteins:
hemagglutinin (HA) and neuraminidase (NA). The HA recognizes sialic acids (SAs) on
the cell surface and triggers virus entry into the host cells [281, 340]. The NA shows an
opposite activity, cleaving SAs to allow the virus to move through the respiratory mucus
by preventing binding to decoy receptors and to promote virus release from infected cell

[125, 341].

Due to its central role in the infection process, the HA protein is considered the
primary driver of adaptation to a new host species. This adaptation often involves the
acquisition of mutations in the receptor binding site (RBS) that enhance affinity for host-
specific SA conformations [19, 177, 342]. Previous studies have demonstrated that
adaptation of FLUAVs isolated from humans to pigs results in amino acid changes in the
HA RBS, increasing affinity for swine airway epithelial cells [27] and improving
transmission efficiency compared to the original human virus [258]. However, other gene
segments also contribute to the adaptation of human-origin FLUAVs to pigs, with the
acquisition of a well-adapted internal gene segment constellation seemingly essential [18,
244, 289]. Human FLUAVs introduced to pigs frequently lose their internal gene
segments through reassortment, acquiring swine-adapted gene segments from endemic

strains [17]. Interestingly, the surface gene segments (HA and NA) often persist in the
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swine population, albeit with significant genetic differences from the precursor strains

[17,242], leading to the establishment of new lineages.

The NA protein is a critical factor in FLUAV adaptation across species, as it must
maintain a functional balance with HA for successful infection [127]. Adaptive mutations
in the HA RBS can disrupt this balance, often prompting compensatory mutations in the
NA protein [343]. NA is a homotetrameric enzyme with hydrolase activity, with each
monomer consisting of a transmembrane domain, a stalk domain, and a head domain
containing the catalytic pocket [181, 205, 344]. While the catalytic pocket is present in
each monomer, optimal sialidase activity is only achieved in the tetrameric state [345-
347]. Calcium (Ca*") is an essential cofactor for NA activity, and most NA subtypes
possess a high-affinity Ca**-binding pocket near the active site of each monomer [348-
350]. This binding event is thought to induce a conformational change in the catalytic
site, facilitating proper SA binding [189, 191]. In addition to the high-affinity site, certain
subtypes such as N1 and N2 NAs have a second, low-affinity Ca**-binding pocket located
within the symmetry axis of the tetramer [35, 191]. This second site is believed to
contribute to tetramer stability and, indirectly, to NA activity, as NA activity is dependent
on the tetrameric form [35, 351, 352]. Notably, the crystal structure of the 2009 pandemic
HINI virus NA revealed that the virus quickly changed its calcium preference in the

symmetry axis after jumping from pigs to humans[35].

Despite these observations, the precise role of the second Ca?*-binding site in the
adaptation of FLUAV between species remains poorly understood and requires further
investigation. In this study, we investigated the adaptive mechanisms of human-derived

FLUAV HA and NA gene segments during transmission in a swine host. Utilizing a
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reassortant virus carrying HA and NA segments from the human strain
A/Victoria/361/2011 (hVIC/11) in a swine-origin FLUAV backbone. The rapid
emergence of an adaptative mutation was observed in HA (A138S, H3 numbering —
herein referred to as the hVIC/11-A138S strain) near the RBS that evolved after infection
of pigs [27]. Subsequently, and after two serial transmission events in vivo in pigs, the
emergence and fixation of a novel mutation in the NA, D113A, was observed. /n silico
structural analyses revealed that amino acid 113 in the N2 NA of hVIC/11 interacts with
Ca?" in the low-affinity Ca?*-binding pocket, a characteristic typically observed in human
H3N2 strains. Remarkably, the D113 A mutation abolished Ca?** binding in this pocket,
but concurrently enhanced NA thermostability and activity under Ca**-depleted
conditions. However, the A113 variant is uncommon in both human and swine H3N2
strains, and, notably, swine-origin H3N2 FLUAVs harboring this mutation are predicted
to be unable to bind Ca** in the low-affinity pocket. This observation prompted further
investigation into the molecular determinants of this differential binding behavior, which
revealed an important role of amino acid at position 93 in NA that further influences Ca**
binding in the low-affinity pocket and impacts replication and transmission efficiency in
pigs. These findings highlight the intricate molecular determinants of FLUAV adaptation

between hosts and underscore the critical role of Ca** binding in this process.
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Materials and Methods
Ethics statement

Animal studies were approved by the Institutional Care and Use Committee
(IACUC) at the University of Georgia (protocol A2019 03-031-Y3-A9). Studies were
performed under animal biosafety level 2+ (ABSL2+) containment and animals were
cared for in accordance with the guidelines set forth in the “Guide for the Care and Use
of Agricultural Animals in Research and Teaching (Ag Guide)” (American Dairy Science
Association, American Society of Animal Science, and Poultry Science Association,
2020). At the end of the study, animals were euthanized following the American
Veterinary Medical Association (AVMA) guidelines. All experiments with mutant viruses
were performed under BSL 2+ conditions at University of Georgia (Institutional

Biosafety Committee approval number 2020-0035).

Cells and viruses

Madin-Darby canine kidney (MDCK), human lung carcinoma (A549), and
porcine kidney (PK15) cells were grown in Dulbecco’s Modified Eagles Medium
(DMEM, Sigma-Aldrich, St Louis, MO) supplemented with 2mM L-glutamine (Sigma-
Aldrich, St Louis, MO), 10% fetal bovine serum (FBS, Sigma-Aldrich, St Louis, MO),
and 1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). Cells were cultured at

37°C in a humidified incubator with 5% COx-.

Human airway epithelial cells (BCi.NS1.1) [353] were kindly provided by Dr. Ronald
Crystal (Weill Cornell Medicine, NY, USA) and maintained in PneumaCult-Ex Plus

Basal Media (STEMCELL Technologies, Vancouver, Canada) supplemented with
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PneumaCult-Ex Plus Supplement (STEMCELL Technologies, Vancouver, Canada), 0.1%
hydrocortisone (STEMCELL Technologies, Vancouver, Canada), 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO), and 0.5% gentamycin (Sigma-
Aldrich, St Louis, MO). Cells were cultured at 37°C in a humidified incubator with 5%
CO: and media was replaced every two days. Differentiation of BCi.NS1.1 cells was
performed in type IV collagen-coated 12 mm trans well plates (0.4 mm pore size,
Corning Inc., NY, USA). Cells were plated at 3x10° cells/well and cultures were
maintained at 37°C in a humidified incubator with 5% CO, until a 100% confluency was
reached. After reaching confluency, cells were differentiated by changing to air-liquid
interface (ALI) conditions by removing the apical media and replacing the basal media
with PneumaCult ALI Base Media (STEMCELL Technologies, Vancouver, Canada),
supplemented with PneumaCult ALI Supplement (STEMCELL Technologies, Vancouver,
Canada), 1% PneumaCult ALI Maintenance Supplement (STEMCELL Technologies,
Vancouver, Canada), 1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO), and
0.5% gentamycin (Sigma-Aldrich, St Louis, MO), 0.2% heparin (STEMCELL
Technologies, Vancouver, Canada), and 0.5% hydrocortisone (STEMCELL Technologies,
Vancouver, Canada). Cells were maintained at 37°C in a humidified incubator with 8%
CO. for 5 days and then were cultured at 37°C in a humidified incubator with 5% CO. for
16 more days.

Spodoptera frugiperda pupal ovarian tissue (Sf9) cells were maintained in SF-900
IT SFM media (ThermoFisher Scientific, Waltham, MA) supplemented with 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). High Five™ Insect cells (BTI-

TN-5B1-4) were cultured in Express Five SFM media (ThermoFisher Scientific,
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Waltham, MA) supplemented with 18 mM L-glutamine (ThermoFisher Scientific,
Waltham, MA) and 1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). Both
insect cell lines were maintained in suspension at 28°C.

FLUAV viruses used in this study (Table 4.1) were generated using an eight-
plasmid reverse genetics system as previously described [354]. Parental viruses
(hVIC/11, sOH/04, and hVIC/11-A138S) were described before[258, 355]. D113A and
G93N/N93G mutations were introduced into hVIC/11 or sOH/04 NA by site-directed
mutagenesis using the Phusion site-directed mutagenesis kit (ThermoFisher Scientific,
Waltham, MA) and the primers listed in S4.1 Table according to the manufacturer’s
instructions and plasmids’ sequences were confirmed by whole plasmid sequencing.
Viruses were propagated in MDCK cells using Opti-MEM (ThermoFisher Scientific,
Waltham, MA) containing 1 mg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin (Worthington Biochemicals, Lakewood, NJ) at 37°C. Viral titers

were determined by TCIDso using the Reed and Muench method [293].

In vivo studies

3-weeks-old cross-bred pigs obtained from Midwest Research Swine Inc
(Glencoe, MN, USA) and housed in animal biosafety level 2 (ABSL2) facilities at the
University of Georgia. Animals were negative for anti-FLUAV NP antibodies by
competitive ELISA (IDEXX, Westbrook, ME) and randomly distributed into two groups.
Pigs (n=3, seeders) were inoculated intratracheally and intranasally under anesthesia
using a cocktail of ketamine (6 mg/kg), xylazine (3 mg/kg), and Telazol (6 mg/kg) with

3x10% TCIDso per pig of hVIC/11-A138S or sOH/04. Animals were checked daily for
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clinical signs and nasal swabs were collected at 0, 1, 2, 3, and 5 days-post infection (dpi)
in 2 mL of brain hart infusion broth (Sigma-Aldrich, St Louis, MO). At 2 dpi, naive pigs
(n=3) were placed as contacts (contact 1, C1) with the directly inoculated animals and
were kept together until 5 dpi. At 5 dpi, seeders pigs were sedated using a cocktail of
ketamine (3 mg/kg), xylazine (1.5 mg/kg), and Telazol (3 mg/kg) and then humanely
euthanized by an intravenous pentobarbital overdose (Euthasol, 390 mg/10 1b). Contact 1
pigs were moved into a clean enclosure after removal of seeder pigs, and additional naive
pigs (n=3) were placed as new contacts (contact 2, C2). This process was repeated for a
total of 4 contacts. Nasal swabs from contact pigs were collected at 0, 1, 3, 5, and 6 days-
post contact (dpc). At 6 dpc, contact pigs were sedated and humanely euthanized as
described above. During necropsies, bronchoalveolar lavage fluid (BALF) and lung tissue

were collected from all pigs.

Virus titration from lung tissue, nasal swabs, and BALF samples

Lung samples were homogenized using the Tissue Lizer II (Qiagen, Gaithersburg,
MD) and a Tungsten carbide 3 mm bead (Qiagen, Gaithersburg, MD) for 10 min at 30
Hz. Subsequently, RNA from lung tissues, nasal swabs, and BALF samples was extracted
using the MagMax-96 AI/ND viral RNA (ThermoFisher Scientific, Waltham, MA)
isolation kit according to manufacturer’s instructions. RNA from lung tissue was
normalized to 1 mg in 20 mL of nuclease-free water while RNA from nasal swabs and
BALF samples were used directly for titration. Samples were titrated using the Quantabio
qScript XLT One-Step RT-qPCR ToughMix kit (Quantabio, Beverly MA) targeting the M

segment (S4.1 Table) according to manufacturer’s instructions.
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Primary swine tracheal epithelial cells isolation

Trachea samples were obtained from three 7-weeks old cross-bred pigs obtained
from Midwest Research Swine Inc (Glencoe, MN) and airway epithelial cells were
isolated as previously described [356] with minor modifications. Briefly, trachea sections
were digested for 12 h at 4°C in DMEM/F12 (Sigma-Aldrich, St Louis, MO)
supplemented with 1.5 mg/mL pronase (Sigma-Aldrich, St Louis, MO), and 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). After overnight incubation,
trachea sections were scraped to release individual cells and fibroblasts were discarded by
plastic adherence for 4 h [357]. Non-adherent cells were then plated in type I collagen-
coated flasks and cultured with BEGM™ Bronchial Epithelial Cell Growth Medium
BulletKit™ (Lonza, Bend, OR, USA) at 37°C in a humidified incubator with 5% COx.
Differentiation was performed by seeding 3x10° cells/well in type I collagen-coated 12
mm transwell plates (0.4 mm pore size, Corning Inc., NY, USA) in BEGM™ media at
37°C in a humidified incubator with 5% CO> until a 100% confluency was reached. After
reaching confluency, BEGM™ media was removed from the apical and basal
compartments and ALI media composed of DMEM/F12 supplemented with 2% NuSerum
(Corning Inc., NY, USA), 2mM L-glutamine (Sigma-Aldrich, St Louis, MO), 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO), and 15 ng/mL retinoic acid
(Sigma-Aldrich, St Louis, MO) was added to the basal compartment. ALI media was

changed every two days and ALI conditions were maintained for 3 weeks prior to use.
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Next-generation sequencing

Viral genomic RNA was extracted from nasal swabs collected at 1, 2, and 5 dpi or
1, 3, and 6 dpc and BALF samples using the MagMax-96 AI/ND viral RNA isolation kit
(ThermoFisher Scientific, Waltham, MA) according to manufacturer’s instructions. After
extraction, HA and NA segments were amplified using specific primers (S4.1 Table) and
the SuperScript III One-Step PCR System (ThermoFisher Scientific, Waltham, MA)
according to manufacturer’s instructions in duplicates. Duplicate PCR products from both
HA and NA PCRs from the same sample were pooled in equal volumes and cleaned with
0.45X Agencourt AMPure XP Magnetic Beads (Beckman Coulter, Brea, CA, USA)
according to manufacturer’s instructions. Clean PCR product concentration was
measured using the Qubit dsSDNA HS assay kit (ThermoFisher Scientific, Waltham, MA)
on a Qubit 3.0 fluorometer (ThermoFisher Scientific, Waltham, MA) and normalized to
0.2 ng/mL. Sequencing libraries were prepared with the Nextera XT DNA library
preparation kit (Illumina, San Diego, CA, USA). Indexed libraries were cleaned with
0.7X Agencourt AMPure XP Magnetic Beads and samples size distribution was analyzed
using the Agilent Bioanalyzer 2100 DNA-HS assay (Agilent, Santa Clara, CA, USA).
Libraries were then pooled, denatured, and further diluted to 10 pM. Finally, samples
were sequenced using a MiSeq Reagent Kit V2, 300 cycles (Illumina, San Diego, CA,

USA).

Variant analysis

Analyses of FLUAV variants were performed as previously described [358, 359].

Briefly, sequencing adapters were removed using Cutadapt (version 3.4) and then
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mapped back to their respective reference sequence using option mem from BWA
(version 0.7.17) [360]. Read-pairing errors that may have been introduced by the
alignment were corrected using option fixmate, and secondary and unmapped reads were
removed. The resulting bam file was used by LoFreq [361] following practices outlined
in the Genome Analysis Toolkit [362] to identify non-consensus variants. Only variants
with a frequency of 0.01 (1%) and coverage equal to or above 100 were used.
Synonymous and nonsynonymous mutations were identified using SNPdat (version
v1.0.5) [363]. The output from SNPdat was inputted into RStudio (R version 4.1.2) for
visualization. Variants with a frequency equal to or above 0.5 (50%) were considered

major variants.

Diversity analysis

Nucleotide diversity p was calculated using the pN (nonsynonymous) to pS
(synonymous) ratio statistics determined using SNPGenie [364] for estimation of
nucleotide diversity from next-generation sequencing. An arbitrary minimal variant

frequency of 0.01 was set for p determination.

Amino acid temporal frequency analysis

55,590 human origin and 15,514 swine origin N2 sequences from H3N2 FLUAVS
from 1992 to 2022 were obtained from GISAID [365]. Duplicated sequences were
discarded, and samples were aligned using Clustal Omega version 1.2.2 [366].
Alignments were exported and amino acid frequency at position 93 and 113 was assessed

using Geneious version 2024.0.2.
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NA homology model

FLUAV NA sialidase domains were modelled using the SWISS-MODEL server

(https://swissmodel.expasy.org/) [367]. hVIC/11 NA model was made using

A/Tanzania/205/2010 as template (PDB accession code: 4GZO [188]) while
A/Moscow/10/1999 (PDB accession code: SDWB [368]) was used to generate the
sOH/04 NA 3D structure. NA structures were visually inspected using PyMOL 3.0 and

model quality was assessed using PROCHECK [369].

Growth kinetics

MDCK, A549, and PK15 cells were seeded in 6 well-plates and incubated at 37°C
in a humidified incubator with 5% CO, until an 80% confluency before use. Cells were
infected at a MOI of 0.01 for 1 h at 37°C. After incubation, cells were washed three times
with PBS and supplemented with fresh Opti-MEM containing 1 mg/ml TPCK-treated
trypsin. Timepoints were collected at 0, 12, 24, 48, and 72 hpi and viral titers were
determined by RT-qPCR. HAE and differentiated swine tracheal cells were infected by
adding 200 mL of virus in the respective ALI media into the apical compartment and
incubated for 1 h at 37°C. After incubation, cells were washed 5 times with PBS.
Timepoints were collected at 0, 12, 24, 48, and 72 hpi by adding 200 mL of PBS onto the
cells and incubating them at 37°C for 15 min. Viral titers were determined as described

above.
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Neuraminidase activity and thermostability

Neuraminidase sialidase activity was evaluated using the whole virus as
previously described [294] or purified recombinant NA (rNA). Briefly, viruses were
diluted in reaction buffer (32.5 mM 2-(N-morpholino)ethanesulfonic acid -MES-, 2 mM
CaCl; -unless stated otherwise-, pH 6.5) and incubated at 37°C for 30 min. To evaluate
purified recombinant proteins, samples were normalized to 50 ng for all of the assays
described below. After incubation, 100 mM 2'-(4-Methylumbelliferyl)-o-D-N-
acetylneuraminic acid sodium salt hydrate (MUNANA, Sigma-Aldrich, St Louis, MO)
was added and reactions were incubated for 60 min at 37°C. Fluorescence was measured
every 60 seconds at excitation and emission wavelengths of 360 nm and 460 nm,
respectively, using a Synergy HTX Multi-Mode Microplate Reader (Agilent BioTek,

Santa Clara, CA).

NA thermostability was assessed by incubating equal amounts of each virus at 33,
37,40, 43, 46, 49, 52, 55, 58, 61, and 64°C for 10 min. After incubation, viruses’ NA
sialidase activity was measured as mentioned above. NA relative activity was calculated
as percentage of the activity at 33°C. Tso values were obtained by adjusting the curves to

a non-linear dose-response logarithmic four parameters equation of the form:

_ a+ (a—D>b)
" 1 + 10((log(Tso—X)*H)

Where Y is NA activity in percentage, X is the log(temperature), a is the theoretical

maximum activity, b is the theoretical minimum activity, and H is the Hill slope.

NA sialidase activity under different concentrations of Ca*" was performed by adding 2,

1.5, 1, 0.5, or 0 mM CaCl; to the reaction buffer (32.5 mM MES, pH 6.5). Reaction
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velocity was measured as described above, and relative NA activity was calculated by
comparing the reaction velocity under each condition to the 37°C and 2 mM Ca?*

condition.

Enzyme kinetics

rNA samples were diluted in NA reaction buffer and incubated at 37°C for 30
min. Then 4-MU production over time was evaluated under different MUNANA
concentrations (1.17, 2.34, 4.68, 9.37, 18.75, 37.5, 75, 150, 300, and 600 mM).
Fluorescence was measured every 60 seconds at excitation and emission wavelengths of
360 nm and 460 nm and data was fitted to a simple saturation-kinetics equation (1) and
kear was obtained by rearranging the Michaelis-Menten equation (2) assuming saturated

substrate concentrations and a steady-state model:

_ vmax*[MUNANA]( )
" Ky+[MUNANA|

Kear = 755 (2)
Red blood cells elusion assay

Viruses were normalized at 32 HA units (HAU) in Ca*" -free PBS or PBS
supplemented with 2mM Ca?". Normalized samples were then mixed with 0.5% turkey
red blood cells and incubated at 4°C for 1 h. Then, samples were incubated at 37°C and
aliquots were collected every 30 min until all HAU were lost. As a control, a duplicate
sample supplemented with 1 mM oseltamivir (Sigma-Aldrich, St Louis, MO) was

included. Elution due to NA activity was confirmed by incubation at 4°C for 1 h to allow

re-agglutination.
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NA protein expression and purification

NA ectodomain from hVIC/11 and sOH/04 was cloned into the pFastBacl
transfer vector. The stalk domain was replaced and fused in frame to a GG linker, a
thrombin cleavage site, a tetramerization domain from the human vasodilator-stimulated
phosphoprotein (VASP), 6x His tag, and a secretion signal as previously described [370].
D113A and G93N/N93G mutations were introduced as described above. Cloned
pFastBacl plasmids were then used to generate the recombinant bacmids by transforming
DH10Bac competent cells (ThermoFisher Scientific, Waltham, MA), and insert
transposition was confirmed by colony PCR using M13 primers (S4.1 Table). Bacmids
were purified by alkaline lysis and used to rescue recombinant baculoviruses in Sf9 cells
according to the Bac-to-Bac system manual (ThermoFisher Scientific, Waltham, MA).

NA proteins were produced by infecting High Five cells at an MOI of 10. When
cells reached an 80% mortality (~72 hpi), the supernatant was cleared by centrifugation at
3,000 rpm. NA constructs were purified from clarified supernatant by immobilized metal
affinity chromatography (IMAC) using the HisPur Ni-NTA Spin purification kit
(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions
and eluted in elution buffer containing 137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOs,
1.8 mM KH;POs, and 300 mM imidazole. Subsequently, eluted NAs were further
purified by size exclusion chromatography using a Superdex-200 (Sigma-Aldrich, St
Louis, MO) column with a running buffer composed of 20 mM Tris-HCI, 50 mM NaCl,
pH 8.00. NA activity was monitored for each fraction. Finally, purified samples were

digested using the Thrombin CleanCleave Kit (Sigma-Aldrich, St Louis, MO) according
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to the manufacturer’s instructions, and digestion products were passed through a

Superdex-200 column.

SDS-PAGE and western blot

Protein concentration was determined using the Pierce BCA Protein Assay kit
(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions.
100 ng of either cleaved or non-cleaved NA constructs were boiled for 5 min and
resolved by SDS-PAGE using a Mini-Protean TGX Stain-Free Precast Gel (Bio-Rad,
Hercules, CA). For total protein imagining, gels were then fixed with 40% ethanol and
10% acetic acid in water for 1 h. Then samples were sensitized for 1 minute with 0.02%
NaxS»03 and incubated for 20 min with staining solution (0.1% AgNOs and 0.02%
formaldehyde in water). Finally, gels were developed by incubating them in 3% NaCOs3
and 0.05% formaldehyde in water. Gels used for western blot were transferred to a
TransBlot Turbo Mini Nitrocellulose membrane and blocked for 2 h in blocking buffer
(5% BSA in PBS) at room temperature. After incubation, membranes were washed two
times with T-PBS (0.05% Tween-20 in PBS, washing buffer) and incubated for 1 h with
an anti-His tag primary antibody (Sigma-Aldrich, St Louis, MO). Membranes were then
washed three times (5 min each) and incubated for 1 h with a secondary HRP-conjugated
anti-mouse antibody in a 1:1,000 dilution in T-PBS. Finally, membranes were washed 5
times and then developed with the SuperSignal West Femto Maximun Sensibility
Substrate kit (ThermoFisher Scientific, Waltham, MA). Membranes were imaged using a

ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).
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Plaque assay

MDCK cells were seeded at a density of 10° cells/cm? and incubated at 37°C in a
humidified incubator with 5% CO. in Opti-MEM (Life Technologies, Carlsbad, CA,
USA) until a 100% confluency before use. The day of infection, culture media was
discarded, cells were washed three times with Ca?** -free DMEM (ThermoFisher
Scientific, Waltham, MA), and were infected using 10-fold serial dilution of each virus in
Ca?" -free DMEM. After 1 h incubation at 37°C, unbound virus was removed by washing
cells three times with Ca?* -free DMEM and then cells were supplemented with DMEM
containing 2mM L-glutamine, 0.3% bovine serum albumin (BSA, ThermoFisher
Scientific, Waltham, MA), 1% antibiotic/antimycotic, ] mM sodium pyruvate
(ThermoFisher Scientific, Waltham, MA), 0.8% avicel, and variable concentrations of
Ca?* chloride (2, 0.5 or 0 mM, Sigma-Aldrich, St Louis, MO). Infections were incubated
for 72 h at 37°C. Finally, cells were fixed with 37% formaldehyde (Sigma-Aldrich, St

Louis, MO) and stained for 15 min with 0.5% crystal violet in 20% methanol.

Viral particle release

Viral particles release was evaluated as previously described [35]. Briefly, MDCK
cells were infected at a multiplicity of infection (MOI) of 0.1 and were incubated at 4°C
for 30 min. Unbound virus was removed by washing cells three times with PBS and cells
were supplemented with fresh Opti-MEM containing 1 mg/ml TPCK-treated trypsin
(Worthington Biochemicals, Lakewood, NJ). At 5 hpi, media was discarded and 3 mL of
DMEM containing 2mM L-glutamine, 0.3% BSA, 1% antibiotic/antimycotic, ]| mM

sodium pyruvate, 1 mg/ml TPCK-treated trypsin, and variable concentrations of CaCl,
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was added. Starting at 6 hpi, 100 mL was collected from each condition every 1 h until 12
hpi, and HA titers were measured using 50 mL of sample and 50 mL 0.5% turkey red

blood cells.

Aerosol infection

MDCK and PK15 cells were seeded and incubated as described above until 80%
confluence was reached. Viruses were diluted in Ca*" -free DMEM supplemented with
2mM L-glutamine (Sigma-Aldrich, St Louis, MO), 0.3% BSA (Sigma-Aldrich, St Louis,
MO), and 1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO) and used at an MOI
of 0.01. For infections performed with Ca?*, 2 mM CaCl, was added to the infection
media. A total of 6 mL of inoculum was aerosolized using the Aeroneb Lab Neubilizer
(Small VMD; Kent Scientific, CT, USA) with an expected particle size of 2.5-4 mm.
Aerosol was passed through an exposure chamber at a flow rate of 0.1 mL/min. Cells
were exposed for 15 min at room temperature, followed by a 5-min purge. Infections
were incubated for 1 h at 37°C and then washed three times with PBS. Finally, Opti-
MEM media supplemented with 1 mg/ml TPCK-treated trypsin was added, and time

points were collected at 0, 12, 24, 48, and 72 hpi.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 10. All data is

presented as the mean =+ standard error of the mean of at least three independent
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experiments unless stated otherwise in the figure legend. P values were obtained by

ordinary one-way ANOVA with Tukey’s multiple comparison test.

Results

hVIC/11-A138S infects the lower respiratory tract and increases affinity following

transmission to contact animals.
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To evaluate adaptation to a new host, 3-week-old pigs (seeders) were inoculated
intratracheally and intranasally with 3x10° TCIDso/pig of either hVIC/11-A138S [258] or
the control swine-adapted virus sOH/04 [371]. Two days post-inoculation (dpi), three
naive pigs (contact 1, C1) were introduced with the inoculated pigs (seeders, Fig 4.1). At
5 dpi, seeders were euthanized, and three new naive pigs (contact 2, C2) were introduced
to the C1 pigs. This cycle was repeated for a total of four contact groups. Nasal swabs
were collected throughout the study, and lung samples and bronchoalveolar lavage fluid

(BALF) were collected during necropsies at 5 dpi.

Virus titration of nasal swabs confirmed successful transmission of hVIC/11-
A138S among all contacts, peaking at approximately 10° TCIDsoeq/mL by 3 dpi (Fig
4.1a). The sOH/04 virus control was also detected in all contacts (Fig 4.1b), albeit at
higher titers (approximately 10° TCIDsoeq/mL). The hVIC/11-A138S virus infected the
trachea of all seeders and contact pigs (Fig 4.1c). Virus titers in the right cranial, left
cranial, and right caudal lobes (Fig 4.1d, e, and f) increased significantly by contact 4
(approximately 10* TCIDsoeq/mL) compared to the seeder and/or C1 pigs. While no
significant differences were observed in the left caudal lobe or BALF samples (Fig 4.1g,
1h), although a trend towards higher titers was noted in contact 4 pigs' BALF samples.
Notably, the virus initially failed to infect the accessory lobe of seeders and C1 pigs (Fig
4.11), with titers below the limit of detection (<10' TCIDsoeq/mL) but was detected in
subsequent contacts from C2 onward (approximately 10° TCIDsoeq/mL). These findings
suggest that hVIC/11-A138S replication efficiency in the lower respiratory tract increased

with each transmission, ultimately infecting all lung lobes by the study's conclusion.

136



Serial transmission of hVIC/11-A138S in pigs selected for a mutant with a single
amino acid mutation in NA.

After sequencing analysis of nasal swabs and BALF samples, only minor variants
(present in less than 50% of sequences) were observed in the hVIC/11-A138S HA
segment (Fig 4.2a), and none of these variants became fixed or were transmitted.
However, a mutation in the NA, D113A, was detected in contact 2 pigs as a major variant
(present in more than 50% of sequences) that eventually became prevalent and was
transmitted to all contact 3 and 4 pigs (Fig 4.2b). No positive selection was observed in
the HA segment (S4.1a Fig), while signs of positive selection were observed for the NA
segment in contacts 1 and 2 sequences (S4.1b Fig). After acquisition of the D113 A amino
acid change, no positive selection was observed in this segment. No major changes were
observed in the SOH/04 control virus surface gene segments (S4.2 Fig). Using the NA
crystal structure information that closely matches the sequence of hVIC/11 NA
(A/Tanzania/205/2010, S4.3 Fig) revealed that the amino acid at position 113 located
within the low-affinity Ca**-binding pocket of the NA is essential for Ca** binding (Fig
4.2¢). The polar side chain of aspartic acid (D) at this position is predicted to stabilize a
water molecule via a hydrogen bond (one per monomer) in the symmetry axis (Fig 4.2c,
top panel), facilitating the coordination of a single Ca** ion. When D113 is mutated to
alanine (A), this polar interaction is lost, likely impairing Ca** binding (Fig 4.2¢, bottom
panel). Notably, temporal analysis of residue frequency reveals that D113 and A113 were
similarly prevalent in swine H3N2 viruses until the early 2000s (Fig 4.2d). However,

D113 has since become predominant, reaching 100% frequency by 2022.
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The adaptive N2 D113A mutation enhances NA stability under Ca**- depleted

conditions and reduces Ca** requirements for NA sialidase activity.

Prior research with the N1 NA from the 2009 pandemic HIN1 virus demonstrated
that disrupting Ca** binding in the low-affinity Ca**-binding pocket impairs virus
replication in vitro [35]. To investigate this effect in viruses with the N2 NA DI113A
mutation, two recombinant viruses were produced carrying this mutation, with or without
the HA A138S mutation (hVIC/11-A138S/D113A and hVIC/11-D113A, respectively).
Replication kinetics of these viruses were evaluated in various human and swine cell
lines (Fig 4.3a) and compared to hVIC/11-A138S, hVIC/11, and sOH/04 viruses. The N2
NA D113A mutation did not affect virus replication in MDCK, PK15, A549, or
differentiated human airway epithelial (HAE) cells (Fig 4.3a). Neither hVIC/11 nor
hVIC/11-D113A replicated in differentiated primary swine airway epithelial (SAE) cells,
unlike hVIC/11-A138S and hVIC/11-A138S/D113A, confirming the advantage conferred
by the HA A138S mutation for replication in swine cells [258].

Disruption of Ca** binding in the symmetry axis may negatively impact NA
stability [35]. To investigate this, the temperature at which 50% of NA activity is lost
(T50) was established for NAs containing either D113 or A113 (Fig 4.3b) in the absence
or in the presence of physiological Ca** concentration (2 mM). The assay revealed that
introducing the D113 A mutation decreased the T50 of NA proteins at 2 mM Ca**
(hVIC/11-D113A, 52.03°C; hVIC/11-A138S/D113A, 51.19°C) compared to control
viruses with wild-type (WT) NA (hVIC/11, hVIC/11-A138S, and sOH/04), which
exhibited T50 values averaging 5°C higher (Fig 4.3b, left panel; Fig 4.3¢). In the

absence of Ca?*, all T50 values decreased compared to those at 2 mM Ca?* (Fig 4.3b,
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right panel). Remarkably, viruses carrying D113A, particularly hVIC/11-A138S/D113A
(T50 44.44°C), showed significantly higher values than the WT hVIC/11 (T50 39.51°C)
in the absence of Ca?*, behaving more like the sOH/04 strain (T50 43.40°C) (Fig 4.3c).
These findings suggest that disrupting Ca*" binding in the symmetry axis decreases NA
thermostability at 2 mM Ca** but stabilizes the protein in the absence of Ca*".

The sialidase activity in the absence of Ca?*as a percentage of the activity at 2
mM Ca?" measured at 37°C (Fig 4.3d, S4.4 Fig) revealed that mutant viruses containing
the A113 mutation (hVIC/11-A138S/D113A and hVIC/11-D113A) maintained high levels
of NA activity under Ca**-depleted conditions similar to sOH/04 (39.14%). These
mutants also exhibited enhanced activity compared to hVIC/11, which was nearly
inactivated in the absence of Ca** (3.81%). Notably, the virus with both the A138S
mutation in the HA and the D113 A mutation in the NA retained the highest levels of

sialidase activity in the absence of Ca**, exceeding 50%.

Ca?* binding within the low-affinity Ca** binding pocket is influenced by amino acid
93.

Analysis of the predicted hVIC/11 and sOH/04 and NA structures (SOH/04 model
derived from homology with A/Moscow/10/1999 (H3N2), (S4.5 Fig), suggests that the
latter likely does not bind Ca?* in this pocket despite having D113 (Fig 4.4a). This model
indicates altered interactions between sOH/04 NA and water molecules within the
symmetry axis compared to hVIC/11, disrupting Ca?* coordination. This is attributed to a
reduced f angle between G111 and G112 in sOH/04’s NA (159.3°) relative to hVIC/11°s

NA (176.8°), which repositions the D113 side chain (S4.6a Fig). To verify this, the
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D113 A mutation was introduced into sOH/04 NA (sOH/04-D113A). This did not alter
NA activity at varying Ca** concentrations compared to WT sOH/04 NA (Fig 4.4b) nor
affected thermal stability at 2 mM or 0 mM Ca?*, further supporting the notion that
sOH/04 NA does not bind Ca?" in this pocket (Fig 4.4c). Sequence alignment revealed an
important difference at position 93, in which asparagine (N) is present in SOH/04 NA and
glycine (G) in hVIC/11 NA (S4.6b Fig). Temporal analysis of human and swine H3N2
NA sequences (1992-2023) showed residue 93 in human isolates shifting from K (lysine)
to N to D by the early 2010s, with G becoming prevalent as of 2023 (S4.6¢ and d
Fig). Swine H3N2 viruses initially carried K93, gradually replaced by N93 (S4.6¢
Fig, bottom panel), which became fixed by the 2010s and has not changed ever
since. This change at position 93 appears to affect subsequent residues, potentially
explaining the altered f angle between G111 and G112 (S4.6e Fig). This is further
supported by comparing NA activity of swine- and human-origin H3N2 FLUAVs at
different Ca** concentrations. Human H3N2 FLUAVs have exhibited reduced tolerance to
Ca?" depletion since the early 2000s (S4.7a-i Fig), contrasting with swine H3N2
strains, which largely retain high sialidase activity in the absence of Ca** (S4.7j-q
Fig). This effect on NA activity seems to be associated with the residue at position 93
(S4.2 Table).

To investigate the influence of residue 93 on NA physiochemical properties, the
NO93 substitution was introduced into the hVIC/11 NA, generating both hVIC/11-G93N
and hVIC/11-A138S/G93N mutants. While the presence of Ca** led to a slight decrease
in T50 compared to the unmodified hVIC/11, the absence of Ca** revealed a distinct

pattern. In this Ca**-depleted environment, the hVIC/11-G93N mutant exhibited a

140



significant increase in T50 (47.22°C) compared to both hVIC/11 and hVIC/11-
A138S/G93N (Fig 4.4d and e). The impact of residue 93 was not limited to the hVIC/11
NA. The N93G mutation in sOH/04-N93G NA also affected stability, resulting in reduced
T50 values under both Ca**-replete and Ca**-depleted conditions compared to the SOH/04
control virus. These observations underscore the consistent influence of residue 93 on NA
stability, regardless of the specific NA mutant or Ca*" availability. Interestingly, this
influence on stability extended to NA activity. The hVIC/11 mutants containing N93
demonstrated a remarkable 6-fold increase in sialidase activity compared to hVIC/11 in
the absence of Ca** (hVIC/11-G93N, 22.14%; hVIC/11-A138S/G93N, 31.02%; hVIC/11,
3.8%:; Fig 4.4f and g). Conversely, the G93 mutation in sOH/04-N93G led to a reduction
in activity compared to the sSOH/04 control. These contrasting effects suggest that residue
93 not only modulates stability but also plays a crucial role in fine-tuning NA activity in

response to Ca** availability.

Amino acids 93 and 113 differentially modulate neuraminidase enzymatic parameters.
The impact of amino acids 93 and 113 on NA enzymatic activity was investigated
by analyzing substrate affinity and sialic acid hydrolysis velocity. Recombinant NA
constructs (rNA) consisting of the NA ectodomain fused to various tags (Fig 4.5a) were
expressed, purified, and evaluated for purity (S4.8a Fig). Upon cleavage of the
introduced domains (Fig 4.5b, S4.8b and c Fig), the released NA ectodomain was used
to assess reaction velocity using MUNANA. While D113A did not affect the velocity of
hVIC/11-D113A rNA, it reduced the reaction velocity in sOH/04-D113A rNA (Fig 4.5¢

and d). Conversely, introduction of N93 increased the reaction velocity five-fold in
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hVIC/11-G93N rNA compared to hVIC/11 rNA (0.017 mM/min and 0.0033 mM/min,
respectively), while G93 decreased the velocity of SOH/04-N93G rNA compared to
sOH/04 rNA (0.011 mM/min versus 0.036 mM/min, Fig 4.5d). These findings suggest
that residues 93 and 113, although not part of the active site, influence NA catalytic
properties.

Further analysis of substrate affinity using the Michaelis constant (Ku) revealed
that neither G93N nor D113A affected the Ky of hVIC/11-G93N rNA or hVIC/11-D113A
rNA compared to hVIC/11 rNA (Fig 4.5e and f). Conversely, both sOH/04-N93G rNA
and sOH/04-D113A rNA exhibited increased Ky, indicating reduced substrate affinity
compared to sSOH/04 rNA. Assessment of maximum velocity (V,.x) showed that
hVIC/11-G93N rNA displayed the highest Vo among hVIC/11-derived NAs, while
hVIC/11-D113A rNA had a reduced Vox compared to hVIC/11 rNA (Fig 4.5G).
Similarly, G93 and A113 reduced Vax in SOH/04 NA. These results suggest that residue
N93 enhances the reaction maximum velocity, whereas A113 decreases Viax.

Calculation of the turnover number (kc.,) further supported these observations (S4.8d and
e Fig, S4.3 Table), demonstrating increased ke, in hVIC/11-G93N rNA and decreased kcar
in hVIC/11-D113A rNA compared to hVIC/11 rNA. The opposite effect was observed in
sOH/04 NA mutants. Additionally, the specificity constant (kc./Kar) was increased in
hVIC/11-G93N rNA and reduced in both hVIC/11-D113A rNA and sOH/04 NA mutants
(S4.8f Fig, S4.3 Table). This analysis indicates that N93 modulates catalytic power by
affecting interactions after enzyme-substrate complex formation, while A113 decreases

the catalytic efficiency noted as a reduced kca/ K.
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Examination of T50 values linked the increased activity of hVIC/11-G93N rNA to
enhanced thermostability, whereas hVIC/11-D113A rNA exhibited reduced T50 under 2
mM Ca?" (Fig 4.5h and i). Similar trends were observed in sOH/04 NA mutants. Notably,
both hVIC/11-G93N rNA and hVIC/11-D113A rNA displayed increased stability and
activity at 0 mM Ca?" compared to hVIC/11 rNA (Fig 4.5j, S4.9 Fig), whereas sOH/04r-
N93G rNA showed reduced activity. The correlation between NA thermostability and
activity under Ca**-depleted conditions was confirmed by a Pearson test (Fig 4.5k). Thus,
residues 93 and 113 differentially modulate NA catalytic power by influencing the
tetramer stability. Notably, amino acids destabilizing Ca** binding in the low-affinity
Ca?-binding pocket, prevalent in recent swine H3N2 viruses, enhance NA stability and

activity in Ca**-depleted conditions.

Amino acids 93 and 113 impact the HA/NA balance.

To assess the impact of NA mutations at positions 93 and 113 on the balance
between HA and NA activities, a red blood cell elution assay was performed, measuring
the time required for a 50% reduction in HA titers under NA activity (Fig 4.6a-f). At 2
mM Ca?", hVIC/11-A138S exhibited the fastest elution, while mutations at either residue
93 (GtoN)or 113 (D to A) increased elution time. Similarly, sSOH/04-N93G showed
slower elution kinetics. In the absence of Ca*", hVIC/11 and hVIC/11-A138S displayed a
marked increase in elution time, which was reversed by introducing either N93 or A113.
Conversely, sOH/04-N93G maintained a slower elution time even without Ca?". No
elution was observed in the presence of oseltamivir, confirming assay functionality.

These differences were statistically significant, indicating that residues 93 and 113
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modulate viral elution time, reflecting alterations in the HA/NA balance. The observed
changes in elution kinetics suggest that these residues influence the functional interplay

between HA and NA, highlighting their role in optimizing viral fitness and adaptation.

Disruption of Ca’** binding in the low-affinity site reduces Ca’** dependency for viral
replication and aerosol infection.

Given the importance of NA activity in the FLUAV replication cycle, the
biological significance of the D113 A mutation in hVIC/11-A138S/D113A was assessed
through plaque assays under varying Ca®" concentrations (S4.10 Fig). At both 2 mM and
0 mM Ca?", hVIC/11-D113A and hVIC/11-A138S/D113A produced the largest plaques
(Fig 4.7a). sOH/04 plaques were larger than those of hVIC/11. The hVIC/11 strain
exhibited strong Ca?" dependency, with plaque size reduced by nearly 60% in the absence
of Ca?" compared to the 2 mM condition (Fig 4.7b). Conversely, Ca** concentration had
less impact on hVIC/11-A138S, hVIC/11-D113A, and sOH/04, with plaque size
reductions around <40%. The hVIC/11-A138S/D113 A mutant showed minimal plaque

size reduction under 0 mM Ca?".

Viral particle release, predominantly mediated by NA activity, was also evaluated.
The hVIC/11 and hVIC/11-A138S viruses showed decreased release in the absence of
Ca?* (Fig 4.7¢). In contrast, sOH/04 and hVIC/11-A138S/D113A, particularly the latter,
exhibited negligible differences among tested Ca** concentrations. These findings suggest
that impairing Ca** binding in the symmetry axis reduces optimal Ca** requirements for
growth, likely due to enhanced NA activity under low Ca** conditions, leading to

improved viral release. This effect was particularly pronounced in aerosol infectivity

144



assessments. The hVIC/11 and hVIC/11-A138S viruses showed delayed kinetics in
MDCK cells when aerosolized in Ca**-free media, reaching lower titers at 72 hpi
compared to Ca**-supplemented media (Fig 4.7d). In contrast, hVIC/11-D113A,
hVIC/11-A138S/D113A, and sOH/04 showed no differences under both conditions,
indicating that viruses with Ca*"-destabilizing mutations are less sensitive to Ca**
concentrations during aerosolization. This phenomenon was even more evident in swine-
origin PK15 cells. While no significant differences were observed among viruses upon
direct inoculation (Fig 4.3a), aerosol delivery revealed a striking contrast (Fig 4.7¢). The
hVIC/11 strain exhibited minimal replication with Ca?*-supplemented media and no
detectable titers without Ca?*. However, hVIC/11-D113A and hVIC/11-A138S/D113A
replicated similarly under both conditions, although hVIC/11-D113A titers were
ultimately lower. These results demonstrate that viruses with reduced Ca?* requirements
for replication (hVIC/11-A138S/D113A, hVIC/11-D113A, and sOH/04) exhibit reduced
dependency on this ion during aerosol infection, with minimal differences in growth

kinetics between Ca?" conditions.

Discussion

The NA protein plays a critical role in FLUAYV infection, facilitating viral
movement through respiratory mucus and promoting viral release by hydrolyzing sialic
acid [126, 372]. NA activity is strongly dependent on Ca?** [373, 374], with some
subtypes binding up to two Ca?" ions per monomer plus a central ion in the symmetry
axis [375]. However, most NA subtypes, including N2, primarily bind two Ca*" ions in

distinct high- and low-affinity binding pockets [181]. The high-affinity pocket is
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consistently occupied and essential for NA catalysis, as Ca®" binding repositions the
catalytic residues for proper sialic acid binding [189]. Recent studies have revealed that
the low-affinity pocket's role in modulating N1 NA activity by stabilizing the tetramer is
crucial for optimal function [35, 376]. Findings in this report extend this understanding to
N2 FLUAV, demonstrating that the low-affinity pocket also modulates N2 NA catalytic
properties, potentially serving as a mechanism for regulating the balance between HA and
NA activities, and providing a mechanism to modulate NA enzymatic properties without
mutating the catalytic residues.

Leveraging a swine sustained transmission model and a mutant virus with
mutation in HA (hVIC/11-A138S) previously detected after transmission of a human
strain to pigs [27], a potentially compensatory mutation was identified, D113A, in the N2
NA low-affinity Ca**-binding pocket. N2 crystal structures of prototypical human strains
revealed that residue 113 is the sole amino acid involved in Ca*" binding at this site in
this FLUAV subtype. This contrasts with N1 NAs, where residues K111, D113, and
particularly Y170 play key roles in Ca** binding in the symmetry axis [35]. Unlike the
2009 pandemic HINT virus, acquisition of D113A by the human-origin N2 NA did not
affect viral replication in the cell lines tested. Furthermore, the failure of hVIC/11-D113A
to replicate in swine respiratory cells suggests that this mutation alone does not enhance
replication in pigs (Fig 4.3a), underscoring the critical role of the HA mutation A138S in
adaptation to pigs due to increased affinity for swine cells [33, 377, 378]. These findings
argue for a sequential adaptation model for human FLUAVSs in pigs: initial acquisition of
adaptive HA mutations to facilitate binding to swine cells, followed by NA

mutations, such as D113A, to restore HA/NA balance disrupted by the prior HA
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changes. This model emphasizes the dynamic interplay between HA and NA in viral
adaptation to new hosts, highlighting the importance of compensatory mechanisms in
maintaining viral fitness during host transitions.

While the D113 A mutation did not affect viral fitness in vitro in this study, it did
impact NA thermostability, which is closely linked to Ca** binding [379]. The importance
of Ca?" in enhancing N2 activity has been previously established [380]. Notably, the
D113A mutation increased N2 thermostability under Ca**-depleted conditions,
accompanied by an increase in its activity. Interestingly, swine-adapted N2 NAs
inherently exhibit higher sialidase activity in the absence of Ca**, contrasting with human
viruses. The observation of stronger Ca?" dependency in human-origin N2 aligns with
previous reports [35, 380]. The high activity of swine FLUAVs under Ca?*-depleted
conditions, despite carrying D113, suggests a lack of Ca*" binding in the low-affinity
Ca?*-binding pocket. Modeling of sOH/04 NA confirmed this hypothesis, revealing that
Ca?" binding is prevented by repositioning of water molecules in the symmetry axis due
to a change in D113 side chain location (Fig 4.4). Further support for this mechanism was
provided by the introduction of D113A in sSOH/04 NA, which resulted in no changes in
thermostability compared to sOH/04 (Fig 4.4 and 4.5), confirming that the virus does not
bind Ca** when either amino acid is present. This suggests that the presence of D113,
even without direct Ca?" interaction, contributes to the overall stability of the NA
structure, highlighting the complex interplay between amino acid residues and Ca*
binding in modulating NA function.

Residue 93 appears to be under different selective pressures in humans and swine.

While K93 and N93 were present in both human and swine FLUAYV in the early 1990s,
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human isolates rapidly transitioned to D93 and G93, while N93 was retained in swine
H3N2 FLUAVs. Protein modeling suggests that the N93 residue destabilizes the
interaction of D113 with Ca?*, thereby preventing Ca** binding. Interestingly, a similar
mechanism has been reported for residue 106 in N1 NAs, which also modulates Ca?*
binding in the low-affinity Ca**-binding pocket [35]. This suggests a conserved
mechanism between N1 and N2 NAs for modulating Ca?* binding at this site, involving
specific residues distant from the pocket itself. The presence of this mechanism across
subtypes may be due to the high conservation of the low-affinity Ca?*-binding pocket.
Such a mechanism could prevent modifications near the Ca?*-binding pocket that might
interfere with tetramer formation, as NA oligomerization is driven by both the head and
transmembrane domains [381]. However, further investigation is needed to confirm this
hypothesis.

Residues 93 and 113 exert similar effects on Ca?" binding in both human and
swine N2 FLUAVs, yet their impact on NA catalytic properties differs. Notably, while
D113A minimally affects SOH/04 tNA Vi, it reduces hVIC/11 tNA velocity.
Conversely, N93 drastically increases reaction velocity within the hVIC/11 rNA.
Additionally, sOH/04 rNA displays higher substrate affinity than hVIC/11 rNA, with no
difference observed in hVIC/11-G93N rNA, suggesting that that N93 seems to influence
steps occurring after the enzyme-substrate complex formation, while A113 decreases the
catalytic efficiency of the enzyme. This aligns with previous reports of Ca* modulating
reaction velocity by favoring enzyme-substrate interactions [382, 383], although the
mechanism remains unclear. The D113 A mutation impacts substrate binding, decreasing

affinity regardless of NA backbone, potentially explaining its rarity in natural isolates due
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to disruption of HA/NA balance [384, 385]. Previous work has demonstrated that
hVIC/11-A138S exhibits higher affinity for a2,6-SA, indirectly enhancing NA activity
[258]. Based on this, it was hypothesized that the D113 A mutation emerged in vivo to
compensate for the A138S change in HA and regulate NA activity. Indeed, data revealed
a higher elution rate for hVIC/11-A138S compared to hVIC/11 and sOH/04, which was
restored to SOH/04-like levels upon introduction of D113 A (Fig 4.6). These findings
underscore the intricate interplay between HA and NA, whereby mutations in one protein
can necessitate compensatory changes in the other to maintain optimal viral fitness.
Notably, A113 negatively impacted tetramer stability in the hVIC/11 NA backbone,
suggesting that other residues might prevent this effect in SOH/04 NA. These two amino
acids thus represent distinct mechanisms for N2 NA modulation of activity during host
jumps, explaining the tendency of human viruses to bind Ca** in the low-affinity Ca**-
binding pocket, while swine H3N2 viruses do not. This suggests a novel role for Ca** in
FLUAV host range, where viral changes may modulate sialidase activity without
modifying the conserved catalytic pocket, by influencing Ca** binding in the low-affinity
site. This is supported by previous studies on the 2009 pandemic HIN1 NA crystal
structures [35]. Early isolates, upon jumping from pigs to humans carried V106 that
destabilized the tetramer at 2 mM Ca?', but it was quickly replaced by 1106 that enhanced
N1 NA thermostability and activity under this condition. While that study did not directly
link FLUAV host range and Ca?* binding, the order of events aligns with the hypothesis
that HA changes are required early in host adaptation, followed by NA activity
modification through altered substrate affinity or reaction velocity, depending on specific

residues involved in Ca?* binding. However, this process seems to cycle between binding
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and not binding calcium in the symmetry axis [35], which could represent a mechanism
to compensate for changes in the HA, as the D113 A mutation alone cannot grant
replication in swine airway cells (Fig 4.3).

Increased NA thermostability conferred by the D113 A substitution reduced the
Ca?" requirement for optimal virus replication to levels comparable to sOH/04. This is
likely due to enhanced NA activity under low Ca*" conditions, leading to more efficient
virus release from infected cells [35]. The increased stability of A113-containing mutants
also resulted in more efficient aerosol infection of MDCK cells when the inoculum was
aerosolized in the absence of Ca?", similar to sSOH/04. This effect was even more
pronounced in PK15 cells, with limited to no replication observed for hVIC/11 and
hVIC/11-D113A. Notably, hVIC/11-A138S/D113A demonstrated similar replication
kinetics to sOH/04 across all tested conditions. These findings suggest that the absence of
Ca?" in the symmetry axis enhances aerosol infection under Ca**-depleted
conditions, potentially reflecting differences in mucus composition between human and
swine, which could select for viruses with distinct aerosol stability. This could explain
why hVIC/11 fails to transmit in pigs [258] and only replicates in the upper respiratory
tract of swine (»37°C) but not in the lungs [27, 258] (»39°C) as the NA of hVIC/11 is
almost inactivated in absence of calcium at 39°C (Fig 4.3, 4.4, and 4.5). However,
further investigation is needed to confirm this hypothesis.

Overall, this study demonstrates distinct Ca?* binding profiles in human and swine
H3N2 FLUAVSs, with swine strains lacking Ca?* binding in the low-affinity pocket. This
difference leads to enhanced stability and activity of swine-origin FLUAVs under Ca**-

depleted conditions compared to human-origin FLUAVs, which are almost inactivated
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under this condition. Residue 93 modulates Ca** binding and significantly impacts
reaction velocity by affecting steps after SA binding in the NA catalytic pocket. This
difference in reaction velocity and Ca*" binding suggests a role of Ca®" in the host range
of FLUAV, with those from humans requiring higher Ca** concentrations for replication
while their swine counterparts have reduced Ca** requirements. A better understanding of
the biochemical differences of the upper and lower respiratory tract of humans and pigs is
needed to better understand the potential applications of these results into control
measures in the field. Nonetheless, the identification of residues N93 and A113 with
apparent enhanced fitness in swine could be used in surveillance to detect circulating
human H3N?2 viruses carrying these swine-adaptative mutations that could potentially
jump from humans to pigs. These results provide new insights into the mechanisms
utilized by FLUAV to regulate NA activity during host adaptation and the potential

effects on the HA/NA balance.

Figures and Tables
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Figure 4.1. hVIC/11-A138S replicates in pigs' upper and lower respiratory tract with
increasing lung involvement by the fourth round of sustained transmission. Pigs
were challenged with either sOH/04 or hVIC/11-A138S and nasal swabs were collected.
Lung tissue and BALF samples were collected during necropsies at 5 dpi/6 dpc. (a) Viral
titers in nasal swab samples (n=3 per contact) from pigs challenged with hVIC/11-
A138S. (b) Viral titers in nasal swab samples (n=3 per contact) from pigs challenged with
sOH/04. Viral titers from the trachea (c), right cranial lobe (d), left cranial lobe (e), right
caudal lobe (f), left caudal lobe (g), bronchoalveolar lavage fluid (BALF) (h), and the
accessory lobe (i) from hVIC/11-A138S-infected pigs were determined by RT-qPCR and
normalizing all samples to Img total RNA. All statistical analyses were performed by

two-way ANOVA. Values represent the mean + SD.
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Figure 4.2. In vivo transmission of hVIC/11-A138S selects for a single mutation in the NA segment. Nasal swab samples collected
at days 1, 2, and 5 dpi and 1, 3, and 6 dpc were sequenced and viral variants across the HA (a) and NA (b) segments were identified
and their abundance was quantified. Mutations were classified as nonsynonymous (yellow) or synonymous (blue). A minimum
threshold for major variants was arbitrarily set at 0.5 and the fixation point at a frequency of 1 (dashed lines). The frequency is
expressed in the y axis a log from 0 to 1. The data represents the diversity observed in three pigs per contact. (¢) hVIC/11 NA tetramer
protein model showing the low-affinity Ca** -binding pocket when D113 and A113 are present. Residue 113 is shown in blue, water
molecules in red, and the Ca*" atom in purple. Images were made using PyMOL. (d) Frequency of A113 in swine H3N2 isolated
reported from 1992 to 2023. Sequences were obtained from GISAID and aligned with Clustal Omega. Alanine (A) is shown in green

while aspartic acid (D) is presented in red.
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Figure 4.3. The NA D113A mutation provides no advantage for virus growth in SAE cells but increases NA thermostability and
sialidase activity under Ca*" -depleted conditions. (a) Viral growth kinetics of sOH/04 (blue), hVIC/11 (yellow), hVIC/11-
A138S(red), hVIC/11-D113A (black), and hVIC/11-A138S/D113A (purple) in MDCK, PK15, A549, HAE, and SAE cells infected at
an MOI of 0.01. A mock control (white) is included. Values represent the mean + SD of three independent experiments. p values were
obtained by ordinary one-way ANOVA. b) Thermostability of sOH/04 (blue), hVIC/11 (yellow), hVIC/11-A138S(red), hVIC/11-
D113A (black), hVIC/11-A138S/D113A (purple) NAs determined in presence (O, solid line) or absence (], dashed line) of Ca**. ¢)
T50 was obtained by adjusting the data to a dose-response variable slope nonlinear fit and values are shown as the mean of three
independent experiments. p values were obtained by ordinary one-way ANOVA. d) NA sialidase activity of sOH/04 (blue), hVIC/11
(yellow), hVIC/11-A138S(red), hVIC/11-D113A (black), and hVIC/11-A138S/D113A (purple) at 0 mM Ca?** expressed as a
percentage of the reaction velocity compared to 37°C, 2 mM Ca?" (100% NA activity). Values represent the mean + SD of three

independent experiments. p values were obtained by ordinary one-way ANOVA.
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Figure 4.4. Amino acid 93 modulates Ca** binding in the low-affinity Ca** -binding pocket and stabilizes the NA tetramer
under Ca*"-depleted conditions. (a) NA protein model showing the interaction of G111, G112, and D113 with water molecules in the
symmetry axis of the NA tetramer of hVIC/11 (right panel, green) and sOH/04 (left panel, blue). Water molecules are shown in red,
and Ca?" is shown in green. (b) sOH/04 (blue) and sOH/04-D113A (pink) NA sialidase activity at different Ca** concentrations. Values
are presented as a percentage of the reaction velocity measured at 37°C and 2 mM Ca** which was set at 100%. Values represent the
mean + SD of three independent experiments. (¢) SOH/04 and sOH/04-D113A thermostability assessed at 2 mM Ca?** (O, solid line) or
0 mM Ca?* ([1, dashed line). T50 was determined by adjusting the data of three independent experiments to a dose-response variable
slope nonlinear fit. (d) Left panel: Thermostability of hVIC/11 (yellow), hVIC/11-G93N (brown), and hVIC/11-A138S/G93N (green).
Right panel: Thermostability of SOH/04 (blue) and sOH/04-N93G (orange). Thermostability profiles were determined at 2 mM Ca?*
(O, solid line) or 0 mM Ca?* ([, dashed line). Values represent the mean + SD of three independent experiments. (e) T50 values were
determined by adjusting the data of three independent experiments to a dose-response variable slope nonlinear fit. p values were
obtained by ordinary one-way ANOVA. (f) Left panel: NA sialidase activity of hVIC/11 (yellow), hVIC/11-G93N (brown), and
hVIC/11-A138S/G93N (green) at different Ca** concentrations. Right panel: NA sialidase activity of sOH/04 (blue) and sOH/04-
N93G (orange) at different Ca** concentrations. Values are expressed as the reaction velocity percentage compared to the velocity at
37°C and 2 mM Ca?>" (100% activity). Values represent the mean + SD of three independent experiments. (g) NA activity at 0 mM

Ca?" of hVIC/11 and sO/04 NA 93 mutants. p values were obtained by ordinary one-way ANOVA.
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Figure 4.5. Amino acids 93 and 113 distinctly affect NA kinetic parameters and
promote NA activity under Ca*-depleted conditions by stabilizing the NA tetramer.
(a) Schematic representation of NA constructs expressed in High 5 cells infected with
recombinant baculoviruses. (b) Western blot of recombinant NAs detected using an anti-
His antibody before and after thrombin digestion to release the NA ectodomain. (¢) NA
enzymatic reaction velocity using recombinant proteins from hVIC/11rNA (yellow),
hVIC/11-G93N rNA (brown), hVIC/11-D113A rNA (black), sOH/04 rNA (blue),
sOH/04-N93G rNA (orange), and sOH/04-D113A rNA (pink). Samples were normalized
to 50 ng of protein and velocity was measured as 4-MU production over 60 min. Values
represent the mean + SD of three independent experiments. (d) rNA reaction velocity of
hVIC/11 tNA (yellow), hVIC/11-G93N rNA (red), hVIC/11-D113A rNA (black), sOH/04
rNA (blue), sOH/04-N93G rNA (orange), and sOH/04-D113A rNA (pink). p values were
obtained by ordinary one-way ANOVA. (e) Michaelis-Menten plot of rNA samples
normalized to 50 ng of protein and incubated with variable MUNANA concentrations.
Data was fitted to the Michaelis-Menten equation, and the Ky (f) and Vimax (g)
parameters. were obtained. p values were obtained by ordinary one-way ANOVA. (h)
Thermostability profiles of INA measured with (2 mM Ca?', O, solid line) or without ([,
dashed line) Ca?". Values are presented as the mean + SD of three independent
experiments. (i) T50 values were obtained by fitting the data to a dose-response variable
slope nonlinear fit. p values were obtained by ordinary one-way ANOVA. (j) INA
enzymatic activity at 37°C and 0 mM Ca?". p values were obtained by ordinary one-way

ANOVA. (k) Pearson correlation test between rNA activity and T50 at 0 mM Ca?".
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Figure 4.6. Amino acids 93 and 113 affect the HA/NA balance. Viruses were
normalized to 32 HAU and incubated at 4°C for 1 h before incubation at 37°C for the
indicated time. (a) Elution kinetics of hVIC/11 mutants at 2 mM Ca?". (b) Elution
kinetics sOH/04 mutants at 2 mM Ca?". (¢) Elution kinetics of hVIC/11 and sOH/04
mutants at 2 mM Ca?" and 1 mM oseltamivir. (d) Elution kinetics of hVIC/11 mutants at
0 mM Ca?". (e) Elution kinetics sOH/04 mutants at 0 mM Ca?*. (f) Elution kinetics of
hVIC/11 and sOH/04 mutants at 0 mM Ca*" and 1 mM oseltamivir. (g) Elution time of
hVIC/11 and sOH/04 mutants at 2 mM Ca?*. (h) Elution time of hVIC/11 and sOH/04
mutants at 0 mM Ca?*. Values are presented as the mean + SD of two independent
experiments. p values were determined by one-way ANOVA with Tukey’s multiple

comparison test.
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Figure 4.7. D113A decreases Ca** requirements for viral replication and enhances
aerosol infection under Ca*" -depleted conditions. (a) MDCK cells were infected with
10-fold dilutions of hVIC/11 NA mutants and the control SOH/04 virus in media
containing 2 (orange), 0.5 (cyan), or 0 mM Ca?" (purple). At 72 hpi plaque size diameter
was measured for each condition. p values were obtained by ordinary one-way ANOVA.
(b) Effect of Ca?* concentration on plaque size represented as the percentage of the
plaque diameter compared to the plaque size at 2 mM Ca** that was arbitrarily set to
100%. p values were obtained by ordinary one-way ANOVA. (¢) Viral particle release
assay showing the HA units in 50 mL of supernatant of MDCK cells infected with
hVIC/11, sOH/04, hVIC/11-A138S, hVIC/11-D113A, and hVIC/11-A138S/D113A. Cells
were infected at an MOI of 0.1 and at 5 hpi the media was replaced with fresh media
containing the mentioned Ca?" concentrations. Values represent the mean + SD of three
independent experiments. (d) Viral growth kinetics of hVIC/11, sOH/04, hVIC/11-
A138S, hVIC/11-D113A, and hVIC/11-A138S/D113A in acrosol infected MDCK cells.
Viruses were aerosolized with (orange) or without (purple) Ca?" and viral titers were
recorded at 0, 12, 24, 48, and 72 hpi. Values represent the mean + SD of three
independent experiments. e) Viral growth kinetics of hVIC/11, sOH/04, hVIC/11-A138S,
hVIC/11-D113A, and hVIC/11-A138S/D113A in aerosol infected PK 15 cells. Viruses
were aerosolized with (orange) or without (purple) Ca** and viral titers were recorded at
0, 12, 24, 48, and 72 hpi. Values represent the mean + SD of three independent

experiments.
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Table 4.1. Swine and human H3N2 viruses used in this study*.

Abbreviation Strain Surface segments
hVIC/11 rgA/Victoria/361/2011 hVIC/11 HA and NA
hVIC/11-A138S rgA/Victoria/361/2011-A138 hVIC/L HI\?AAI 385 and
hVIC/11-D113A rgA/Victoria/361/2011-D113A hVIC/ 1]; ﬁ? Aand NA
hVIC/11-G93N rgA/Victoria/361/2011-G93N hVIC/11 HA and NA G93N
A1g\§3/é%1111_3 A reA/Victoria/361/2011-A1388/D113A hVIC/ ;} AHSI‘?; iss and
A{‘;;IS%;;N rgA/Victoria/361/2011-A1385/G93N hVIC/ 1;1 f‘égﬁgs and
sOH/04 rgA/turkey/Ohio/313053/2004 sOH/04 HA and NA
SOH/04-D113A  rgA/turkey/Ohio/313053/2004-D113A sOH/ O‘I‘D?S 2“‘1 NA
sOH/04-N93G rgA/turkey/Ohio/313053/2004-N93G sOH/04 HA and NA N93G
HK/68 A/Hong Kong/1/1968 Wild type virus
VIC/75 A/Victoria/3/1975 Wild type virus
WwWUu/95 A/Wuhan/359/1995 Wild type virus
MO/99 A/Moscow/10/1999 Wild type virus
FU/02 A/Fujian/411/2002 Wild type virus
WY/03 A/Wyoming/3/2003 Wild type virus
BR/07 A/Brisbane/10/2007 Wild type virus
VIC/11 A/Victoria/361/2011 Wild type virus
SW/13 A/Switzerland/2013 Wild type virus
TX/98 A/Swine/Texas/4199-2/1998 Wild type virus
CO/99 A/swine/Colorado/23619/1999 Wild type virus
OH/04 A/turkey/Ohio/313053/2004 Wild type virus
AR/08 A/swine/Argentina/CIP051-82/2008 Wild type virus
IL/11 A/swine/Illinois/A01201606/2011 Wild type virus
NY/11 A/swine/New York/A01104005/2011 Wild type virus
WY/13 A/swine/Wyoming/A01444562/2013 Wild type virus
MN/16 A/swine/Minnesota/A01678475/2016 Wild type virus

*rg backbone derived from sOH/04 triple reassortant FLUAV [371]

166



Supplementary material
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S4.1 Fig. Nucleotide diversity of the NA segment reveals signs of positive selection. Diversity was calculated for both the HA (a)

and the NA (b) segments using the pN/pS ration in which values above 1 denote signs of positive selection.
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S4.2 Fig. Presence of sOH/04 variants in seeders and contact pigs. Nasal swab
samples collected at days 1, 2, and 5 dpi and 1, 3, and 6 dpc were sequenced and
nucleotide variants were identified in the HA (a) and NA (b) segments in all seeders and

contacts pigs.
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S4.3 Fig. NA sialidase domain alignment between rgA/Victoria/361/2011 and

A/Tanzania/205/2010.
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S4.4 Fig. Calcium-dependence of NA activity. NA activity under different calcium concentration of sOH/04 (a), hVIC/11 (b),

hVIC/11-A138S (c), hVIC/11-D113A (d), and hVIC/11-A138S/D113A (e). Values are presented as the percentage of residual NA

activity compared to the reaction velocity of the same virus at 37°C, 2mM Ca?". Values are shown as the mean + SD of three

independent experiments.
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S4.5 Fig. NA sialidase domain alignment between rgA/turkey/Ohio/313053/2004 and

A/Moscow/10/1999,
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hVIC/11 and sOH/04 NA ectodomain alignment
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S4.6 Fig. Role of amino acid 93 in the interaction of NA with calcium. (a) Model showing the f angle between G111 and G112 of
hVIC/11 and sOH/04. Image made using PyMOL. (b) Sequence alignment between sOH/04 and hVIC/11 NA ectodomain. The red
box highlights residue 93 and the red arrow residue 113. (¢) Sequence logo showing the frequency of amino acids in a portion of N2s
ectodomain of 323 swine (top panel) and 11,556 human (bottom panel) H3N2 isolates reported in 2023. Sequences were obtained
from GISAID. The red arrow points residue 93. (d) Amino acid frequency at position 93 in human (top panel) and swine (bottom
panel) H3N2 viruses reported since 1992 to 2023. NA sequences were obtained from GISAID. (e) NA monomer model showing N

(blue) and G (green) at position 93 and its effect on the reposition of the subsequent residues. Model was made with PyMOL.
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S4.7 Fig. Comparative analysis of NA sialidase activity in human and swine H3N2
viruses under varying Ca?* concentrations. Human (a-i) and swine (j-q) viruses from
different years were selected and tested for NA activity under different calcium
concentrations. Values are presented as the mean + SD of three independent experiments
in which NA activity is expressed as the percentage of the residual reaction velocity

compared to the velocity of the same virus at 37°C, 2 mM Ca?".
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S4.8 Fig. Recombinant NA expression and determination of enzyme kinetic constants. (a) SDS-PAGE showing the purity of the
recombinant NAs after IMAC and size-exclusion chromatography purification, including samples from cells infected with a wild type
baculovirus (WT-Bac) and mock infected cells. Full membranes showing western blot of rNAs before (b) and after (c¢) thrombin
digestion. Samples were incubated with an anti-His antibody. Samples were normalized to 50 ng of protein and the enzymatic reaction
velocity was determined as 4-MU production over time. Velocity was normalized to the amount of rNA used in the reaction (d) from
which kcq (€) and k../Ky were calculated (f). Values are presented as the mean+SD of three independent experiments. p values were

determined by one-way ANOVA with Tukey’s multiple comparison test.
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S4.9 Fig. Influence of Ca?* concentration on rNA activity. NA activity of (a) hVIC/11 rNA, (b) hVIC/11-G93N rNA, (¢) hVIC/11-
g

DI113ArNA, (d) sOH/04 tNA, (e) sOH/04-N93GrNA, and (f) sOH/04-D113A rNA was measured at different calcium concentrations

for 60 minutes. NA activity is shown as the percentage of the velocity observed at 37°C and 2mM Ca?*of each enzyme. Values are

presented as the mean+SD of three independent experiments.
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S4.10 Fig. Plaque morphology of hVIC/11 NA variants at different calcium
concentrations. Representative pictures of plaques produced by hVIC/11, sOH/04,
hVIC/11-A138S, hVIC/11-D113A, and hVIC/11-A138S/D113A. MDCK cells were
infected with the mentioned viruses and media was supplemented with 2-, 0.5-, or 0-mM

C a+2
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S4.1 Table. Primers used in this study.

Primer Sequence (5°-3°)
HA NGS F: AAAAGCAGGGGATAATTCTATTAACCATGAAGAC
- R: ATGCACTCAAATGCAAATGTTGCACC
NA NGS F1: AGCAAAAGCAGGAGTAAAGATGAATCC

NA_VIC_G93N_pDP
NA_OH04 _G93N_pDP
NA_VSP

NA_VIC DI113A
NA_OH04 DI113A
NA_VIC_G93N
NA_OH04 N93G

M13

M_titration

F2: CAAGGAGTTTTTTCTAAAATTGCGAAAGC

F: CAAAACCGCAATGTAATATTACAGGATTTGCACC
R: ACCAATTTCTGTATTCTGCTGGTTTGGGG

F: AAGCCGCAATGTGGAATTACAGGATTTGC

R: GACCAATTTCTGTATTCTGCTAGTTTGGGGC

F: GGAATTCCATGGAATTTGGATTGTCCTGGATC
R: CCCAAGCTTGGGTTATATAGGCATGAGATTGA
F: TGGGGCCATCTGGGTGACAAGAG

R: CCAGCGGAAAGCCTGATCGAATTG

F: TGGGGCCATCTGGGTGACAAGAGAAC

R: CCAGCGGAAAGCCGAATCGAATTGTCC

F: GCAATGTAACATTACAGGATTTGCACCTTTC

R: GGTTTTGACCAATTTCTGTATTCTCCTCCAGATC
F: GCAATGTGGAATTACAGGATTTGCACCTTT

R: GGCTTTGACCAATTTCTGTATTCTCCTCC

F: CAGGAAACAGCTATGAC

R: CAGGAAACAGCTATGAC

F: AGATGAGTCTTCTAACCGAGGTC

R: TGCAAAGACACTTTCCAGTCTCTG

P: GGCCCCCTCAAAGCCGA
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S4.2 Table. NA activity at 0 mM ©2%* of different human and swine H3N2 viruses.

Virus Residue Residue Activity at 0 mM Ca**  Accession no.
93 113 @)

HK/68 Q D 87.2+1.74 HM641198.1
VIC/75 K D 91.24+3.71 CY113183.1
WUu/95 K D 75.15£15.28 CY112823.1
MO/99 N D 77.43+3.03 CY121375.1
FU/02 N D 58.3+4.26 CY112935.1
WY/03 N D 46.06+7.09 CY116600.1
BR/07 D D 22.8+5.89 EU199249.1
VIC/11 G D 5.29+1.38 KJ942682
SW/13 G D 19.29£11.19 0Q350034.1
TX/98 K D 60.63+9.78 CY095677.1
CO/99 K D 62.52+1.42 AF268138.1
OH/04 N D 39.47+£2.03 EU735820.2
AR/08 S D 46.74+6.69 ADO65973.1
IL/11 K D 58.89+13.76 CY114841.1
NY/11 N D 29.14£3.00 IN940424.1
WY/13 N D 33.66+2.38 KC562196.1
MN/16 N D 39.94+2.09 KY349114.1

2 Values presented + SD.
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S4.3 Table. Kinetic constants of recombinant NA proteins. (rNA)

Amino acid position

(a, b) (a, ¢) (a, d) (a, e)
I'NA 9 3 1 1 3 KM Vmax kcat kcat/ KM
hVIC/11 G D 21.19+£1.34 23.46%1.72 58.62+4.31  2.76+0.02
hVIC/11- 23.01«£1.16  43.08+0.58 107.6£1.47 4.68+0.17
N D
GI93N
hVIC/11- 17.91+£2.78 11.76£0.89 29.39+2.22  1.65+0.12
G A
D113A
sOH/04 N D 32.8¢0.67 60.95£2.28 152.3+£5.69  4.64+0.09
sOH/04- 45.32+1.16 36.52+1.64 91.25+4.11 2.01%0.11
G D
N93G
sOH/04- 56.46+1.51 55.46£1.86 138.6x4.65 2.45+0.06
D113A N A

 Values presented + SD. Samples were normalized to 50 ng of protein.

b Values presented as mM.

¢ Values presented as mM/min.

4 Values presented as s™!.

¢ Values presented as x10° s'M-L.
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Abstract

Interspecies transmission of human influenza A viruses (FLUAV) to swine
happens regularly but little is known about the molecular changes required for the virus
to establish and transmit within pig populations. Vaccination is a common practice in
swine herds, and prior immunity from vaccines or natural infection could alter the
susceptibility to and evolution of human-origin viruses in pigs. Here, we studied the
evolution of a human-origin H3N2 virus in previously vaccinated pigs using a sustained
transmission model. Seeder pigs were vaccinated with a commercial inactivated vaccine
and then infected with an antigenically distinct reassortant virus containing human-origin
HA/NA paired with internal genes from endemic swine FLUAYV lineages. Contact pigs
with the same vaccination status were introduced to rooms with the seeder pigs two days
later. After 3 days, seeders were removed, and new contacts introduced. This was
repeated for a total of 4 contacts. Shortly after infection in the seeders??, sequencing of
nasal swabs showed the emergence of mutations in the HA receptor binding site (RBS,
V186G and F193Y) and the NA low-affinity calcium-binding pocket (D113A). In
contacts 2, the HA1 F193Y mutation became fixed, while the V186G mutation was no
longer detected. This amino acid mutation reduced antibody recognition and prevented
binding to N-glycolylneuraminic acid (Neu5Gc). Additionally, both V186G and F193Y
limited the pool of glycans supporting binding, exhibiting a preference for extended a2,6-
linked molecules with at least 3 LacNAc repeats, contrasting with the parental human-
adapted virus that recognized glycans with at least 2 LacNAc repeats. However, the
restriction observed by the F193Y change was accompanied by increased affinity for

a2,6-linked sialic acid. The D113 A mutation in the NA appeared to restore the HA/NA
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balance in a HA-dependent context, but promoted NA inhibition and was quickly lost.
These data suggest that previous non-neutralizing immunity may be associated with
adaptation of a human-origin HA to pigs and highlight the role of glycan topology and

receptor affinity in the host range of FLUAV.

Introduction

The interspecies transmission of human seasonal influenza A viruses (FLUAV) to
pigs occurs relatively frequently and multiple transmission events have contributed to
FLUAV diversity in swine [17, 250, 302]. However, the molecular factors associated with
virus persistence following human-to-swine spillover events remain unknown [18].
Acquisition of swine-adapted internal genes seems to be an initial critical step [18, 289],
as exemplified by reassortment of human H3N2 with endemic swine [AV after
introduction to pigs [272, 386]. Following reassortment to acquire swine-adapted genes,
mutations near the hemagglutinin (HA) receptor-binding site (RBS) appear to be
associated with subsequent transmission between pigs for the establishment of these
novel FLUAV to the new swine host [265, 387].

Changes in the HA RBS have been widely shown to affect the host range of
FLUAV [388] due to its role in binding to sialic acid (SA)-containing receptors on the
host cell and inherent differences in receptor specificity. This specificity is often
associated with the linkage to which the terminal SA binds to the sub-terminal galactose
in cellular oligosaccharides. Avian viruses mostly bind a2,3-linked sialic acid (a2,3 SA)
[24], while mammalian viruses exhibit a preference for a2,6 SA [389]. However, since

both humans and pigs express a2,6 SA in the respiratory tract [259, 390], these
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differences in specificity are not as clear, and may involve other characteristics of the
host cell glycans. Some reports suggest that adaptation to the swine host might select for
enhanced affinity for N-Glycolylneuraminic acid (Neu5Gc), which is expressed in most
non-human mammals, including pigs [254], but not humans [391]. However, data is
contradictory and while some reports have found a preference for Neu5Gc others have
reported no difference in Neu5Gc binding between human and swine FLUAV [256, 392-
394]. Hence, the role of mutations near the HA RBS on adaptation to swine when human
viruses are introduced into pigs remains poorly understood. While the HA binds to
receptors on the host cell, the NA displays an opposite activity by cleavage of SA,
allowing new virions to be released from the cell [181] Given complementary functions
between the HA and NA surface proteins, a balance in activity is important for viral
fitness. Hence, changes in the affinity of the HA for certain SA conformations can affect
the ability of the virus to produce a successful infection if those mutations disrupt the
HA/NA balance [31]. Therefore, changes in the HA are normally accompanied by
compensatory mutations in the NA that affect its sialidase activity to restore a functional
balance the two glycoproteins [33, 395].

Vaccination is one of the most common and effective strategies to prevent FLUAV
infections in swine [275]. Immunization is usually performed with inactivated
commercial products and normally induces a strong IgG response against the HA [396]
and, to a lesser extent, the NA [397]. Unless the vaccine strain is closely related or
matches the circulating virus, it does not prevent infection [398], although it may reduce
transmission and clinical disease. However, antibody-mediated immunity creates a

selective pressure that may drive the emergence of antigenic variants that drive antigenic
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evolution [286]. Prior in vitro studies have demonstrated the selection of escape
mutations in the presence of immune sera. Further, vaccine-driven antigenic evolution
has been shown following immunization of pigs where viruses acquired mutations in the
HA RBS and the head domain of the NA [87, 88]. These studies have been conducted
using swine vaccines and endemic swine FLUAYV, and the impact of host immunity on the
evolution of novel human viruses within the swine host is unknown.

In this study, pigs were vaccinated with a commercial vaccine and challenged
with a virus containing human-origin HA and NA surface proteins. The challenge virus
included a mutation near the HA RBS (A138S, H3 numbering) that we previously
showed to allow transmission of the virus in pigs [27, 258]. The human-like virus was
serially transmitted between vaccinated contact pigs. After infection, the virus lost the
original A138S mutation and acquired new mutations in the HA (V186G and F193Y) and
the NA (D113A). The viruses with the 186 and 193 mutations did not display growth
differences in MDCK nor differentiated human airway epithelial cells, suggesting that
during early stages of adaptation, human viruses could potentially retain the ability to
infect humans. However, the HA changes were shown to reduce antibody recognition by
vaccine antisera collected from vaccinated pigs 14 days post boost, and to limit the
affinity of the virus for extended a2,6-linked glycans. The viruses with V186G and
F193Y mutations exhibited higher binding to a2,6-SA compared to the human precursor
virus. Overall, our results highlight the importance of glycan topology in the adaptation
process of human FLUAV to pigs, suggesting that rather than switching between a2,3-SA
and a2,6-SA affinity, viruses increase affinity for specific a2,6-SA to improve replication

efficiency in swine.
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Materials and Methods
Ethics statement

The animal experiments presented in this study were reviewed and approved by
the Institutional Care and Use Committee (IACUC) at the University of Georgia
(Protocol #A2019 03-031-Y3-A9). Animals were housed under biosafety level 2
containment and cared for following the guidelines in the Guide for Care and Use of
Agricultural Animals in Research and Teaching (American Dairy Science Association®,
American Society of Animal Science, and Poultry Science Association, 2020). Water and
feed was provided ad libitum. Animals were euthanized at the end of the study according

to the guidelines provided by the American Veterinary Medical Association (AVMA).

Cells and viruses

Madin-Darby canine kidney (MDCK), and Human Embryonic Kidney 293
(HEK-293) cells were maintained in Dulbecco’s Modified Eagles Medium (DMEM,
Sigma-Aldrich, St Louis, MO) supplemented with 2mM L-glutamine (Sigma-Aldrich, St
Louis, MO), 10% fetal bovine serum (FBS, Sigma-Aldrich, St Louis, MO), and 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). HEK-293 and MDCK cells
expressing A/WSN PB1 (HEK-293-PB1 and MDCK-PB1) were cultured as previously
described [399]. HEK-293-PB1 were maintained in the media described above while
MDCK-PBI cells were grown in DMEM supplemented with 2mM L-glutamine (Sigma-
Aldrich, St Louis, MO), 10% fetal bovine serum (FBS, Sigma-Aldrich, St Louis, MO),
1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO), 0.25 mg/mL Puromycin

(ThermoFisher Scientific, Waltham, MA), and 1 mg/mL Geneticin (ThermoFisher
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Scientific, Waltham, MA). Cells were incubated at 37°C in a humidified incubator with
5% COa.

Human Airway epithelial cells (BCi.NS1.1) were kindly provided by Dr. Ronald
Crystal (Weill Cornell Medicine, NY, USA). They were cultured in PneumaCult-Ex Plus
Basal Media (STEMCELL Technologies, Vancouver, Canada) supplemented with
PneumaCult-Ex Plus Supplement (STEMCELL Technologies, Vancouver, Canada), 0.1%
hydrocortisone (STEMCELL Technologies, Vancouver, Canada), 1%
antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO), and 0.5% gentamycin (Sigma-
Aldrich, St Louis, MO). For differentiation, cells were plated in type IV collagen-coated
12 mm transwell plates (0.4 mm pore size, Corning Inc., NY, USA) at a density of 3x10°
cells/well. After reaching 100% confluency, media for the apical compartment was
removed and cells were incubated with PneumaCult ALI Base Media (STEMCELL
Technologies, Vancouver, Canada), supplemented with PneumaCult ALI Supplement
(STEMCELL Technologies, Vancouver, Canada), 1% PneumaCult ALI Maintenance
Supplement (STEMCELL Technologies, Vancouver, Canada), 1% antibiotic/antimycotic
(Sigma-Aldrich, St Louis, MO), 0.5% gentamycin (Sigma-Aldrich, St Louis, MO), 0.2%
heparin (STEMCELL Technologies, Vancouver, Canada), and 0.5% hydrocortisone
(STEMCELL Technologies, Vancouver, Canada). After 5 days of incubation at 37°C in a
humidified incubator with 8% CO,, cells were moved to an incubator at 37°C with 5%
CO; for 16 more days.

Viruses used in this study (Table 5.1) were grown in MDCK cells using Opti-
MEM (ThermoFisher Scientific, Waltham, MA) containing 1 mg/ml of tosylsulfonyl

phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Worthington Biochemicals,
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Lakewood, NJ). For biolayer interferometry experiments, replication-incompetent
versions of the viruses described in Table 5.1 were used. These viruses lacked the PB1
open reading (DPB1), and therefore could only infect and replicate in MDCK- and HEK-
293T-PBI cells. DPBI1 viruses were grown in MDCK-PBI1 cells using Opti-MEM
(ThermoFisher Scientific, Waltham, MA) containing 1 mg/ml of TPCK-treated trypsin
(Worthington Biochemicals, Lakewood, NJ), 0.25 mg/mL Puromycin (ThermoFisher
Scientific, Waltham, MA), and 1 mg/mL Geneticin (ThermoFisher Scientific, Waltham,
MA). Infections were incubated at 37°C for 3 days and viral titers were determined by

TCIDso using the Reed and Muench method [293].

Animal studies

3-week old cross-bred pigs were obtained from Midwest Research Swine Inc
(Glencoe, MN, USA). After a 5-day acclimatation period, animals were confirmed to be
seronegative for anti-FLUAV antibodies by competitive ELISA (IDEXX, Westbrook,
ME) according to the manufacturer’s instructions. Pigs were randomly assigned into four
experimental group. Animals in two groups (n=15/group) were immunized
intramuscularly using the Zoetis FluSure XP vaccine (Zoetis, Parsippany, NJ) according
to the manufacturer’s instructions. Animals in two groups were mock vaccinated with
PBS. Fourteen days post-vaccination (dpv), primed pigs were boosted using the same
vaccine. Fourteen days post-boost (dpb), blood was collected to confirm seroconversion
induced by the vaccine. These pigs (seeders) were sedated with ketamine (6 mg/kg,
Zoetis, Parsippany, NJ), xylazine (3 mg/kg, Cronus Pharma, Brunswick, NJ), and Telazol

(6 mg/kg, Dechra Pharmaceutical, Fort Worth, TX), and challenged intratracheally (2ml)
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and intranasally (1ml) with 3x10% TCIDso/pig of hVIC/11-A138S, a virus carrying the
HA and NA segment form A/Victoria/361/2011 in a TRIG backbone and the A138S
mutation in the HA [27, 258] . Pigs were checked daily for clinical signs and nasal swabs
were collected at 0, 1, 2, 3, and 5 days-post infection (dpi) in 2 mL of brain heart infusion
broth (Sigma-Aldrich, St Louis, MO). At 2 dpi, same-vaccination-status pigs (n=3,
Contact 1 [C1]) were placed in contact with the directly-inoculated animals (seeders). At
5 dpi, seeders were sedated using a mixture of ketamine (3 mg/kg), xylazine (1.5 mg/kg),
and Telazol (3 mg/kg) and then humanely euthanized by an intravenous pentobarbital
overdose (Euthasol, 390 mg/10, Virbac, Westlake, TX). C1 pigs were moved to a clean
cage and 3 new same-vaccination-status pigs (C2) were put in contact with C1 pigs, and
this cycle was repeated for a total of four contacts. Anti-FLUAYV antibody levels were
measured for very contact the day they were place in contact with infected animals.
During necropsies, lungs were rinsed with 50 mL of DMEM to collect the

bronchoalveolar lavage fluid (BALF).

Enzyme-linked immune absorbent assay (ELISA)

To quantify antibody levels induced by the Zoetis FluSure XP vaccine, an in-
house ELISA was performed: the vaccine contains two H3 components (1990.4.a and
1990.4.b HA clades) along with two H1 components. Briefly, high-binding ELISA plates
(ThermoFisher Scientific, Waltham, MA) were coated with 128 HAU of
rgA/swine/NY/A01104005/2011 (H3N2, 1990.4.a) diluted in ELISA coating buffer
(ThermoFisher Scientific, Waltham, MA). The virus was previously purified by

ultracentrifugation using a 20% sucrose cushion at 30,000 rpm. After a 2-hour adsorption,
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plates were washed twice with washing buffer (ThermoFisher Scientific, Waltham, MA)
and 100 mL of 1:10 diluted serum sample was added and incubated for 1 hour at room
temperature. After incubation, plates were washed three times with washing buffer and an
HRP-conjugated anti-swine IgG secondary antibody was added (ThermoFisher Scientific,
Waltham, MA) in a 1:1000 dilution. The secondary antibody was incubated for one hour,
and excess antibody was washed away three times with washing buffer. Finally, 100 mL
of 3,3°,5,5’-tetramethylbenzidine (TMB, ThermoFisher Scientific, Waltham, MA) was
added per well and plates were incubated for 10 minutes in the dark. Reaction was
stopped by adding 50 mL of stop solution (ThermoFisher Scientific, Waltham, MA) and
absorbance was measured at 450 nm using a Synergy HTX Multi-Mode Microplate
Reader (Agilent BioTek, Santa Clara, CA). Samples with an absorbance 3s higher than

the mean of mock-vaccinated pigs were considered positive.

Nasal swabs and BALF virus titration

VRNA from nasal swabs and BALF samples was extracted using the MagMax-96
AI/ND viral RNA isolation kit (ThermoFisher Scientific, Waltham, MA) according to the
manufacturer’s instructions. Purified RNA was used to titrate FLUAV using qRT-PCR
using the Quantabio qScript XLT One-Step RT-qPCR ToughMix kit (Quantabio, Beverly

MA) targeting the M segment as previously described [258].

Next-generation sequencing (NGS) and data analysis.

Purified RNA was used as template to amplify the HA and NA segments with

target-specific primers and using the SuperScript III One-Step PCR System
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(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions.
Amplification was confirmed by running the PCR products in 1% agarose gels. Replicate
HA and NA reactions were then combined and purified using 0.4X Agencourt AMPure
XP Magnetic Beads (Beckman Coulter, Brea, CA, USA). DNA concentration was
determined using the Qubit dsDNA HS assay kit (ThermoFisher Scientific, Waltham,
MA) on a Qubit 3.0 fluorometer (ThermoFisher Scientific, Waltham, MA) and
normalized to 0.2 ng/mL. PCR products were fragmented and indexed using the Nextera
XT DNA library preparation kit (Illumina, San Diego, CA, USA). Tagmentation was
confirmed by running random samples on an Agilent Bioanalyzer 2100 DNA-HS assay
(Agilent, Santa Clara, CA, USA). Finally, samples were normalized to 0.2 ng/mL,
pooled, denatured, normalized to 10 pM, and sequenced using the MiSeq Reagent Kit
V2,300 cycles (Illumina, San Diego, CA, USA). FLUAV genome was assbmbled and

viral varianted were identified as we have previously described [400].

Site-directed mutagenesis and virus rescue

Mutations were introduced in the HA and NA genes of rg-A/Victoria/361/2011
using the Phusion site-directed mutagenesis kit (ThermoFisher Scientific, Waltham, MA)
according to the manufacturer’s instructions and plasmid sequences were confirmed by
whole plasmid sequencing. Recombinant viruses were rescued using an 8-plasmid
reverse genetic system using a coculture of HEK-293 and MDCK cells as previously
described [401].

To generate replication-incompetent viruses, rescues were performed as described

above using a coculture of HEK-293-PB1 and MDCK-PBI cells without antibiotics. The
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pDP plasmid containing the TRIG PB1 gene was replaced with a
pHW_PBlpackWSN TdKatushka NLS plasmid which contained the packaging signals
of the PB1 segment and the ORF of the TdKatushka fluorescent protein instead of the

PB1 coding sequence [402].

In vitro growth Kkinetics

MDCK cells were seeded in 6-well plates at a density of 3x10° cells/cm? in Opti-
MEM and incubated at 37°C in a humidified incubator with 5% CO; until an 80%
confluency before use. Cells were infected at a multiplicity of infection (MOI) of 0.01 for
1 hour at 37°C. After incubation, cells were washed three times with PBS and
supplemented with Opti-MEM containing 1 mg/ml TPCK-treated trypsin. Supernatants
were collected at 0, 12, 24, 48, and 72 hpi timepoints.

Differentiated HAE cells were infected at an MOI of 0.01 by adding 200 mL of
inoculum in the apical compartment. After 1 hour, cells were washed 5 times with PBS
and transwells were transferred to a new plate. Cells were maintained in ALI media and
no exogenous TPCK-treated trypsin was added. Supernatants were collected at 0, 12, 24,
48, and 72 hpi by adding 200 mL of PBS onto the cells and incubating them at 37°C for
10 minutes.

Viral RNA was extracted, and titers determined by qRT-PCR as described above

and data was fit to a TCIDso equivalent standard curve of an exact virus match.
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Virus neutralization assay

Because hVIC/11-V186G does not agglutinate chicken nor turkey red blood cells
(RBC), neutralization titers were determined using a homologous fluorescent virus to rely
on mCherry expression in infected cells, similar to luciferase expression as previously
described [403]. Briefly, viruses listed in Table 5.1 were rescued as mentioned above in
the isogenic TRIG backbone but carrying the mCherry coding sequence downstream of
the NS1 gene [404]. Serum samples were treated with receptor-destroying enzyme (RDE,
Denka Seiken, VWR) at 37°C for 18 hours and then RDE was heat-inactivated for 30
minutes at 56°C. Sera was diluted 1:10 and further mixed in a 1:1 ratio with 100 TCIDsg
of each virus for 1 hour at 37°C. Then the mixture was added onto confluent MDCK cells
in 96 well-plates. Infections were incubated for 1 hour at 37°C and then cells were
washed three times with PBS and overlayed with Opti-MEM supplemented with 1 mg/ml
TPCK-treated trypsin. At 48 hours post infection, cell culture media was removed, and
cells were lysed using the Pierce IP lysis buffer (ThermoFisher Scientific, Waltham, MA).
Supernatant was collected and mCherry fluorescence was measured at excitation and
emission wavelengths of 587 nm and 610 nm, respectively, using a Synergy HTX Multi-

Mode Microplate Reader (Agilent BioTek, Santa Clara, CA).

Hemagglutinin inhibition assays

Serum samples were treated with RDE as described above. Samples were 2-fold
serially diluted in PBS and then 25 mL were mixed with 25 mL of virus containing 4
hemagglutination units (HAU) in V-bottom 96-well plates. Sera/virus mixtures were

incubated for 30 minutes at room temperature and after incubation 50 mL of 0.5% turkey
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red blood cells were added. Following a 40-minute incubation at room temperature, HI

titers were determined and titers below 10 HI were arbitrarily assigned a value of 10.

Glycan array

Array experiments were performed as previously described [405]. Briefly, viruses
were diluted to 8 HAU in TSM buffer (20 mM Tris-HCI, 150 mM NaCl, 2 mM CaCls,
and 2 mM MgCl,, pH 7.4). 100 mL of each sample was applied onto the slide and viruses
were incubated for 1 hour at room temperature in presence of 200 nM Oseltamivir
(Sigma-Aldrich, St Louis, MO). After incubation, slides were washed three times with
TSM-wash (TSM-buffer with 0.05% Tween-20) and one time with water. Slides were
then incubated with 5 mg/mL of an anti-HA antibody (stem specific antibody, CR8020,
Absolute Antibody, Shirley, MA) for one hour. Samples were washed three times as
described before, and then incubated with 2 mg/mL of Alexa 647-conjugated secondary
antibody. After a 1-hour incubation, slides were washed three times with TSM-wash, one
time with water, and air dried. Samples were read using an Innopsys Innoscan 710

microarray scanner and data was processed using the Mapix software version 8.1.0.

Nanoparticle tracking analysis (NTA)

Viral particle concentration of replication-incompetent virus preparations were
quantified using a NanoSight NS300 nanoparticle tracker analyzer (Malvern, UK).
Briefly, samples were diluted in ultrapure water to 108-10° particles/mL to fit the linear

range of the instrument. Particle concentration was determined by recording 60 second
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sample videos, five independent times. Data was then analyzed using the Nanoparticle

Tracker analysis 3.0 Software (Malvern, UK).

Biolayer Interferometry (BLI) experiments and HA/NA balance assessment
Replication-incompetent viruses were normalized to 50 pM based on the NTA
results and BLI experiments were performed as previously described [406]. Briefly,
streptavidin sensors were loaded to saturation for 600 s with 5 mg/mL of either
Neu5Aca2-3Galp1-4GlcNAcB-PAA-biotin (02,3, 3’SNL, Glycotech, Gaithersburg, MD)
or Neu5Aca2-6GalB1-4GlcNAcB-PAA-biotin (02,6, 6’SNL, Glycotech, Gaithersburg,
MD) diluted in reaction buffer (PBS supplemented with 1% BSA, 0.1% Tween-20, and 2
mM CaCl,, pH 6.5). Excess receptor was washed away for 300 s. Virus association was
performed for 900 s in presence of 10 mM oseltamivir (Sigma-Aldrich, St Louis, MO)
followed by a 300 s dissociation step in presence of oseltamivir. To analyze the HA/NA
balance, virus association was performed as described above followed by 3 10 s washes
in reaction buffer without oseltamivir. Finally, NA-mediated dissociation was measured
for 1,800 s in absence of oseltamivir. All measurements were performed using an Octet

RED96e System (ForteBio, Dallas, TX).
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Results
Vaccination reduced but did not inhibit hVIC/11-A138S replication in vivo.

To evaluate the role of previous immunity on the adaptation of a human-origin
virus (hVIC/11-A138S) to pigs, animals were primed and boosted with a heterologous
commercial vaccine against swine FLUAYV, therefore little protection was expected. Pigs
were inoculated (seeders, n=3) with hVIC/11-A138S, followed by four transmission
rounds (Fig 5.1a). Vaccinated animals exhibited reduced titers compared to non-
vaccinated pigs, with an average of 1x10* TCIDsoeq/mL. Nonetheless, the virus was still
transmitted and although differences were not statistically significant, a trend toward
higher titers was observed in contact 4 pigs (Fig 5.1b). Titration of viral loads in nasal
swabs samples from non-vaccinated animals showed replication and transmission of the
virus to all contacts pigs with an average titer of 1x10° TCIDsoeq/mL (Fig 5.1¢). This
effect was stronger in BALF samples, in which no virus was detected initially, but in
contact 4 pigs hVIC/11-A138S was observed in the lungs (Fig 5.1d). Antibody levels
were consistent throughout the study and no significant variation was observed between
the antibody titers detected at 14 days post-boost and the day the pigs were placed as
contacts (Fig 5.1e). These results show that vaccination reduced, but did not prevent,
hVIC/11-A138S infection. Replication levels seemed to increase with every contact,
noted as higher titers in nasal swabs and BALF samples in later contacts, suggesting that

the original hVIC/11-A138S virus may have evolved during the transmission study.
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Transmission in vaccinated animals selected for mutation in the HA and NA
proteins.

Nasal swabs samples with a Ct value >30 were sequenced using next generation
sequencing. After analysis of sequences, we detected that the A138S mutation in the HA
was lost around 3 dpi in seeders pigs. Two mutations in the HA RBS were detected in
contact 1 pigs: V186G and F193Y. Both mutations were transmitted to contact 2 pigs.
The V186G appeared to be transient as it was not detected through all the transmission
chains. However, the F193Y became fixed and was prevalent in contact 3 and 4 pigs
(S5.1 Table). All the amino acid changes detected occurred in the vicinity of the HA
RBS, but the majority of the residues did not appear to directly interact with sialic acid
(Fig 5.2a). A point mutation in the NA, D113 A appeared in contact 1 pigs but reverted to
D113 in contact 2 pigs, and no further changes were detected in the NA protein (S5.2
Table).

To characterize the impact of these mutations, we constructed recombinant
viruses carrying single (A138S, V186G, or F193Y), double (A138S+V186G,
A138S+F193Y, or V186G+F193Y), or three mutations (A138S+V186G+F193Y) in the
HA with or without the mutation in the NA (D113A). Replication in MDCK cells
revealed no major changes in growth among the variants compared to a swine-adapted
control virus (sOH/04) or the precursor virus hVIC/11 (S5.1 Fig). Similarly, introduction
of D113A in the NA did not have any impact on replication.

To assess if these mutations would result in fitness loss in humans, the mutant
viruses growth kinetics were assessed in differentiated human airway epithelial cells. No

changes were observed in the replication kinetics of hVIC/11 (Fig 5.2b), hVIC/11-A138S
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(Fig 5.2¢), and hVIC/11-V186G (Fig 5.2d) even when the NA D113 A mutation was also
present. The hVIC/11-F193Y showed reduced titers when the D113 A amino acid change
was also present (Fig 5.2e). No changes in replication were observed for the double and
triple mutants regardless of the amino acid present at position 113 in the NA (Fig 5.2f-i).
sOH/04 was used as control and exhibited replication with a maximum titer of 10°
TCIDsoeq/mL at 48 hpi (Fig 5.2j). Overall, our data shows that vaccination promoted
evolution of hVIC/11-A138S in vivo, which resulted in changes in the HA and NA
surface proteins. However, these changes did not impact the viruses’ ability to infect and

replicate in human tracheal cells.

F193Y reduced HA antibody recognition and prevented NA neutralization.

To assess if the mutations affected antigenicity, we evaluated serum samples
collected from vaccinated animals against the mutant viruses. The vaccine resulted in low
levels of neutralizing antibodies against hVIC/11 (ISD50: <20, Fig 5.3a). Nonetheless,
hVIC/11- A138S, showed elevated neutralization levels (ISD50: 405, Fig 5.3b).
Neutralization titers were significantly reduced for the V186G (ISD50 131.4) and the
F193Y (ISD50 49.94) mutants compared to the challenge strain, this last one showing the
highest impact in neutralization titers (Fig 5.3c and d). These lower titers observed in the
single mutants led to lower titers in all combinations of double mutants (Fig 5.3e-g)
(A138S+V186G: 78.98 ISD50, A138S+F193Y: 73.02 ISD50, and V186G+F193Y: 86.15
ISD50). However, the triple mutant combination hVIC/11-A138S+V186G+F193Y
exhibited an increase in ISD50 titers compared to the double mutants (ISD50 of 239.6)

but remained lower than the original hVIC/11-A138S (Fig 5.3h). The
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A/swine/NY/01104005/2011 H3N2 (NY/11) virus was used as a control as it it from the
same genetic clade as the vaccine and is likely to be antigenically similar to the vaccine
antigen (Fig 5.3i). This virus exhibited the highest levels of neutralization with an ISD50
of 650. The swine control virus SOH/04 had low levels of neutralizing antibodies (ID50:
24.29, Fig 5.3j): this swine virus is from the same lineage as components in the vaccine
(1990.4), but isolated more than a decade prior to formulation. Interestingly, introduction
of the D113 A mutation in the NA had an impact on neutralization titers, but the impact
varied with the HA mutations present. For example, introduction of D113A increased
neutralization titers in the hVIC/11 virus but reduced titers for the hVIC/11-A138S virus.
Notably, hVIC/11-F193, which eventually became fixed, showed increased titers with the
D113A change (WT NA: 49.94 ISD560 vs D113A NA: 181.1 ISD50).

To understand the role of the NA amino acid change, we performed a
neuraminidase inhibition (NI) assay (Fig 5.3k, S5.2 Fig). This assay revealed that,
overall, the D113 A only slightly increased the NI titers for mutant viruses except for
hVIC/11-F193Y/D113A, which showed an increase compared to hVIC/11-F193Y,
although this difference was not statistically significant. As expected, there were no major
differences between mutants with or without the D113A NA mutation in
hemagglutination inhibition titers (Fig 5.31), although hVIC/11-F193Y showed
significantly higher titers if the D113 A mutation was present. The F193Y HA and wild
type NA showed a decrease in the HI titers (>40) compared to all mutant viruses,
including the originals hVIC/11 and hVIC/11-A138S viruses. Noteworthy, hVIC/11-
V186G HI titers could not be determined as the virus did not agglutinate chicken nor

turkey red blood cells (RBCs). Together, our results show that F193Y represents an
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advantage for hVIC/11 under immune pressure as it decreases the antigenicity of the HA,

which led to reduced neutralization.

Acquisition of swine-adaptative mutations reduced the breadth of glycans
supporting hVIC/11 binding.

Although amino acid substitutions detected in this study (A138S, V186G, and
F193Y) were in close proximity to the HA RBS, modeling onto the previous published
hVIC/11 HA crystal structure revealed that none of them directly interacts with sialic acid
(S5.3 Fig). Hydrogen bond interactions with sialic acid were only seen with residues
R222,N225,Y98, S137, T135, and D190. Due to the proximity of positions 138, 186,
and 193 to the RBS pocket, the affinity of the mutant HAs for different SA structures was
analyzed using a glycan array system focusing on biologically relevant complex N-
glycans exhibiting terminal a2,6 Neu5Ac, a2,3 Neu5Ac, a2,6 Neu5Ge, or a2,3 Neu5Ge.

No binding was observed to a2,3 Neu5Ac nor a2,3 Neu5Gc structures (S5.4 Fig),
regardless of the number of N-Acetyllactosamine (LacNAc) repeats. Similarly, none of
the viruses showed binding to 2,3 Neu5Gc. The affinity for different a2,6 SA structures
was also evaluated (Fig 5.4). All mutant viruses retained the ability to bind to a2,6
NeuSAc (Fig 5.4 b-i), with no preference for single- bi- or tri-antennary structures. The
hVIC/11 HA did not bind to structures containing 1 LacNAc repeat, and a minimum of
two repeats was necessary for efficient binding (Fig 5.4b). Interestingly, this virus bound
to Neu5Gec. Introduction of A138S in the hVIC/11 HA (hVIC/11-A138S) restricted the
set of glycans supporting binding as no binding was detected with a2,6 NeuSAc

structures containing less than 3 LacNAc repeats (Fig 5.4¢). Additionally, hVIC/11-
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A138S, lost the ability to bind any of the Neu5Gec structures tested. hVIC/11-V186G did
not show significant binding to any of the structures included in the analysis (Fig 5.4d)
which correlates with the previous observation that it cannot agglutinate turkey RBCs.
hVIC/11-F193Y (Fig 5.4 e) exhibited a similar binding pattern as hVIC/11-A138S and no
important differences were detected. Combination of two HA mutations (A138S+V 186G,
A138S+V186G, and V186G+F193Y, Fig 5.4 f-h) had no impact on binding as they
exhibited similar preference as the single mutants. Lastly, combination of all three
mutations (hVIC/11-A138S+V186G+F193) showed an increase of structures supporting
binding as this mutant recognized glycans containing as little as one LacNAc repeat (Fig
5.4i). Additionally, hVIC/11-A138S+V186G+F193Y recovered binding to Neu5Gc.
Assessment of SOH/04 binding revealed the virus can recognize a large pool of glycans,
including single-, bi-, and tri-antennary structures. This virus also bound to Neu5Gec.
Taken together, these results suggest that acquisition of mutations in the swine host
reduced the pool of glycans supporting hVIC/11 binding, recognizing only a subset of

structures with a minimum of three LacNAc repeats and avoiding Neu5Ge recognition.

F193Y enhances affinity for a2,6 NeuSAc.

Receptor affinity for a2,3 and a2,6 SA was evaluated by biolayer interferometry
(BLI). Probes were loaded with either Neu5Aca2-3Galp1-4GIcNAcB-PAA-biotin (02,3,
3’SNL) or Neu5Aca2-6Galp1-4GlcNAcB-PAA-biotin (02,6, 6’SNL). Virus was bound
for 900 s in presence of oseltamivir carboxylate (OC) followed by a dissociation step for
300 s in presence of OC. hVIC/11 and all its derived viruses (Fig 5.5a-h) presented

minimal binding to 3’SNL and the mutants differed in binding affinity to 6’SNL
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compared to hVIC/11. sOH/04 exhibited low binding for 3°’SLN and a preference for
6’SLN (Fig 5.5i). Notably, all the mutants had increased affinity for 6’SNL compared to
hVIC/11, with hVIC/11-A138S and hVIC/11-F193Y showing a three-times higher
affinity than hVIC/11 but no differences in binding between them or sOH/04 (Fig 5.5j).
The combination of two or more mutations in the HA of hVIC/11 significantly increased
affinity for 6’SNL. Nonetheless, this enhanced binding did not directly translate into
increased binding strength, as hVIC/11 and hVIC/11-A138S+V 186G had increased
elution rates compared to sOH/04, hVIC/11-V186G, hVIC/11-F193Y, and hVIC/11-
A138S+V186G+F193Y (Fig 5.5k). None of the mutants showed viral particle release by
the end of the experiment, suggesting an increased affinity for 6°’SNL compared to
hVIC/11 that resembled the swine-adapted sSOH/04. Taken together, these results
demonstrate that introduction of mutations into a human seasonal H3 HA that emerged in
the animal study increase binding affinity to a2,6-type SA, with some mutations (V186G
and F193Y) also leading to reduced elution rates, suggesting an increased strength of the

interaction with the receptor.

D113A in the NA minimally impacts the HA/NA balance when F193Y is present in
the HA.

We have previously shown that the D113 A mutation in the NA serves as a
compensatory mutation to restore the HA/NA balance by modulating NA activity when
the A138S amino acid change is present in the HA (Chapter 4). In this study, the D113A
mutation was only detected as a major variant in contact 1 pigs. To understand if the loss

of the D113A mutation was due to a disturbed HA/NA balance with other HA mutants,
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we used BLI to assess the elution of the viruses from the sensor in presence of NA
activity. The hVIC/11 showed fast elution times regardless of the NA present (Fig 5.5a),
and this was different from the sOH/04 that took 804 s to elute 50% of total virus bound
(Fig 5.6b, S5.3 Table). The hVIC/11-A138S (Fig 5.5¢) had increased elution times when
carrying a WT NA compared to hVIC/11, and the elution time was increased upon
introduction of the D113 A mutation, resembling sSOH/04. Introduction of D113A with a
hVIC/11-V186G HA increased the elution rate (Fig 5.6d), although to a lesser extent
compared to hVIC/11-A138S. The hVIC/11-F193Y exhibited little change in the self-
elution rate observed with or without the D113 A amino acid change (Fig 5.6¢). The
elution rate displayed when a WT NA was present (688 s) was close to sOH/04 and
increased compared to hVIC/11 and hVIC/11-A138S carrying a WT NA. The impact of
the D113 A mutation in the NA became less evident when two or more mutations were
present together in the HA (Fig 6f-i), and this was similar to the association rate results
described above. The hVIC/11-A138S+V186G+F193Y HA showed the slowest self-
elution rate out of all the mutants, which was further increased after introduction of
D113A in the NA, suggesting that combination of all three mutations enhances affinity
for 6’SNL. Taken together, these results show that D113 A generally increases the self-
elution rate of the viruses, but its impact on the HA/NA balance decreases when the

viruses carry an HA that has a high affinity for SA.
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Discussion
Influenza infection is a contributing factor to the porcine respiratory disease complex,
causing important economic loses in the swine industry [407]. Vaccination is the main
strategy used to control FLUAV infection, and all of the current vaccines approved in the
United Stated are inactivated or vectored products [84]. These vaccines lead to a strong
antibody response against the FLUAV surface proteins HA and NA that limits infection
but does not prevent it [284], which imposes a selective pressure that may result in
mutations emerging that reduce antibody recognition [87, 88, 396]. Evasion of the host
immune response may also have the indirect impact of driving the evolution of novel
strains to become more fit in a new host. However, despite the relatively frequent
spillover of human FLUAYV into vaccinated herds, the role of prior immunity to endemic
swine viruses on the evolution of human-origin FLUAV within pigs is unknown.
Mutations in the HA RBS have been identified as critical for adaptation of avian
viruses to pigs [408], normally enhancing or completely switching affinity from a2,3 SA
to a2,6 SA [409, 410]. However, it is unclear why human-seasonal viruses bind less
efficiently and replicate poorly in pigs when both hosts exhibit a2,6 SA in the respiratory
tract [25] [27]. Using our previously established in vivo transmission system in pigs [27,
258], we evaluated the role of prior immunity on the evolution of a human H3N2 virus to
pigs. Vaccination induced an antibody response against FLUAV but did not prevent
hVIC/11-A138S infection and subsequent transmission, highlighting that cross-reactive
vaccination immunity may not always prevent human-to-swine spillover events.
Sequencing of nasal swabs samples revealed that after infection the S138 reverted back to

A138 while V186G and F193Y amino acid changes evolved. These mutations may have
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emerged as a consequence of cross-reactive neutralization titers observed associated with
the S138 mutation. From these, Y193 was the only mutation that was maintained
throughout 4 separate transmission events; the V186G mutation was not detected after the
first transmission event (contact 1). These mutations have been previously shown to
enhance binding to swine cells [27], to similar levels as A138S, suggesting they result in
a replication advantage for a human-origin virus in pigs. Since F193Y exhibited the
lowest HI and microneutralization titers, its selection was likely due to its capacity to
escape the antibody response while also showing high replication efficiency in the swine
host. F193 is located in the antigenic site B of the HA [27] and changes at this position
have been previously shown to promote immune escape [411], highlighting that immune
escape is a necessary evolution step during adaptation to a new host under immune
pressure [412]. An increase in viral titers was detected with every subsequent
transmission, reaching the highest titer in contact 4 pigs when lung replication was
detected, suggesting that the F193Y mutation that was selected in place of A138S also
promoted improved replication in the swine lower respiratory tract.

Neuraminidase inhibition (NI) titers were considerably lower than HI titers,
suggesting that the immune response mounted by the commercial vaccine that we used
mainly targeted the HA protein. Nonetheless, D113 A was shown to increase NI titers in
most of the viruses we tested, regardless of the mutations we introduced in the HA1. The
113 residue in the NA is located in the symmetry axis of the tetramer and can modulate
tetramer stability [35]. Therefore, changes in this pocket could destabilize the tetramer,

indirectly affecting NI cross-reactivity. Our data also showed that the D113A also
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increased HI titers, suggesting that antibody binding in this pocket could potentially
sterically interfere with the HA protein as has been previously described [413].

Receptor specificity is one of the main factors limiting FLUAV interspecies
transmission, and while this has been widely studied at the avian-mammalian interface
[200, 389, 414], little is known about glycan specificity of human versus swine viruses.
Neu5Gc has been proposed as a candidate glycan modulating adaptation of human
viruses to pigs [254]. However, our data suggests that NeuSGe may not be relevant in this
process as the human seasonal H3N2 hVIC/11, a virus that fails to transmit in pigs, is
able to bind it, but introduction of mutations such as A138S, which has been previously
demonstrated as a determinant of transmissibility in swine [258], abolishes this
interaction. Pigs exhibit higher levels of a2,3 SA in the lower respiratory tract than
humans, which makes them more susceptible to avian FLUAV infection [25].
Nonetheless, a2,3 SA (or dual receptor) recognition does not seem to play a major role
during the adaptation process of human seasonal viruses to swine since none of the
variants bound to any of the a2,3 glycans tested in the glycan array nor exhibit significant
binding to 3’SLN in the BLI experiments. In recent years glycan topology has been
pointed as a determinant for FLUAV evolution and adaptation [28], and human H3N2
viruses have evolved to recognize branched, extended glycan structures [415]. We found
that hVIC/11 bound to glycans containing a minimum of 2 LacNAc repeats: the mutant
viruses we tested lacked the ability to bind any structure shorter than 3 LacNAc repeats.
This suggests that during adaptation, the human-origin FLUAV reduced the pool of
glycan supporting binding, being restricted to extended structures. However, the

reduction of receptors supporting binding was accompanied by an increase in binding
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affinity for a2,6 SA, likely compensatory step that reduces non-productive HA-SA
interactions.

The HA and NA proteins exhibit complementary functions and a functional
balance between HA avidity and NA activity must be achieved to produce a successful
infection and transmission. While HA binds SA to promote entry, NA cleaves SA to
prevent binding to decoy receptors through the respiratory mucus and allow virion
progeny release [205, 416]. Utilizing biolayer interferometry, we measured the HA/NA
balance defined as the time it takes the virus to self-elute from a sialilated surface [32].
We found that hVIC/11 had the shortest elution time, regardless of the NA tested, most
likely due to the poor binding exhibited to either 3’SLN and 6’SLN. Introduction of
mutations in the hVIC/11 HA RBS greatly increased binding affinity for 6’SLN. This was
evident for the hVIC/11-A138S, the original inoculum virus that we previously showed
had a disrupted HA/NA balance (Chapter 4). Here we demonstrated that acquiring D113 A
mutation in the NA restored the balance to similar levels as the swine FLUAV control.
However, in the transmission chains, the D113 A substitution was lost as soon as the
A138S reverted. Our NI data suggests that A113 is more strongly inhibited by vaccine-
induced antibodies than D113, suggesting A113 may not have been transmitted due to
evolution to escape the immune response coupled with evolution to maintain the HA/NA
balance with A138. The F193Y mutation exhibited a reduced antibody neutralization and,
hence, was able to escape the antibody response, did not seem to require changes in the
NA to maintain an HA/NA balance, which ultimately resulted in its selection during
transmission in immune pigs [417, 418]. Increasing the number of mutations in the

hVIC/11 HA led to increased self-elution times regardless of the amino acid present at
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113 NA position, most likely due to the increased affinity observed for 6’SLN,
highlighting that stronger HA avidity may not be compensated by single NA changes.
Overall, our results demonstrate that prior immunity derived from a heterologous
vaccine influences the evolution of human viruses in the adaptation process to pigs. This
selective force results in the transmission of viruses that have mutations that facilitate
antibody escape while maintaining a2,6 SA binding. However, some mutations that
emerge in the human virus during transmission under this selective pressure reduce the
pool of receptors supporting binding, and viruses were restricted to extended glycans
with at least 3 LacNAc repeats. This suggests that glycan topology has an important role
in the adaptation of human FLUAV in the swine host following human-to-swine
transmission events. All the molecular changes we document are constrained as the virus
must maintain a functional HA/NA balance to allow infection and transmission. Our
work highlights the role of glycan topology and receptor affinity rather than a switch in
the receptor binding preference as critical components of the adaptation of human H3N2

viruses to the swine host.
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Figures and Tables
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Fig 5.1. Vaccination does not prevent hVIC/11-A138S infection and transmission. a.
Animals were immunized in a prime-boost regimen. 14 days post-boost, pigs were
challenged with hVIC/11-A138S (seeders). At 5 dpi, seeders pigs were euthanized, and
three new pigs within the same vaccine status (vaccinated or not) were introduced as
contacts (C1). This process was repeated for a total of four rounds of transmission. Nasal
swabs were collected from vaccinated (b) or non-vaccinated (¢) during the study and
further titrated by RT-qPCR. Similarly, virus present in bronchoalveolar lavage fluid
(BALF) was titrated by RT-qPCR (d). Anti-FLUAYV antibody levels were measured for all
vaccinated and non-vaccinated pigs at 14 days post-boost and the day they were placed as

contacts by ELISA. Samples are presented as the mean of three pigs + SEM.
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Fig 5.2. Mutations acquired in the hVIC/11 HA do not affect replication in HAE
cells. a. hVIC/11 trimer highlighting in blue the receptor binding site and in red residues
138, 186, and 193. Parental hVIC/11 and mutant viruses carrying A138S, V186G, and
F193Y mutations in all possible combinations were rescued by reverse genetics and
replication was assessed in differentiated HAE cells (b-i). Replication of viruses carrying
either a WT hVIC/11 NA (green) or a hVIC/11 D113A-NA (blue) in addition to the
aforementioned HA amino acid changes was also assessed. The swine adapted sOH/04
virus was used as a control (j). Cells were infected at an MOI of 0.01 and supernatant was
collected at 0, 12-, 24-, 48-, and 72-hours post-infection. Viral titers were determined by

RT-qPCR. Data is presented as the mean of three independent experiments + SEM.
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Fig 5.3. F193Y strongly reduced HA recognition by sera antibodies. Serum samples
collected 14 days post boost were analyzed for the antibody response.
Microneutralization assays against all hVIC/11 HA and NA variants (a-h), A/swine/New
York/A0110405/11 (i) representing an antigenically similar vaccine control, and sSOH/04
(j) were performed by incubating 100 TCIDso of each virus with different sera dilutions.
Inhibitory titers are shown as the inhibitory sera solution 50 (ISD50). Dotted line
represents the 50% inhibition. k. The presence of anti-NA antibodies was assessed by
evaluating NA activity using MUNANA at different sera dilutions. Neuraminidase
inhibition titers (NI) are shown as the sera dilution in which 50% of NA activity was lost
compared to the no serum control. 1. Hemagglutination inhibition (HI) titers were
determined except for hVIC/11-V186G. Dotted line represents an HI titer of 40. Data is

shown as the mean of three independent experiments + SD.
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Fig 5.4. Swine-adaptative mutation limit the pool of a2,6 glycans supporting FLUAV
binding. a. Structure of glycans assessed on the array. Mutant viruses (b-i) binding
preference for different a2,6 glycans was assessed by glycan array. Viruses were
normalized to 8 HAU and binding was performed for 1 hour at room temperature. Bound
virus was detected using an anti-H3 stalk specific antibody. sOH/04 was used as a swine-
adapted virus control (j). Binding to a2,6 Neu5Gc is shown in a separate panel (structures

A, B, and C). Data is shown as relative fluorescent units (RFU) + SD.
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Fig 5.5.HA mutations enhance a2,6 SA binding. Binding affinity for 3’SLN (blue) and
6’SLN (purple) was determined by BLI. Sensors were loaded with each polymer for 600
s. Excess polymer was washed away and binding of 50 nM hVIC/11 (a), hVIC/11 HA
variants (b-h), and the control sOH/04 (i) was performed for 900 s in presence of
oseltamivir carboxylate. Virus elution in presence of oseltamivir was performed for 300 s.
Dotted line represent the dissociation step. Association (j) and dissociation (k) rate
constants were calculated by determining the slope of each curve and normalized to the

10° viral particles. Data is presented as the mean of three independent experiments +

SEM.
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Fig 5.6. F193Y does not require NA changes to maintain the HA/NA balance. HA/NA
balance of viruses carrying an hVIC/11 WT NA (green) or a DI113A NA (blue) was
evaluated by BLI. 50 nM of hVIC/11 (a), hVIC/11 variants (b-h), and sOH/04 (i) were
bound to sensors previously loaded with 6’SLN for 900 s in presence of oseltamivir.
Excess virus was washed away for 10 s in PBS containing oseltamivir, followed by
oseltamivir removal by washing three times in PBS for 10 s each wash. NA-mediated
virus dissociation was measured for 1,800 s. Elution time in the presence of NA activity
was determined by fitting the data to a nonlinear four parameter variable slope equation
and was defined as the time in which 50% of the virus was released from the sensor. Data

is presented as the mean of three independent experiments + SEM.
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Table 5.1 Viruses used in this study”.

Abbreviation

Strain

Surface segments

hVIC/11

hVIC/11-A138S

hVIC/11-V186G

hVIC/11-F193Y
hVIC/11-
A138S+V186G

hVIC/11-
A138S+F193Y

hVIC/11-
A138S+V186G
+F193Y

hVIC/11-D113A

hVIC/11-
A138S/D113A

hVIC/11-V186G

hVIC/11-F193Y

hVIC/11-
A138S+V186G

hVIC/11-
A138S+F193Y/
DI113A

hVIC/11-
A138S+V186G
+F193Y/D113A

sOH/04
NY/11

rgA/Victoria/361/2011

rgA/Victoria/361/2011-A138

rgA/Victoria/361/2011-V186G

rgA/Victoria/361/2011-F193Y

rgA/Victoria/361/2011-A138S+V186G

rgA/Victoria/361/2011-A138S+F193Y

rgA/Victoria/361/2011-
A138S+V186G+F193Y

rgA/Victoria/361/2011-D113A

rgA/Victoria/361/2011-A138/D113A

rgA/Victoria/361/2011-V186G

rgA/Victoria/361/2011-F193Y/D113A

rgA/Victoria/361/2011-
A138S+V186G/D113A

rgA/Victoria/361/2011-
A138S+F193Y/D113A

rgA/Victoria/361/2011-
A138S+V186G+F193Y/D113A

rgA/turkey/Ohio/313053/2004
rgA/swine/New York/A01104005/2011

“All viruses were isogenic rescued in a TRIG backbone.
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hVIC/11 HA and NA

hVIC/11 HA A138S and
NA

hVIC/11 HA V186G and
NA

hVIC/11 HA F193Y and
NA

hVIC/11 HA
A1385+V186G and NA

hVIC/11 HA
A138S+F193Y and NA

hVIC/11 HA
A138S+V186G+F193Y
and NA

hVIC/11 HA and NA
DI113A

hVIC/11 HA A138S and
NA DI13A

hVIC/11 HA V186G and
NA DI13A

hVIC/11 HA F193Y and
NA DI13A

hVIC/11 HA
A1385+V186G and NA
DI113A

hVIC/11 HA
A138S+F193Y and NA
DI113A

hVIC/11 HA
A138S+V186G+F193Y
and NA D113A

sOH/04 HA and NA
NY/11 HA and NA
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SS5.1 Fig. Introduction of swine-adaptative mutations in the hVIC/11 HA does not
affect replication in MDCK cells. MDCK cells were infected at an MOI of 0.01 and
supernatant aliquots were collected at 0, 12, 24, 48, and 72 hours post infection. Viral
titers were determined by RT-qPCR. Dashed line represents the limit of detection. Data is

presented as the mean of three independent experiments + SEM.
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S5.2 Fig. NI titers are modulated by changes in both HA and NA. The presence of

anti-NA antibodies in sera samples collected at 14 days post boost was assessed by

evaluating NA activity using MUNANA at different sera dilutions. Neuraminidase

inhibition titers (NI). Data was adjusted to a non-linear regression and the 50% inhibition

was calculated compared to the NA activity observed in the no serum control. Data is

presented as the mean of three independent experiments + SEM.
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hVIC/11 hVIC/11-A138S

T135

hVIC/11-V186G hVIC/11-F193Y

T135 T135

S5.3 Fig. Residues 138, 186, and 193 do not interact directly with sialic acid. Cartoon
representation of the hVIC/11 HA RBS showing residues 138, 186, and 193 in green and

amino aicds directly interacting with sialic acid in light blue. Model made using PyMOL.

230



o]
8
£ 3IQ < oww
z
c - . oo
- 2
Bl 2]
m e ]
O
& 3% 3
B3 2| 2
C
p |
2
- =N o ~o
E|l &8%% 89 &3
z
c —Nom N -
L
5
B
]
7]
2
£| ’88 | ’38 | 889
z
c| ~ao ca® o
& 3
-4 g
o 853 ¢ K3
8
E Bl EREE
7]
A ke E-o
c =
©

‘ @ N-Acetylneuraminic acid (Neu5Ac)  [] N-glycolylneuraminic acid (Neu5Gc) (O Galactose Il N-acetylglucosamine (GIcNAc) @ Mannose

oyNoETXYy

oyNoeTXE

IYNOETIXZ

SYNoETIX}

oyNoeTXYy

SYNoETIXE

QVN2ETIXZ

OVNOETXL

Neu5Gc

Neu5Gc

4 |4 4 |4 |4
E] -3 3 F3 -3
a Fa a Fa ra
T T T 1 T T T T T T 1 T T T T T T
w o w o w =3 w o w o w o w o w o w o w o
e e e 2 e e e e e e
Ly Ly Ly iy Ly
oy -ov oy oy -ov
il sy sy sy -sv
-y ¥ v oy Fvv
ey ev ey ey ey
ey -2y ey ey -2y
-1y -y Fiy Fiw -y
oy 0¥ ov oy ov
-6€ -6¢ -6 6¢ 6c
-8 8¢ I8¢ I-8e Ise
L€ e e e e
-9¢ og Foe & og -oe
s se Fse Ise -s¢
o Fve ~ve > Frve @ Fve Fve
2 Fee 2 Fee 2 Fee & ee i-ce
z 3 % z
& rE & Fee & re & ze Ize
8 bie &8 Fie 8 Fie 8 e e
¥ toe ¥ toe 2 loe I e o og
5 r6z 5 A Fez o Lez £ 62
2 Fez 2 Lez 2 Fez 2 rez 9 -8z
r T T T T T T T T T T T r T T
wn =3 w o wn =3 w o w o w o w o w < w =] w o
L 2 e 2 e e e e e e
(;01%) N4y (,01%) Ny (,01¥) N2y (;01%) ndy ;01 Ny
- 0 o ! c 0! _ i —_ v
= 4 -4 -4
-3 -3 F3 -3
Fa -a Fa Fa
T T T T T T r T T T T T
0 o s ° 0 ° It o w» e M ° 0 ° 0 °
H e e e e e e e
ad ad iy i
-ov v -ov oy
sy sy sy st
id v H4d oy
ey rev il ey
rev ey ey Fey
i - iy -1y
-o¥ oy o -0
6 [ 6€ -6¢ - 6¢
8¢ Bl 8¢ -8
L€ L€ e ¢
-9t -9¢ o€ +o¢
IS¢ -se e I-se
e Fve e - ve
€€ € ee B
Fee a F2€ o Fee o 2e
Fie 8 Fie 8 Fie & -1e
L L 5 b
= 0g M 0g e - o¢ M -oc
S r6z S Fez 5 L6z o -6z
2 Fee 2 ree 2 Lez 2 Lez
T T T T T T T T T T T T
n o w < w =3 ("] o n o n o 0 o 0 =y
N Mtc:um - ME&:& - N. x) - ,A. x)
a 0| o ! - (y01X) N4y o (y01%) NAY

231



S5.4 Fig. Swine-adaptative mutation do not confer a2,3 binding. a. Structure of
glycans assessed on the array. Mutant viruses (b-i1) binding preference for different a2,6
glycans was assessed by glycan array. Viruses were normalized to 8 HAU and binding
was performed for 1 hour at room temperature. Bound virus was detected using an anti-
H3 stalk specific antibody. sOH/04 was used as a swine-adapted virus control (j). Binding
to a2,6 Neu5Gc is shown in a separate panel (structures A, B, and C). Data is shown as

relative fluorescent units (RFU) + SD.
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S5.1 Table. HA variants detected in seeders and contacts pigs.

Contact dpi/dpc Amino acid change Frequency (%)
1 N/D N/D
Seeders 2 N/D N/D
5 S138A 59
1 N/D N/D
S138A 100
3 V186G 77.8
Contact 1 F193Y 22.3
S138A 100
6 V186G 54.8
F193Y 46.9
1 S138A 100
F193Y 88.1
S138A 100
Contact 2 3 F193Y R7 4
6 S138A 100
F193Y 93.1
1 S138A 100
F193Y 100
S138A 100
Contact 3 3 F193Y 100
6 S138A 100
F193Y 100
1 S138A 100
F193Y 100
S138A 100
Contact 4 3 F193Y 100
6 S138A 100
F193Y 100

N/D= not determined due to no PCR amplification.
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S5.2 Table. NA variants detected in seeders and contacts pigs.

Contact dpi/dpc Amino acid change Frequency (%)
Seeders 1 N/D N/D
2 N/D N/D
5 D113A 58.9
Contacts 1 1 N/D N/D
3 N/C N/C
6 N/C N/C
Contacts 2 1 N/C N/C
3 N/C N/C
6 N/C N/C
Contacts 3 1 N/C N/C
3 N/C N/C
6 N/C N/C
Contacts 4 1 N/C N/C
3 N/C N/C
6 N/C N/C

N/D= not determined due to no PCR amplification.

N/C= no changes.
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S5.3 Table. Self-elution time of hVIC/11 HA variants. BLI analysis of viruses’ self-

elution from 6’SLN-coated probes in absence of oseltamivir.

. WT NA D113A NA
Virus Elution(s) 95% CI __ Elution(s) _ 95% CI

sOH//04 804.5 802.7-806.4 ; -
hVIC/11 190.3 188.6-193.9 125.5 123.3-130.8
hVIC/11-A138S 478.0 474.3-481.7 736.3 732.1-738.4
hVIC/11-V186G 285.1 280.3-289.7 362.3 357.8-366.8
hVIC/11-F193Y 688.9 687.5-690.3 836.7 835.3-838.0
hVIC/11-A138S+V186G 1018 1017-1019 1087 1086-1088
hVIC/11-A138S+F193Y 1185 1182-1189 1194 1191-1198
hVIC/11-V186G+F193Y 1211 1209-1212 1014 1014-1015
hVIC/11-A138S+V186G+F193Y 2044 2043-2046 2985 2981-2990
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CHAPTER 6
SUMMARY AND CONLUSIONS

Human-to-swine spillover events are frequent but only a handful of these events
have become established in the swine population. Previous studies have pointed that
reassortment and acquisition of swine adapted internal genes (PB2, PB1, PA, NP, M, and
NS) is critical as human viruses tend to quickly lose their internal genes following
introduction to the swine population [246, 263, 264]. Nonetheless, human-origin HA and
NA segments are frequently detected in pigs, although normally exhibiting mutations,
and differing from the parental genes. The impact of such mutations in the surface genes
has been widely understudied. For instance, little is known about the role of swine-
adaptative mutations in the HA in human-origin viruses detected in pigs and how they
can modify the sialic acid binding preference of the virus. Similarly, the NA protein has
been shown to co-evolve with the HA to maintain the HA/NA balance, but little is known
about the molecular mechanisms employed by FLUAV to modulate NA activity.

In this project we found that adaptation to the swine host selects for at least one
mutation in the HA (A138S), improving infection of the lower respiratory tract compared
to the human precursor virus hVIC/11. This effect was linked to a higher affinity for
PAMs in the lungs of infected pigs by the A138S amino acid change, which was
confirmed in vitro. Enhanced infection of PAMs was also linked to increased death of
these cells. Therefore, we proposed this enhanced infection serves as a mechanism

utilized by FLUAV to deplete PAMs in the lungs and, therefore, enhance infectivity
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of the lower respiratory tract. Interestingly, the hVIC/11-A138S virus was unable to infect
all the lung lobes analyzed, contrasting with a endemic swine virus sOH/04 and this
suggests that more mutations are required to replicate to the full extent of a swine-
adapted strain.

In a subsequent experiment, we observed that hVIC/11-A138S was able to infect
all the lung lobes after two serial passages in vivo. Further characterization showed that
the virus only became able to infect the lower respiratory tract upon acquisition of a
compensatory mutation in the NA (D113A). This mutation was further mapped to the NA
low-affinity calcium-binding pocket. Calcium has been pointed as a critical metal
required for efficient NA catalysis as it acts as a cofactor. Previous published work
showed that calcium binding in the low-affinity calcium-binding pocket stabilizes the
tetramer stability and indirectly enhances NA activity in the pHIN1 NA [35]. Our data
further supported this observation and suggest that mutations in the symmetry axis of the
NA can differently modulate catalytic properties such as substrate affinity and reaction
velocity. These changes can ultimately serve as a mechanism to modify NA activity and
restore the HA/NA balance without mutating the catalytic site. This represents a novel
mechanism in which the tetramer stability can affect NA activity at different stages of the
catalytic reaction solely relying on calcium binding in the low-affinity calcium-binding
pocket.

Vaccination has been postulated to increase the mutation rate of FLUAV viruses
crossing to a new host [286]. Nonetheless, most studies have overlooked the biological
significance of these mutations, especially those in the HA protein and their impact on

sialic acid binding. Our study presented demonstrated that vaccination promotes
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evolution by selecting escape mutants with reduced antibody recognition, and it
concurrently results in mutations that modify the receptor affinity of the virus. These
changes seem to increase affinity for a2,6 SA rather than to modify affinity for either a2,3
SA or Neu5Gc. Interestingly, viruses carrying mutations in the HA showed binding to a
reduced pool of glycans, being restricted to extended chains with a2,6 terminal SA and at
least 3 LacNAc repeats. Moreover, we found that these mutations maintained the HA/NA
balance, and the D113 A mutation in the NA only arose when this balance was disrupted.
These data demonstrated that an intricate mechanism between the HA and NA protein
shapes the evolutionary trajectory of the virus, in which changes in the HA induce
compensatory changes in the NA protein to restore the balance between HA avidity and
NA activity.

Based on the results here presented, future follow up studies should address the

following:

1. Although we observed a decrease of alveolar macrophages in BALF samples
from pigs infected with sOH/04 and hVIC/11-A138S, little to no impact was
seen in interstitial PAMs. Future studies should address this and evaluate the
biological differences between PAMs and interstitial PAMs. Additionally, the
ability to deplete PAMs in the lungs of infected pigs seem to correlate with the
level of adaptation of the virus to pigs. Therefore, the role of PAMs limiting
FLUAV infection of the lower respiratory tract should be evaluated in future
studies.

2. Our data showed that the NA of swine-adapted H3N2 viruses has a higher

tolerance to calcium-depleted conditions compared to human-adapted viruses.
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This effect was further demonstrated to be modulated by residues 113 and 93.
However, it remains to be elucidated why swine-adapted NAs exhibit
sialidase activity in absence of calcium. We hypothesize that this difference
could be due to different calcium concentrations in the mucus of swine and
humans or a differential calcium release to the cytoplasm upon FLUAV
infection. Future studies should evaluate this hypothesis and unveil the
biological significance of lower calcium requirements exhibited by swine N2s.
. Regarding the sialic acid binding profile of viral variants selected in
vaccinated pigs, studies assessing the distribution of structures supporting
binding of hVIC/11-A138S and hVIC/11-F193Y could provide new insight
into the impact of glycan topology on the adaptation process of human H3N2
viruses crossing to pigs. The length of the glycan seems to play an important
role and our variants exhibited preference for extended glycans compared to
hVIC/11. Detection of this type of glycans throughout the respiratory tract of
pigs and humans could reveal molecular differences that allow infection of

human viruses in pigs.
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